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Foreword: Nanotechnology divergence

Mihail C. Roco
National Science Foundation and U.S. National Nanotechnology Initiative

The book illustrates the new phase of nanotechnology development with inspiring
topics. This phase is characterized by the integration of knowledge at the nanoscale
and the creation of larger nanostructure-based material architectures, devices, and
systems for fundamentally new products. Equally important, the nanotechnology
field diverges (expands and branches out) from basic knowledge of control of matter
at the nanoscale to novel science platforms and production paradigms.

In the first decade after 2000, the focus of nanotechnology development was
on the discovery of new phenomena and the convergence (deep integration for a
common goal) of disciplines to reach understanding and control of matter at the
nanoscale. It has been a worldwide scientific revolution with balanced contribu-
tions from Europe, Asia, and the Americas. After 2010, the focus has shifted to inte-
gration, invention, and innovation for technology development and applications.
According to Lux Research, global production of products and services incorpora-
ting nanotechnology as a condition for their competitiveness reached $1 trillion in
2013 - two years earlier than estimations made in 2000 (see Roco and Bainbridge,
“Societal Implications of Nanoscience and Nanotechnology”, Kluwer Academic
Publishers (now Springer), Dordrecht, 2001, 370p.).

After about 2015, increased attention has been on divergence of nanotechnology
field into new topics in knowledge, technology, and applications, by using as a foun-
dation the convergent concepts and methods of nanotechnology already developed.
Several topics of these are described in this book. Part III is about advanced industrial
applications, including special nanomaterials such as diamond, catalysts, membra-
nes, for energy application, and in automotive industry. Part II is about information
and telecommunication including emerging areas such as nanophotonics, quantum
computing, and spintronics. Part I is about key areas of health care such as targeted
drugs, pharmaceutics, dental implants, food and cosmetics; finally Part IV treats
occupational safety and Part V gives an outlook on the future of the field.

In the last few years, the growth of nanotechnology applications seems only to
have accelerated via convergence with other emerging technologies such as biotech-
nology, information technology, cognitive sciences, and artificial intelligence (www.
wtec.org/NBIC2/), followed by divergence into new competencies and fields of appli-
cations. This book supports this trend through the selected topics. It is noted that the
average annual growth rate, even if not uniform, of combined research investments,
inventions, and revenues from nanotechnology is about 25% since 2000.

The contributions in this book bring together several of the most active and visi-
onary researches. This book offers a diverse collection of opinions and ideas on the

https://doi.org/10.1515/9783110547221-203
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state of the art and perspectives for the future assembled by Professor Marcel Van de
Voorde, who continues his leadership role in advancing nanoscale science and tech-
nology with this book. Readers, whether enthusiasts or experts in nanotechnology,
will embark on a thought-provoking exploration of nanotechnology today and with a
hint for tomorrow.

Arlington, Virginia
30 August 2017



Preface

Nanoscience and nanotechnology have gained recognition worldwide as exciting
themes in science and engineering, and particularly for their potential industrial
applications. Universities have implemented dedicated courses for students; govern-
ment agencies have launched many research and development programs; and indus-
tries have invested in research and generated patents for a wide range of innovative
procedures and products. It is expected that nanoscience and nanotechnology will
transform the future, drastically influencing our daily life in health care, commu-
nication, energy generation and storage, agriculture and food technology, mobility
including vehicle safety, and personal security by providing controlled access to data
and services.

These revolutionary developments come with concerns over potential safety
issues. Therefore, it is of vital importance that scientists, industrialists, and govern-
ments also master the safety and ethical aspects of the application of nanotechno-
logy. More research on the environmental impacts of nanoparticles as well as on their
toxicity, epidemiology, persistence, and bioaccumulation is essential.

Because of the success of nanotechnology to date, numerous journal articles and
books on the topic have been published, but they are often focused on specialized dis-
ciplines. This book is unique. It focuses on the synergy between technologies, such as
when nanotechnology is applied in medicine and electronics. Attention is also given
to advanced and innovative applications, including quantum computing, and the
synergies of nanoelectronics and photonics. The innovations and the potential for
future applications over a broad spectrum of fields are highlighted.

The book gives (see contents layout for details)

— anoverview of the recently developed nanosynthesis methods and transfer routes
from the laboratory to industrial scale;

— the spectrum of innovations and applications in human health and health care:
nanomedicine, nanopharmacy, nanodentistry, nanocosmetics, and nanofood
sciences and technologies;

- advanced innovations in information and communications technologies, in
nanoelectronics, nanophotonics, spintronics, and quantum computing;

— the industrial applications of nanoscience and nanotechnology in future energy
sources, in modern transportation, in clean chemical industries, on topics related
to environmental issues, for example, water and air purification, and finally, in
the watch industry and fine mechanics; and

— the guidelines for safe handling of nanomaterials and the protection of the con-
sumer and the environment.

This book is a perfect guide for newcomers to support them in becoming quickly
aware of the state of the art in nanoscience and nanotechnology. It will provide a deep
insight into the most recent developments and innovations. The book is addressed to

https://doi.org/10.1515/9783110547221-204
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a wide spectrum of readers and connects physicists, chemists, and materials scien-
tists with biologists, dentists, and clinicians across the entire field. It is also valuable
for researchers, engineers, industrialists, government agencies and consumer orga-
nizations. The book is especially recommended as a handbook for students and a
reference guide for industrialists.

All authors are authorities in their field working in Europe, the United States,
and India. Dr. Mike ROCO, Senior Advisor for Science and Engineering at the NSF and
one of the great experts in the field, has provided the Foreword, demonstrating his
support for the book. Dr. Roco initiated the first U.S. program devoted to nanoscale
science and engineering at the National Science Foundation in 1991. He introduced
the National Nanotechnology Initiative at the White House in 1999. He is the foun-
ding chair of the U.S. National Science and Technology Council’s subcommittee on
Nanoscale Science, Engineering, and Technology and the Senior Advisor for Science
and Engineering at the National Science Foundation. He is the editor-in-chief of the
Journal of Nanoparticle Research.

Marcel Van de Voorde
July 2017
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Bert Miiller
1 Nanomedicine at a glance

1.1 Introduction

Medical doctors can efficiently diagnose and treat patients because of the broad expe-
rience available. Generally, the medical experts have hardly any deep understanding
of nanoscience and nanotechnology. In some cases, however, they apply nanotech-
nology-based drugs, implants, and devices to reach the envisioned success. In our
everyday life, we do make similar experiences, as we are using toothpaste and sun
protection; both rely on nanometer-sized ingredients, without realizing that nano-
medicine is employed. Nanomedicine, however, is a term often related to some danger
for our health. Although there is no proof, people believe that nanotechnology could
become harmful and the application should be better avoided. This chapter, there-
fore, summarizes selected examples, which elucidate the potential of nanoscience
and nanotechnology for the treatment of common diseases, including caries, inconti-
nence, and cardiovascular diseases.

Here, nanomedicine is defined as the science and technology of diagnosing,
treating, and preventing diseases and traumatic injuries; of relieving pain; and of
preserving and improving health using the nanometer-sized components [1]. Bois-
seau and Loubaton have introduced the term nanotechnology-enabled medicine,
which might be the better choice compared to the simple word nanomedicine [2].
Recent publications prefer the term nanoscience and nanotechnology for human
health, which covers the entire interdisciplinary field without pronouncing med-
icine [3].

1.2 Nanoscience and Nanotechnology for Oral Health

It should be noted that the subject has been covered in previous books [4-6]. Therefore,
the following part is based on the knowledge already available.

1.2.1 Natural Nanomaterials Within the Oral Cavity

The human tissues consist of anisotropic and hierarchically ordered nanostructures.
For example, the crowns of the 32 teeth embrace the hardest tissue of the human
body - the enamel. It consists of nanometer-sized, ordered hydroxyapatite crystals.
This natural material is about three times tougher than the geological hydroxyapatite

https://doi.org/10.1515/9783110547221-001
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and much less brittle than the hydroxyapatite sintered at elevated temperatures [7].
The unique mechanical properties stem from the organization of the crystallites in
an ordered fibrous continuum in three-dimensional space, where the needle-like
crystallites are aligned to form microscopic bundles or rods, sheeted by organic
material. These are in return oriented in specific directions depending on their
location within the crown. The design is not only restricted to the enamel but also
includes the dentin located below the enamel, which is composed of a mineralized
collagenous matrix more akin to bone. The softer dentin counteracts the enamel’s
high brittleness. The result is a high-performance composite structure that maintains
its functionality — mastication — over decades under heavy cyclical loads and adverse
chemical conditions [8]. Where these two materials meet, they gradually merge in a
complex interplay of highly mineralized and collagen-rich regions [9]. Although many
research activities have been devoted to understand the impact of the dentin—enamel
junction on the mechanical properties of the crown, the role of this complex interface
in the tooth’s functionality is still under discussion [9, 10]. Especially the organization
on the nanometer level seems to play a critical role [11]. Whereas the hydroxyapatite
crystals in the enamel are oriented toward the crown surface and the dentin—enamel
junction, in the dentin they are oriented parallel to the junction. The orientation of the
enamel’s crystallites at the crown surface permits an effective way to remineralize the
top layer of the crown after the food-related demineralization phase. Such a mineral-
ization cycle occurs for several times during day and, if balanced, the natural teeth
last healthy for several decades. An imbalance toward the acidic conditions within
the oral cavity, however, leads to destruction within short periods of time. Currently,
no engineering process to biomimetically repair or ex vivo recreate the human crowns
has been identified. Nevertheless, the state-of-the-art nanoimaging allows for the
identification of the design rules to build bioinspired dental fillings [12].

1.2.2 Dental Fillings

The restoration of teeth has been significantly improved during the last century.
Many of us do remember the gold crowns and the amalgam fillings, which have been
replaced during the twenty-first century by zirconia crowns and polymer-based com-
posites, respectively. Although the restoration materials and related procedures for
crown repair have been steadily improved, their life span is limited and does not reach
the level of the natural tissue [13, 14]. This means that after about two decades the
fillings have to be replaced by larger ones or even by inlays or artificial crowns. The
treatment of the root canal is usually the next step, before posts and dental implants
become necessary. The costs involved are significant, and alternatives are desirable.
One possible approach consists in the development of anisotropic restoration materi-
als that mimic the complex ultrastructure of human teeth [12]. Ideally, such materials
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will improve bonding to the tooth material as well as better match physical properties,
including Young’s and shear moduli as well as the thermal expansion of the tooth’s
components, providing longer life span of the restoration.

1.2.3 Dental Implants

Dental implants are inserted into the jaw and form a stable interface with the sur-
rounding bony tissue. This part of the implant’s surface is made rough by means
of sand-blasting and etching to reach osseointegration. Here, the roughness on the
micro- and nanometer scales is equally important. It has been demonstrated that the
nanostructures are especially vital to avoid the inflammatory reactions [15-17].

The other part of the implant is usually smooth and serves for the artificial crown
fixation on top. The only current main challenge is the formation of a satisfactory
interface between the crown and the soft tissue of the gingiva.

In general, the currently available dental implants remain stable with a success
rate close to 100%, and further breakthroughs in nanostructured implants are not
expected any more.

Before placing an implant, it is necessary to check for the bone volume and
quality. In the case of insufficient bone availability, the bone has to be augmented
to guarantee the stability of the implant. A variety of calcium phosphate-based bone
graft materials of well-established suppliers are on the market [18], which are used to
strengthen the jawbone within months and subsequently allow for a proper fixation
of the implant. These calcium phosphate phases should be upgraded to accelerate the
jawbone formation.

1.2.4 Challenges of Nanotechnology in Oral Health

Depending on the pH value within the oral cavity, cyclic de- and remineralization of
the enamel surface region takes place through diffusion of ions, maintaining tooth
crowns in an intact state (see Figure 1.1). If a disequilibrium between the two pro-
cesses occurs in favor of demineralization, tooth decay occurs. Conversely, artificially
supporting the remineralization process can result in tooth repair. The biomimetic
repair of the damaged crowns, however, is hardly solved and understood. Ion deliv-
ery is a concentration-mediated dynamic process, and such a material flow is more
evasive to classical pharmaceutical approaches. In everyday life, we use a more or less
nanotechnology-based toothpaste together with a more or less sophisticated brush
mainly to clean the crowns usually twice a day. The toothpaste often also provides
nanometer-sized species, which promote the remineralization of the crown’s surface,
and thus, the regeneration processes. Therefore, the small damages that are optically
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Caries results from

Calcium and an unbalance
phosphate in between
salivay juice

Acids in

lon delivery via
plaque

nanoparticles

Figure 1.1: The enamel, given in gray,
has direct contact to the oral cavity.
Therefore, in acidic environment a
demineralization takes place, which is
| converted by changes in the pH value.

invisible can be repaired. The penetration depth of these species is, however, limited,
restricting their efficiency to surface incipient lesions. For slightly larger damages,
termed white spots, which are visible because of their few hundred micrometers
depth, products that are reported to improve the natural regeneration capacity of the
crowns are on the market [19, 20]. Their mode of action, however, is not fully under-
stood, since there is no driving force known that pushes the calcium ions into the
layers far from the crown surface.

If the caries lesion reaches a critical size, remineralization is currently no longer
possible. Here, the highly active inorganic bioactive nanoparticulate glasses are
promising candidates to promote remineralization in deeper decayed layers. These
materials have already been implemented to produce bioactive restorations with an
antibacterial effect, reducing bacterial population in affected dentin [21]. Currently,
however, the dentist mechanically removes the diseased region as well as some sur-
rounding unaffected tissue, before an isotropic and, therefore, not biomimetic dental
filling is implemented. Although the filling materials and their preparation proce-
dures have constantly been improved, we do not know any procedure to build a filling
with a micro- and nanostructure similar to that of enamel and dentin including their
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interface. Here, interdisciplinary teams of experts in dentistry and nanotechnology
have to invent suitable compositions of materials and appropriate procedures to be
compatible with a chair-side patient treatment in order to reach a crown repair in a
biomimetic fashion.

For the dentin, recent studies have shown that even after severe demineralization
due to caries the overall nanostructural framework of the crown tissue remains intact
[22-24]. As a result, the remineralization of moderate carious lesions can become fea-
sible soon.

1.3 Nanotechnology-Based Artificial Muscles
for the Treatment of Severe Incontinence

1.3.1 Anatomy and Function of the Natural Continence Organ

From an engineering point of view, the continence organ acts as a simple switch.
Usually the hollow organ is closed and just to pass water or for defecation the hollow
organ is opened for a restricted period of time.

In the case of fecal continence, the closeness of the anus depends on the intact
continence organ consisting of the internal anal sphincter and the external anal
sphincter, the hemorrhoid cushion, and the puborectal muscle. The puborectal
muscle surrounds the rectum and pulls it toward a ventral bone of the pelvis. When
the puborectal muscle is activated, the rectum is closed, and feces cannot descent from
the rectal ampulla to the anal canal. For defecation, the puborectal muscle is relaxed,
the rectum straightens, and feces descent. Compared to the technical analogue, the
anatomy and the function of the continence organs is complex. Therefore, it is not
advised to build the medical device as an exact copy of the natural counterpart.
Instead, the implant should be as simple as possible, but provide the full functional-
ity of the natural continence organ.

1.3.2 Lack of Biomimetic Artificial Sphincters

Patients suffering from severe incontinence like to improve their quality of life even
if the currently available devices are suboptimal. Most of these artificial muscles gen-
erate a constant pressure onto the hollow organ [25, 26]. If this pressure is low, the
patients still loose urine and feces. If the pressure onto the hollow organ is high, rejec-
tion responses generally occur and atrophy as well as erosion give rise to further crit-
ical interventions often resulting in definitive removal of the medical device [25, 26].
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The main reason for the disappointment is the missing feedback via the nervous
system. Therefore, the artificial muscle should comprise not only the actuator but
also a sensory feedback, which should be as fast as in the healthy situation. Millisec-
ond response times are desired.

The device should be autonomous, that is, it should contain not only a battery
with limited life time but also a component for energy harvesting from the human
body.

As a consequence, the artificial muscle for incontinence treatment is a rather
complex device that should reliably operate as actuator, sensor, and energy harvester,
simultaneously.

1.3.3 Possible Physical Principle for the Biomimetic Artificial
Sphincters

Currently, dielectric elastomer transducers (DETs) are promoted as powerful devices
to simultaneously work as actuator and sensor. There are also applications as energy
harvester. Thus, these physical principles can also be applied in the field of medicine
(see Figure 1.2). The major drawback, however, is the operation voltages, which are
usually in the kilovolt range and are reduced to several hundred volts in best cases
[27]. As the power required to operate the artificial muscle is relatively large, the oper-
ation voltages have to be reduced to the well-known battery ranges of a few volts.
Such a reduction is possible by a significant increase of the elastomer’s permittivity
[28, 29] and by reducing the elastomer film thickness to the nanometer range [30].
The preparation of such materials and films, however, is a critical challenge [31, 32].

1.3.4 Nanometer-Thin DETs for Artificial Muscles

Today, elastomer thin films or membranes with a thickness of several hundred nano-
meters and an appropriate elasticity can be fabricated [33]. The electrical contacts on
both sides on the membranes, however, exhibit Young’s moduli orders of magnitude
larger than the elastomer membranes. These electrodes dominate the overall mechan-
ical properties, although they are more than one order of magnitude thinner. As a
consequence, research teams search for soft electrodes, which include conductive
polymers and liquid metals. Nonconfluent metal films with a thickness above the per-
colation threshold, for example 7-nm-thin gold films, are a promising alternative [34].

Even more important is the generation of the necessary forces. Such thin DETs
can only produce forces, which are about four orders of magnitude below the forces
necessary for the actuation of the artificial muscle for continence [30]. Therefore,
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Figure 1.2: Operation principle of a low-voltage dielectric elastomer transducer: A several hundred
nanometer-thin elastomer film, such as silicone, is sandwiched between two compliant electrodes.
The elastomer is essentially incompressible but deformable. Therefore, the application of a voltage
not only generates an electrostatic pressure, but reduces the thickness of the silicone film and is
associated with an expansion parallel to the compliant electrodes. This actuation is fully reversible
with response times of a few milliseconds. In the second row, a sphincter-like ring with a pre-stret-
ched dielectric elastomer transducer (red color) and a liquid-filled cuff (yellow color) schematically
shows the integration of the actuator into a prototyped implant.

multilayered nanostructures with a controlled thickness homogeneity have to be pre-
pared. The related thin-film technology for both the elastomeric and the conductive
films has to be developed.

Based on molecular beam deposition (MBD), the functional group density and
chain length of polydimethylsiloxane (PDMS) can be tailored [35] and thus, enables
to manipulate the elasticity and chemical integrity of the obtained nanometer-thin
elastomer membranes [33, 36]. Elastomers with enhanced dielectric properties have
been synthesized based on dedicated functional groups and subsequently thermally
evaporated [37]. Furthermore, organic MBD enables to implement adhesion layers on
the basis of thiol-functionalized PDMS - essential for the reliable binding of the gold
electrode to the silicone layers [38]. Thiol-functionalized PDMS furthermore allows
for photo-crosslinking [39]. Currently available deposition rates, however, are often
below 1 pm per hour. As an alternative deposition technique, electrospray deposition
(ESD) of PDMS with subsequent UV-based cross-linking has been introduced. The
homogeneity of submicrometer-thin, ESD-prepared PDMS films, however, remains a
challenge due to high defect level compared to MBD and the micrometer-rough film
surface [40-42]. The homogeneous and soft polymer membrane with a thickness in
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the submicrometer range is the key for reliable low-voltage operation of multilayered
DETs to qualify for artificial muscles.

In summary, although nanotechnology-based DETs seem to be technically fea-
sible, several challenges have to be mastered: (i) fast and reliable elastomer mem-
brane production, (ii) soft conductive film deposition, (iii) stable bonding between
elastomer and electrode materials, (iv) thickness homogeneity of the elastomer and
electrode better than 2%, and (v) self-healing capability of the device to tolerate a
certain defect level.

1.4 Mechanically Responsive Nanocontainers
for Targeted Drug Delivery

1.4.1 Emergency Treatment of Cardiovascular Diseases

It is well known that the formation of plaque in the arterial wall usually starts at the
age of 20 years. The related cardiovascular disease, atherosclerosis, develops over
years and decades. Abruptly, however, the plaque can rupture and can cause a myo-
cardial infarction or stroke. Then, the time to treat the patient is critical. The shorter
the time to medical treatment, the smaller the volumes of the heart muscle or brain
tissue, which are lost. Currently available procedures are based on technologies such
as endovascular devices for intra-arterial clot lysis, stent implantation, and arterial
balloon dilatation — all of them are invasive and have to be performed in the catheter-
ization room of a well-equipped hospital.

At pre-hospital level, the patient can systemically obtain a vasodilator drug often
based on nitric oxides in the emergency vehicle. These drugs do not only widen the
desired constricted artery but the entire blood vessel system. Because of the ensued
blood pressure fall, which is a side effect, the maximal therapeutic doses of the admin-
istered medicine and the related success in an efficient treatment of the world-leading
cause of death are restricted.

1.4.2 Constrictions in the Blood Vessel System

Constrictions within the vessel system, termed stenosis, diminish the blood flow to
the end organ. As the cross section at the stenosis is significantly smaller than in the
healthy situation, the blood velocity and the associated wall shear stress are substan-
tially higher (see Figure 1.3) [43]. Recently, researchers proposed to take advantage
of this behavior and to fabricate mechanoresponsive species, which release the vas-
odilator upon the disease-specific purely physical triggering [44, 45]. The preferential
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Figure 1.3: The shear stress in Newtonian fluid is proportional to the dynamic viscosity and the
derivative of the velocity profile in direction of shear. If there is a disease-related constriction
(stenosis) present, the flow of the velocity increases and the related wall shear stress may open the
mechanoresponsive nanocontainer. The enclosed drug will be released near the stenosis and not in
a systemic fashion.

release at the constrictions enhances the local concentration of the vasodilator and a
considerably higher dose can be applied.

In order to determine the actual average wall shear stress at a critically constricted
artery, the lumen has to be determined with necessary precision. In vivo examinations
do not provide suitable data yet, as plaque-related artifacts and limited spatial reso-
lution hinder the precise three-dimensional imaging. Therefore, the affected artery
has to be identified and extracted for postmortem tomographic imaging, which also
includes the decalcification. Once the three-dimensional data are available and the
lumen segmented, flow simulations allow for the calculation of the local average wall
shear stress values [46].

It is surprising that the most critical challenge relates to the localization of
a critical stenosed artery, as the disease is the world-leading cause of death in the
industrialized countries. Nonetheless, one can state that the threshold for the vasodi-
lator release can be set one order of magnitude above the healthy situation, that is, to
values above 20 Pa [47, 48].

1.4.3 Mechanoresponsive Vesicles for Targeted Vasodilator
Release

Lipid bilayers can form various three-dimensional arrangements. Most interesting for
medicine are liposomes or vesicles, where a bilayer membrane forms a sphere enclos-
ing an aqueous inner cavity. As these vesicles are formed via self-assembly processes
of phospholipids, synthetic molecules can substitute the natural phospholipids and
this will lead to vesicles with unprecedented properties [49]. Using 1,3-diamidophos-
pholipids, it is possible to formulate mechanoresponsive vesicles that are stable at rest
but release their cargo upon mechanical stress. The threshold for release depends on
the temperature and the applied stress. The vesicles need to be in the gel state, which
is defined by the main phase transition of the bilayer membrane [44]. So far, mech-
anoresponsive liposomes, which do not release their cargo, for example the selected
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drug, at the healthy sites of an artificial blood vessel system, but yield the drug to
the stenosed sites, have been developed. Their main phase transition temperature,
however, lies slightly below body temperature. Therefore, their thermal stability is
insufficient to successfully treat patients in an emergency vehicle [50].

These days, liposomal drugs are Food and Drug Administration approved and
well established on the market, although adverse effects are noticed. The mechan-
oresponsive liposomes identified, however, show even less adverse effects than the
established liposomal drugs [50, 51]. Therefore, a promising route for the acute treat-
ment of myocardial infarction on the basis of nanotechnology has been discovered.
It has to be further refined for the envisioned patient treatment.

1.5 Interdisciplinary Approaches
for Nanoscience-Based Medicine

The three examples, that is, oral health, continence, and atherosclerosis therapy,
demonstrate that nanomedicine is driven by the patient needs, managed by the
medical doctors and dentists, but require close collaboration with a variety of engi-
neers and natural scientists. This teamwork in the field of nanoscience and nano-
technology has given rise to a prominent improvement of the quality of life and has
supported the great reduction of morbidity and mortality. Our society is in the era of
the widespread use of nanotechnology for health and health care.
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2 Nanomedicines for targeted therapy

2.1 Introduction

“Why develop nanomedicines?” is a frequently raised question. In other biomedical
fields such as genomics/genome medicine, new nanotechnologies have initially raised
big enthusiasm and high expectations for fast translation for a better health care.
This innovation fountain fueled public and private funding of the associated basic
science, and triggered big investments by pharma companies and biotech companies.
As often, real development proceeded continuously but not as fast as initial unrealis-
tic hopes and science fiction. After an initial euphoric incubation phase, recognizing
reality with all pros and cons of the subject, the field experienced negative feedback
loops, critical debates on safety, failure of start-up companies, and withdrawals of big
pharma. This did happen, for example, in the area of gene therapy, antisense oligo-
nucleotides, or small interfering RNA (siRNA) therapeutics. These exploratory cycles
are not special and evolved in many technology fields. What remained after critical
self-evaluation has been a more solid ground as basis for continuous further develop-
ments [1-3]. History tells that for innovative biomedical agents, the translation from
research to medical product often requires about three to four decades; we observed
this for monoclonal antibodies, for therapeutic liposomes, and for gene therapy. This
chapter addresses the current stage of nanomedicines, their previous history, and
future prospects.

Nanomedicine is a very broad term, referring to the application of nanotechnology
in health care. This area comprises the use of medical nanotechnology for ultrasen-
sitive diagnosis, molecular bioimaging, surgical devices and nonsurgical treatment
procedures, implants, and others. This chapter focuses on a subclass of nanomed-
icine called “nanodrugs”, that is, pharmaceutical drug substances formulated into
nanosized particles or captured into nanostructured material matrices. The following
sections review classes of such nanodrugs and their unique material characteristics,
which justify their development for medicine, taking also careful attention to their
unique safety profile. Three main goals motivate the development of nanomedicines:
(i) the targeted delivery of drugs in the body to the site of disease may provide a more
specific action with less side effects; (ii) imitating the action of natural viruses, nano-
medicines may enter target cells and subsequently release their therapeutic cargo
into the cytosol, as required for RNA interference (RNAi) agents, or within the cell
nucleus, as required for DNA vectors in gene therapy; and (iii) at the therapeutic site,
microenvironmental or physical triggers can trigger a spatial and temporal controlled
release of the active drug substance.

For medical translation, the predictable advantages request multidisciplinary
efforts in material sciences, pharmacology and toxicology, and medical sciences.

https://doi.org/10.1515/9783110547221-002
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Strategies of programmed drug delivery and chemical evolution of biomimetic nano-
medicines stimulate optimization at the technology level. The human body handles
nanoparticulate matter with special innate responses, which require careful atten-
tion by nanotoxicology and open unique pharmacological options. Clinical develop-
ments are flourishing, with the first gene and nucleic acid therapies having reached
approval as medical drugs, and recombinant therapeutic proteins already dominat-
ing the pharmaceutical revenue by novel drugs.

2.2 Targeted Delivery

Paul Ehrlich, winner of Nobel Prize in Physiology or Medicine in 1908, stated: “We
have to learn how to cast magic bullets, which behave like the magic bullets of a
marksman and exclusively hit pathogens.” His vision is persisting for more than a
century and paved the ground for antibiotics and molecular therapeutics that very
specifically interact with their molecular disease target. Over the years, the spe-
cific targeted recognition has been understood as a general natural mechanism, for
example, in enzyme-substrate recognition and antibody—antigen recognition. Also T
cells, as part of the cellular immune response, recognize and destroy antigen-present-
ing infected cells. In biotechnology, monoclonal antibody engineering [4, 5] brought
Ehrlich’s magic bullet concept of “active targeting” more close to realization than
ever before. Basically, recombinant humanized antibodies can be generated against
any human target protein; if such a target protein is accessible on the cell surface
or in the extracellular space of the disease site, systemically administered antibod-
ies can bind it, neutralize its action, or kill the affected target cell by immunological
mechanisms [6, 7]. Alternatively, for anticancer therapy, the tumor-targeting anti-
body can be conjugated with a cytotoxic agent or radioisotope, which kills the tumor
cell subsequently to cell binding [8]; antibody—drug conjugates are an enormously
growing class of medicines in oncology [9-14]. Brentuximab vedotin and trastuzumab
emtansine were approved in 2011 and 2013, respectively. History tells that antibody
and other recombinant protein development for more than four decades resulted in
medical protein products that exceed market revenues obtained with classical drugs
[15]. Between 2011 and 2016, the Food and Drug Administration (FDA) and Center for
Biologics Evolution and Research approved 62 recombinant therapeutic proteins [16].
The annual global revenue from protein drugs moves beyond 200 billion EUR.
Recombinant antibodies can be considered as rather small (150-170 kDa) nano-
medicines acting via active targeting. Nevertheless, due to their 10-12 nm size, they
face nanomedicine-typical barriers of limited extravasation out of the blood stream
into the peripheral tissue as well as reduced migration within the target tissue, dif-
ferent from small drugs, which have a less restricted, broader distribution. The active
targeting principle was extended from antibodies to numerous other molecular rec-
ognitions. In general, chemical conjugates or liposomes, polymer micelles [17-19], or
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related nanosized formulations were modified with targeting ligands that can recog-
nize and bind cell surface receptors with sufficiently high affinity. Ligands can be small
molecules such as the folic acid, which binds the folate receptor (FR) overexpressed
in many tumor tissues [20], and small carbohydrates such as the GalNAc trimer rec-
ognized by the hepatocyte-specific asialoglycoprotein receptor [21]. Synthetic pep-
tide-based ligands such as bombesin, RGD (arginine-glycine-aspartate, binding
integrin), epidermal growth factor (EGF) or phage-library-derived GE11 (targeting the
EGF receptor) [22-24], c-Met binding peptide (targeting the hepatocyte growth factor
receptor) [25, 26], and angiopep (targeting low-density lipoprotein [LDL] receptor-
related protein [LRP]) [27] were incorporated into nanoparticles. Moreover, whole pro-
teins such as the iron transport transferrin (binding the Tf receptor overexpressed on
many tumor cells, which require iron for DNA synthesis) or recombinant antibodies
were integrated into nucleic acid and other delivery systems [28-30]. Aptamers (oli-
gonucleotide sequences for specific protein recognition) were applied as nonpeptidic
targeting ligands. Numerous publications (such as reviewed in [18, 31]) demonstrate
the positive effect of targeting ligands. Active specific binding to receptor-positive
cells, usually followed by receptor-mediated internalization of the targeted nanoparti-
cle into endocytic vesicles (see also below) was observed in cell culture experiments.
In several cases, in vivo targeting to the target organ (usually liver or tumor) was also
demonstrated in experimental mouse models and some few clinical studies [30].

Apart from active targeting, selective drug delivery can be achieved by passive tar-
geting or by various physical targeting technologies [32]. Passive targeting is based on
the so-called EPR (enhanced permeability and retention) effect [33]. The vasculature of
tumors or inflamed disease sites was found to be less tight than healthy vessel struc-
tures. Nanostructures, if they remain sufficiently long in the blood circulation and are
not captured by macrophages of the reticuloendothelial system (RES), can occasion-
ally extravasate from blood via tumor or inflammatory tissue via the leaky vasculature.
These disease areas also lack sufficient lymphatic drainage; as a consequence, macro-
molecules and nanoparticles (but not small-molecule drugs) remain stuck in the disease
site and exert favorably enhanced activity. The development and market approval of
liposomal doxorubicin against Kaposi’s sarcoma (Doxil, Caelyx) [34, 35] presents a
pioneering success story in this field. Free anthracycline drugs such as doxorubicin
induce treatment-limiting cardiotoxicity, whose liposomal formulation is preventing.
Circulation of liposomes in the blood stream however is transient because of removal
by the RES. Modification of the liposomal surface with the polymer polyethylene glycol
(PEG), as found in Doxil, prevents the interaction with RES and results in long-term
circulation “stealth” liposomes, demonstrating accumulation in well-perfused tumors
such as Kaposi’s sarcoma by the EPR effect. It should be noted that tumor types are very
different and heterogeneous with regard to leakiness of vessels. Therefore, integration
of additional measures (such as combination with active and/or physical targeting) is
necessary for more general utility [36]. Passive targeting of anti-inflammatory lipos-
omes to sites of inflammation evolves as an encouraging application [37, 38].
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Physical targeting [32] comprises several technologies manipulating target cells
and tissues with physical forces that can be applied in a spatially and temporally
focused fashion. Short electric pulses (for electrophoresis or electroporation) [39-42],
ultrasound (sonoporation, a combination with gas-filled microbubbles) [43-46], cell
squeezing [47-49], or local hyperthermia [50] can be used for transiently opening cell
and tissue barriers. Magnetic fields can attract superparamagnetic nanoparticles to the
target tissue (magnetic drug targeting, magnetofection) [51-53]. Local application of
light has been applied in photodynamic therapy or photochemical internalization of
drug substances into the cytosol of target cells [54-57]. These technologies already made
impact in medicine; electrochemotherapy of bleomycin is used for local treatment of
chemoresistant tumors [39]; and electrotransfer of a human papilloma virus (HPV anti-
gens E6 and E7) plasmid DNA (pDNA) vaccine displays encouraging efficacy in cervix
cancer [41, 42] in clinical studies, and probably will soon reach the medical market.

In sum, a series of different targeting technologies has come into existence and
demonstrated targeted delivery of drugs in cellular systems in vitro and to the site of
disease in vivo, in both preclinical animal models and human patients. This targeted
approach may enhance therapeutic efficacy and reduce side effects at nontarget sites.
However, it must be kept in mind that none of the multiple target technologies is even
close to perfect. A recent paper by the group of Warren Chan highlighted the real effi-
cacy of targeting nanoparticles into tumors; reviewing published work they conclude
that on average only 0.7% of the dose is accumulating at the target site [58]. For scien-
tists the low value was no surprise, knowing that a large fraction can be immediately
cleared from the blood system and filtered by RES, the liver, and the renal system; 1%
of delivered dose can be therapeutic, and several systems are delivering 1-10%. More
surprising was the public response, including dramatic responses such as “failure of
nanomedicine,” indicating that the public perception was apparently more based on
fiction than current stage of real science. In any case, the study clearly showed the need
for better communication with public and further optimization of targeted delivery.

2.3 Intracellular Transfer

Administration of therapeutic nucleic acids presents an exciting nanomedicine
approach for the treatment of genetic and other life-threatening diseases [59, 60].
The first gene therapies [61], the first therapeutic oligonucleotides [62], and also
RNAI therapeutics [63] have reached medical use or are very close to approval. Addi-
tional novel exciting opportunities include the use of chemically stabilized messen-
ger RNA (mRNA) for gene expression without genes [64], and CRISPR-Cas9/sgRNA
for site-specific genome modification [65]. These successful developments were not
at all straightforward. Therapeutic nucleic acids such as antisense oligonucleotides,
siRNA, microRNA (miRNA) or mRNA, and pDNA are medium-large to very large
charged macromolecules that cannot pass cellular membranes. However, they only
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can act if they reach the nucleus (for gene expression by pDNA or genome editing by
CRISPR Cas9) or cytosol (for mRNA expression, or RNAi by siRNA or miRNA). More-
over, oligonucleotide phosphodiester backbones are labile and enzymatically degra-
dable by nucleases, and, as they resemble viral nucleic acids, they are attackable by
the innate immune system. Transfer into target cells requires help by viral vectors or
nonviral gene delivery systems.

Already 45 years ago, Ted Friedman and Richard Roblin discussed a concept of
gene therapy [59]. The efficiency of viral vectors, which by far exceeded synthetic
systems in terms of delivery, was paving the way for the first gene therapy performed
in 1990, using retroviral vector for genetic modification of cells of severe combined
immunodeficiency (SCID) patients ex vivo with the adenosine deaminase (ADA) gene
(see Table 2.1). It took 26 years to obtain market authorization for an optimized ADA
gene therapy. The path was not smooth; a most similar concept, retroviral cytokine
subreceptor y, gene transfer for treatment of SCID-X1 babies, was successful in restor-
ing the immune system, but resulted in a high percentage of patients in development
of leukemia because of retroviral integration next to a host proto-oncogene [66, 67].
During the late 1990s, multiple adenoviral vector clinical trials were performed for
genetic diseases and in cancer. The majority of adenoviral trials in genetic diseases
halted due to a fatal event in gene transfer to the liver of an 18-year-old patient (Jesse
Gelsinger) with ornithine transcarbamoylase deficiency in 1999. Cancer studies
using adenoviral and other viral vectors continued, resulting in the approval of
Gendicine (adenoviral vector for p53 tumor suppressor gene) in 2004 in China, and

Table 2.1: Gene therapy: From clinical trials to approved medical drug.

Clinical studies (gene, vector) Approved gene therapy product
1990 Severe combined immunodeficiency 2016 Strimvelis approval by
Adenosine deaminase gene EMA
Retroviral vector, ex vivo
late 1990s  Cancer 2004 Gendicine approval in
p53 tumor suppressor gene China
Adenoviral vector, intra/peritumoral, plus radiation
2007 Lipoprotein lipase gene deficiency 2012 Glybera approval by
Lipoprotein lipase gene, adeno-associated virus EMA
vector in vivo, delivery to muscle
2003 Melanoma 2016 T-VEC approval by FDA

Oncolytic herpes simplex virus 1 expressing
immune-activating granulocyte macrophage colony
stimulating factor

1996 Cancer 2017 Kymriah approval for
Chimeric antigen receptor T-cell therapy CD19 B-cell acute
lymphoblastic leukemia
2007 LCA blindness, adeno-associated virus vector 2017 Luxturna approval by

RPE65 gene, in vivo delivery sub-retinal FDA
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recently for T-VEC, an oncolytic herpes simplex virus 1 expressing immune-stimula-
tory granulocyte macrophage colony stimulating factor in 2016. Another viral vector
based on adeno-associated virus (AAV) triggers far less host reaction in humans.
After production problems were solved, this vector has been clinically evaluated
with great success in several diseases, including hemophilia B (factor IX delivery),
several eye diseases including Leber congenital amaurosis (LCA), and lipoprotein
lipase (LPL) deficiency. Glybera, delivering the LPL gene via an AAV vector, obtained
approval by the European Medicines Agency (EMA) in 2012. Luxturna, delivering the
RPE65 gene via AAV, obtained approval for treatment of LCA by the U.S. Food and
Drug Administration (FDA) in 2017. Gene therapy using nonviral technology has not
yet obtained market approval. However, electroporation-enhanced pDNA vaccines,
such as against HPV antigens E6 and E7, for treatment of early-stage cervix cancer
[41, 42] probably will soon reach the medical market. In addition, smaller synthetic
therapeutic nucleic acids have already reached the medical market (see below).

The nanoscale character plays an important role for successful nonviral nucleic
acid transfer. Compaction of negatively charged nucleic acids with polycationic carrier
molecules into compact nanoparticles not only protects the cargo against biodegrada-
tion by nucleases, it also provides structures that can bind to target cells and be inter-
nalized by various endocytic pathways, similar as natural viruses or natural nanopar-
ticles (such as lipoprotein nanoparticles) utilize. Incorporation of targeting ligands
(see Section 2.2) for cell surface receptor binding not only enhances targeting specific-
ity, but usually also triggers internalization via receptor-mediated endocytosis. There
is a jungle of multiple different uptake pathways that can be utilized, depending on
the cell type and tissue microenvironment, disease stage, the specific receptor-ligand
pair, the size of the nanoparticle, and the multivalency/density of ligands presented
on the nanoparticle [68, 69]. For example, endocytosis via clathrin-coated pits is the
common uptake for transferrin; this uptake pathway has an upper size limit of below
200 nm. Clathrin-independent uptake via caveolae has a similar size range. Larger
nanoparticles (>200 nm) however can be internalized via micropinocytosis in some
cell types and stages. Intracellular routes (again depending on cell type and environ-
ment) include recycling to the cell surface, transcytosis, and retrograde transport to
Golgi apparatus or endoplasmic reticulum. The most common pathway delivers the
cargo to secondary endosomes and degradative lysosomes. For many drugs and mac-
romolecules, delivery into the endolysosomal vesicle system cannot be the aim of a
successful transfer. In case of nucleic acid transfer, lysosomal delivery results in cargo
degradation and inactivation. It became clear already in early transfection studies
[18, 70, 71] that nanoparticles need to escape from early endosomal stages for delivery
to the cytosol or further on into the nucleus. Viruses use endosomal membrane dest-
abilizing fusion peptides for their escape. Therefore, analogous functional domains
[72-76] have to be incorporated into artificial virus-like systems [77].

The development of oligonucleotide drugs and a subclass of RNAi drugs pro-
ceeded different routes [78, 79]. Oligonucleotides can manipulate the expressed
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genome indirectly, commonly on the mRNA level (antisense or RNAi), sometimes
also on the protein level (aptamers). They are completely chemical drugs, synthe-
sized by solid-phase supported synthesis on automated oligonucleotide synthesiz-
ers applying phosphoramidite chemistry [80]. By chemical modification, nucleic
acid analogs can be generated providing favorable characteristics over their natural
counterparts (such as stability against nuclease degradation, or improved antisense
mRNA target binding) [78, 79, 81]. Intracellular uptake of such stabilized analogs
is still suboptimal (1% or less). Nevertheless, by application of larger doses, deliv-
ery has been demonstrated as sufficient for therapeutic action. The first therapeu-
tic antisense drug Fomivirsen, with market approval in 1998 (see Table 2.2), is an
antisense molecule targeting and interfering with cytomegalovirus (CMV) RNA by
sequence complementarity. The molecule is stabilized against nuclease degradation
by phosphorothioate chemistry, that is, including sulfur in the backbone. The drug
was administrated via intraocular injection against CMV retinitis in human immu-
nodeficiency virus (HIV) patients. Because of improved health care of HIV patients
with other drugs, the use of Fomivirsen stopped with 2005. As can be seen from
Table 2.2, developments of oligonucleotide therapeutics have been ongoing, with
six drugs having obtained market approval. The molecular mechanisms include
antisense action against disease-related target mRNAs, but also aptamers (oligonu-
cleotides specifically recognizing target proteins), and exon skipping or including
oligonucleotides, thus modifying the maturation of mRNA and subsequent protein
sequence.

In sum, facilitated by formulation of their nanostructure into virus-like dimen-
sions, nucleic acid nanomedicines may enter target cells and subsequently release
their therapeutic cargo into the cytosol or within the cell nucleus, imitating the first
steps of natural viral infection processes. Alternatively, the smaller synthetic oligo-
nucleotide drugs can be generated in a chemically stabilized and more active form
for direct entry into target cells without packaging. For the medium-sized siRNA or
miRNA drugs, chemical modification has often been combined with conjugation and/
or nanoparticle formulation.

Table 2.2: FDA-approved oligonucleotide drugs.

Oligonucleotide drug Approval Disease (mode of action, target gene)

Fomivirsen (Vitravene) 1998-2005 Cytomegalovirus retinitis in HIV patients (antisense,
against cytomegalovirus)

Pegaptanib (Macugen) 2004 Wet macular degeneration of the retina (VEGF-165)

Mipomersen (Kynamro) 2013 Familial hypercholesterolemia (apoB)

Defibrotide (Defitelio) 2016 Hepatic veno-occlusive disease (aptamer, FGF2 protein
binding)

Eteplirsen (Exondys 51) 2016 Duchenne’s muscular dystrophy (exon skipping)

Nusinersen (Spinraza) 2016 Spinal muscular atrophy in infants (exon inclusion)
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2.4 Controlled Release

Another unique option of nanomedicine is the design of polymer- or hydrogel-based
materials as source for controlled local release of a drug from the carrier over an
extended period. Such nanostructured materials can be applied as coating of stents,
bone grafts, and other biomedical devices, or be injected as sponges into surgical
cavities. For example, Gliadel [82] is an FDA-approved nanomedicine (approval in
1996) against glioblastoma (GBM), initially designed by Henry Brem and Bob Langer.
Gliadel consists of wafers that contain the chemotherapeutic agent carmustine (Bis-
Chlorethyl-Nitroso-Urea, BCNU) in a biodegradable polyanhydride microsphere
matrix. These wafers are surgically implanted into the brain after glioma surgery.
Upon in vivo erosion of the polyanhydride matrix, the implant slowly releases the
drug over weeks [83, 84]. Recently, this type of localized chemotherapy was found
to possess an additional advantage; in contrast to standard chemotherapy it did not
suppress the immune system. Localized controlled release chemotherapy in GBM
enhanced the anti-programmed cell death protein 1 (PD-1) antitumor immunotherapy,
whereas systemic administration of chemotherapy abrogated the antitumor immune
responses [85]. Subsequent work includes other polymer formulations, more potent
drugs, and other tumors, such as brain metastasis of breast cancer [86].

Initially, researchers developed polymer matrices for controlled release of
small-molecule drugs only. The release of macromolecules from polymer networks
was considered as impossible. However, already in 1976, Bob Langer and Judah
Folkman were able to demonstrate the sustained release of proteins and other macro-
molecules from polymer matrices [87], which they applied in their search for antian-
giogenic proteins and peptides. These findings paved the way for many controlled
release formulations of therapeutic proteins and other therapeutic macromolecules.

2.5 Programmed Delivery and Biomimetic
Nanomedicines

Classical drugs distribute in the patient’s body in a rather passive mode; pharmacoki-
netics and biodistribution are dictated by the pharmacological characteristics of the
body and the disease site. The drug chemistry may (or may not) favorably influence
the transfer to and persistence of drug at the disease site; but even chemical proper-
ties within the Lipinski’s Rule of Five [88] remain a compromise for drugs that, due to
their fixed static structure, can act sufficiently but not optimally at the multiple differ-
ent pharmacological steps. The key aspect of programmed drug delivery [32] aims at
a design that causes drugs to become dynamic in character. Dynamic nanomedicines
are drug systems preprogrammed to alter their structure and properties during the
drug delivery process. Ideally, these changes make them always best fitting for the
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Figure 2.1: Dynamic nanosystems for overcoming cellular barriers. Nanoparticle stabilizing and
shielding domains are in green, receptor targeting ligands in brown, activation of endosomolytic
domains in red, and cleavable bonds in yellow (labile at endosomal pH, or bioreducible in the
cytosol).

individual different delivery step (see Figure 2.1). For example, in the extracellular
delivery step of blood circulation, the formulations need to protect the drug cargo
against premature release and degradation and provide targeting to the disease site.
After reaching this site, almost the contrary, the controlled release over an optimal
time window, is required. Programming can be incorporated by the design of molec-
ular sensors (e.g., cleavable bonds, dynamic conformations, and bioreversible non-
covalent complexes) that are able to respond to natural pharmacological stimuli,
including changes in pH, redox potential and enzymes, and artificial physical stimuli.
Physical forces such as ultrasound and other mechanical triggers, electrical or mag-
netic fields, hyperthermia or light (see Section 2.2 on “physical targeting”) may con-
tribute to focusing triggered activation of dynamic nanosystems. Disease targeting
principles may include systemic passive targeting and active receptor targeting.

A novel physical form of nanoprogrammed controlled release of drug presents the
concept of pharmacy on microchip. Sima and colleagues developed such a microchip
delivery by design of microelectromechanical systems (MEMS). The MEMS device con-
sists of an array of reservoirs etched into a silicon substrate; drug release is achieved
in a time-controlled manner (continuous or pulsed) by the electrochemical dissolu-
tion of gold membranes covering the reservoirs. Such MEMS devices were adminis-
tered to locally deliver chemotherapeutic agents to experimental tumor models [89,
90]. An MEMS device containing the glioma chemotherapeutic temozolomide, when
intracranially implanted next to a brain tumor, was found to be effective in reducing
tumor development.

An alternative form of programmed nanosystems presents the design and synthe-
sis of artificial virus-like nanosystems [72, 77, 91, 92]. Viruses present natural, dynamic
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nanoagents for potent extracellular and intracellular delivery of nucleic acids. Protein
toxins are examples for most effective intracellular uptake of proteins as another class
of macromolecules. Nature has optimized these nanocarriers that comprise multiple
functions for overcoming delivery barriers, including blood—tumor barrier, blood—
brain barrier (BBB), and tissue and cellular barriers such as cellular uptake and
endosomal escape. In fact, natural viruses are fascinating masterpieces — but how
can we learn from their sophisticated multifunctional precise structure and convert
this knowledge into biomimetic nanomedicines? A significant effort was made over
the last 25 years on synthesis of dynamic nanosystems (Figure 2.1) with encouraging
results [72, 92-96]. These developments, however, were partly hampered because of
two specific technical problems. First, macromolecular and supramolecular structures
are far larger and more complex than classical chemical compounds. Polymer chemis-
try often generates products that are polydispersed in size and rather ill-defined with
regard to modifications. Clean chemistry however is important to establish clear struc-
ture—activity relations (SARs). Apart from the challenge to synthesize precise macro-
molecules, an additional second formidable issue arose: how can we utilize simple
SARs and drive the complicated macromolecular structures to an optimum?

One secret of life is that information is stored in form of sequences. The natural
evolution process takes advantage of the definition of each protein as a precise amino
acid sequence stored in form of a genetic sequence (of nucleotides). Refinement of
sequences occurred by local variations, such as mutations, deletions, and additions,
or larger rearrangements such as domain shuffling, followed by functional selection
for a biological task in the set environment. This natural evolution has optimized
viruses or toxins into macromolecular carriers that comprise multiple different func-
tions for overcoming the delivery barriers. These basic design principles can also be
applied for the generation of artificial dynamic nanosystems. A chemical evolution
process may take advantage of combining empirical with rational design and uti-
lizes a more diverse chemical design space than the natural biological variation of
amino acids.

Chemical evolution (Figure 2.2) includes identification of chemical motifs for spe-
cific delivery steps and assembly of such microdomains into defined larger sequences.
It may include rational design (based on previous knowledge or hypothetical
models) or random variation and rearrangement into various sequences and (linear,
branched) topologies, followed by screening for a predefined delivery task (e.g., tar-
geted delivery into a tumor or across BBB). Chemical motifs may include but are not
restricted to natural amino acid sequences. For example, polymer units like PEG, pol-
ysarcosine, or polyethylenimine (PEI), despite their simple chemical structure, can
exert delivery functions such as shielding or endosomal escape, respectively, with
similar efficacy as far more complex natural proteins. Building blocks are assembled
into libraries of defined oligoaminoamide sequences by semimanual or automated
solid-phase-assisted synthesis [97-101]. Selection of the most suitable sequences for
intracellular delivery can be performed in cell culture. However, due to the additional
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Figure 2.2: Bioinspired chemical evolution of nanomedicine carriers.

delivery barriers, in vivo efficacy often does not correlate with in vitro efficacy. Novel
selection strategy such as nucleic acid barcode labeling of individual formulations
enables parallel simultaneous screening of several types of nanoformulations within
the same mouse [102].

In our own group, more than 1,200 precise, sequence-defined oligomers
(Figure 2.3) were synthesized from combination of artificial amino acids such as
Stp or Sph (containing the aminoethylene motif of PEI), natural amino acids, poly-
mers such as PEG and lipidic residues such as oleic acid or cholanic acid [103, 104].
These oligomers were evaluated in various chemical evolution assays, screening for
intracellular transfer or either pDNA, siRNA, protein, or natural products. Not sur-
prising, the different cargos strongly influence the selection process. For example,
for pDNA delivery, well-compacting four-arm oligomers mediated best gene trans-
fer if endosomal-buffering histidines and terminal disulfide-forming cysteines were
present [105]. For siRNA delivery, T-shaped lipo-oligomers provide convenient nan-
oparticle stabilization, which was optimized by integrated tyrosine trimers [104].
The efficacy/cytotoxicity ratio could be tuned by the various inserted fatty acids and
precise redox-sensitive cleavage sites [101]. For the intracellular delivery of proteins,
different carriers were most advantageous. For eGFP (green fluorescent protein) and
RNase A, a tetra-oleic acid modified PEGylated Stp oligomer with cysteines for bior-
eversible coupling, resulting in proteomicelle or proteoliposomal nanostructures,
was most effective in transduction of tumor cells [106, 107]. For the delivery of nano-
bodies (minimum size derived from camelid antibodies), another class of oligomers,
which form a bioreducible oligomeric cage around the 2 nm small protein, was most
favorable [108].

Combining core oligomers with shielding and targeting functions, delivery of
nanomedicine into tumors, was demonstrated in mouse models. Functional activity
was observed upon c-Met targeted pDNA delivery in distant hepatocellular carcinoma
by marker gene expression [25]; using the theranostic sodium iodide symporter (NIS)
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Figure 2.3: Examples of sequence-defined oligomers: (A) Solid-phase supported synthesis; (B) four-
arm carrier for pDNA delivery; and (C) lipo-oligomer carrier for siRNA delivery.

gene, gene transfer into the tumor could be monitored by NIS-dependent accumula-
tion of a diagnostic 2l iodide radioisotope, and dosage of the therapeutic ¥l radioiso-
tope reduced tumor growth and prolonged survival [26]. Using the same pDNA carrier
concept, instead of c-Met targeting, an interleukin-6 (IL-6) derived peptide (I P,) for
targeting the IL-6 receptor, intravenous delivery of pDNA encoding for antitumoral
ING4, and targeting of orthotopic brain tumors in mice were possible. The I,.P, peptide
provides multiple functions, including the cascade-targeting potential represented by
a combined BBB crossing and subsequent glioma-targeting ability, as well as a direct
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tumor-inhibiting effect by blockade of the IL-6 receptor. Together with the ING4 gene
expression, significantly enhanced survival of mice was observed, better than with
standard temozolomide chemotherapy [109]. For siRNA targeted delivery to glioma, a
lipo-oligomer formulation containing angiopep as ligand for LRP was applied. Target-
ing of orthotopic brain tumors and silencing of the tumoral BAG3 gene were achieved
[27]. The FR is overexpressed on a series of malignant tumors; FR-dependent gene
silencing in tumors was successful using siRNA nanoplexes or polyplexes with folate
or methotrexate as targeting ligands [110-112].

2.6 Risks and Safety of Nanomedicines

As for all novel drugs, development requests a thorough safety assessment at all stages
before, during, and after clinical testing. This evaluation must take into account the
previously known information, newly acquired data, and also predictions based on
theoretical considerations [113]. Nanomedicines, in comparison to classical drugs,
belong to a rather young class of drugs (only few decades old). Therefore special
attention must be laid especially on properties that distinguish them from other med-
icines. First of all, the nanoparticle dimension must be taken under special focus case
by case. This presents a significant challenge for all involved disciplines, including
production, quality control, and drug regulatory affairs. The current perception of
nanoparticle risk is illustrated as follows: classical and recombinant protein paren-
teral drugs are confronted with the request of a minimum (ideally none) nanopar-
ticle burden. Though the request for the absence of drug-unrelated particles is well
understood, the complete exclusion of drug-related nanoparticles (e.g., low fraction
of protein aggregates) is not practical. The risk assessment is even more challenging
for nanoparticle-based drugs.

Obviously, nanotoxicology has become an enormously important discipline to
analyze nanoparticle-triggered health risks on an objective level. Although nanomed-
icines present a new class of drugs, our bodies have been interacting with nanopar-
ticles for very long time. On the one hand, man-caused environmental nanoparticles
(such as in air or smoke) were found to be associated with increased frequencies of
severe illnesses such as cardiovascular and inflammatory lung diseases or cancer.
On the other hand, the common topical exposure of skin to nanoparticle-contain-
ing protective sun lotions has not been found as risk. Mankind has been confronted
with viruses as natural nanoparticles triggering serious infections and by evolution
has acquired natural defense mechanisms such as the in-born (“innate”) immune
response. Last but not least, our body contains endogenous nanoparticles such as LDL,
high-density lipoprotein and related lipoprotein nanoparticles, or nanosized extra-
cellular vesicles such as exosomes. Especially the natural nanoparticles illustrate
very well the range of possible health risks. LDL presents an important endogenous
nanoparticle required for cholesterol distribution, but in abundance and combined
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with local inflammatory responses it is a major risk factor in vascular diseases. In
case of viruses and foreign artificial nanoparticles, it appears that our innate immune
system (complement factors, innate defense cells) can recognize nanoparticles imme-
diately, even before a specific (T-cell or antibody) immune defense has been built up.
The recognition process is largely guided by the nanoparticle surface characteristics
including surface charge and repetitive patterns (as found in microorganisms and
viruses). Phagocytosis and destruction of the foreign nanoparticles follow, often asso-
ciated with inflammatory and immunological host responses. While these responses
may rapidly and effectively clear invading viruses from the body, over-reactions may
unfortunately also be deleterious in viral diseases. Such an overwhelming host reac-
tion against an adenoviral gene vector was also responsible for the fatal case of Jesse
Gelsinger, who died after liver treatment with the highest vector dose in a dose-es-
calating phase I clinical gene therapy study (see Section 2.3). In sum, depending
on their surface characteristics, nanoparticles may trigger innate and subsequently
acquired immune responses; these might be life threatening (especially in systemic
administrations), but can be beneficial in case of vaccines.

Virus-based nanomedicines can be associated with another type of risk. Ex vivo
treatment of blood progenitor cells with retroviral vectors has resulted in leukemia
in several SCID-X1 patients about three years after successful treatment (see Section
2.3). Retroviral vectors integrate their genome preferentially into the active part of
the host genome; in the SCID-X1 cases, integration next to the LMO2 host proto-on-
cogene occurred, resulting in transformation into leukemic cells [66, 67]. Luckily,
standard chemotherapy cured the majority of patients from this leukemia; but at least
one patient died. Confronted with these results, vector scientists have developed the
next generation of retroviral vectors that insulate their own transcriptional machin-
ery from neighboring genomic areas. Insertional oncogenesis must also remain in
mind as potential risk, when exciting novel technologies such as genome modifi-
cation by CRISPR/Cas9 are considered as therapeutic strategy [65]. Although such
sequence-specific nucleases cut with high fidelity, undesired genomic modifications
cannot be excluded (note a comment by the genome-editing pioneer George Church:
“most of what we call genome editing is really genome vandalism”).

Regrettably, we often face too simplistic presentations stating that “viral vectors
are dangerous, but nonviral vectors are safe.” Protein-free synthetic nanosystems may
lack immunogenicity of viral proteins or highly specific integration mechanisms, but
there is no rationale guaranteeing their safety. In fact, like other drugs, dose escala-
tion studies reveal significant toxicities at higher doses, and the therapeutic windows
between efficacy and acceptable toxicity often are lower than desired. The main reason
is the far lower efficacy of nonviral vectors at particle level. Optimization as outlined
in Section 2.5 would result in far lower dosages to be administrated. Second, the nano-
material properties of the nanosystem core and shell strongly influence short- and
long-term toxicity and biosafety. For example, Otmane Boussif and Jean-Paul Behr had
developed very effective polyplex formulations of DNA with the cationic polymer PEI,
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which subsequently developed into one of the most used transfection reagent. PEI has
also been locally administrated in phase I and II clinical studies in cancer with promis-
ing results [114, 115]. In preclinical models, unmodified PEI polyplexes, depending on
the dose, showed significant to lethal side effects; the positively charged nanoparticles
activated the complement system, activated the lung endothelium, and increased adhe-
sion of small cell-containing aggregates, which blocked fine vessels [116-118]. Coating
such positively charged PEI polyplexes with PEG strongly reduced toxicity including
several of the mentioned effects [118-120]. More sophisticated analyses of the toxicity
of PEI polyplexes revealed several phases of cytotoxicity on the cellular level [19]; these
include cell membrane destabilization, mitochondrial dysfunction, perturbations of
glycolytic flux, and redox homeostasis. Learning about toxicity at refined level pro-
vides not only a better understanding for risk assessment but also a better handling for
optimizing the carrier into a degradable, better tolerated polymer [19].

2.7 Conclusions and Prospects

In conclusion, nanotechnology comprises the option of more effective administration
of innovative drugs with respect to localization and time. Accordingly, focusing nano-
medicines to the disease site would reduce undesired side effects in healthy organs. In
addition, biochemically or physically programming nanomedicines enable controlled
continuous or pulsed release of the active drug substance from the carrier matrix.
Currently, the available nanotechnology has demonstrated proof of concept for dis-
ease-targeted delivery and controlled release. Efficiencies, however, remained below
the levels required for wide success and application in medicine. In comparison to
normal small-molecule drugs, nanomedicines face size-restricted tissue access, as
well as innate host responses directed against particulate matter. Application and
combination of new technologies, such as combining biochemical with physical tar-
geting and microelectronics, or generation of novel carriers by chemical evolution of
sequence-defined macromolecules, mimicking artificial viruses, will be key measures
for realizing further breakthrough in translation of nanomedicines.

The future prospects of nanomedicines can be projected from the previous and
recent achievements. Retrospectively, from the view of around 1990, the darkest
hypothetical forecasts, like nanomedicine-triggered oncogenesis, became real, and
the biggest hopes, the permanent cures of life-threatening genetic diseases, were
also fulfilled. After a more than 25 years period of preclinical and clinical trials with
advances and setbacks, knowledge has continuously accumulated. Based on these
multidisciplinary experiences, clinical developments directed against severe, other-
wise incurable diseases are currently flourishing. The first six gene therapies have
reached approval as medical drugs and some further gene therapy products (includ-
ing anticancer DNA vaccines) are close to registration. In 2017, six oligonucleotide
therapeutics are on the market; several RNAi-based nucleic acid therapeutics are in
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late-stage clinical trials and will most probably receive market authorization soon.
Needless to tell that recombinant therapeutic protein nanomedicines are already
dominating the pharmaceutical revenue. In parallel to refinement of technologies,
the understanding on the biological interaction of the body with nanoparticles will
further increase, providing additional tools and markers for nanomedicine safety and
efficacy [121]. With these developments, apparently the critical mass of technology
and experience has reached the status, where broader application for severe diseases
with high incidence, such as cardiovascular diseases, lung diseases, and neurode-
generation, is foreseeable. Harmonization of standards for the required high-end
technologies, sophisticated production, clinical trial procedures, safety assessment,
as well as storage of the collected preclinical and clinical information on the interna-
tional and European level will be of utmost importance.
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3 Nanotechnology and pharmacy

3.1 Introduction

In hindsight, scientific progress appears to be pushed forward by visionary individu-
als having the time to ponder the extrapolation of the current state of the art beyond
and above the event horizon of their time. One might argue that the application of
specific and directed drug delivery to improve therapeutic effects while reducing
side effects was first thought of by Paul Ehrlich and his co-worker Sahachiro Hata
[1] during their development of the first effective chemotherapeutic agent Salvarsan.
Incidentally, Ehrlich coined the now infamous term of “magic bullet” that would
achieve such directed drug delivery, which one would imagine nanoparticles used
in drug delivery would look like [2]. Taken together, Ehrlich unknowingly created the
idea of nanopharmaceuticals, that is the application of nanotechnology to therapy.
The development of nanopharmaceuticals [3] in their various manifestations
(Figure 3.1) from vision to actual implementation into therapy has been influenced and
guided by a number of technologies over the last 50 years, as shown in Figure 3.2 [4].
According to a definition by Bawa [5], nanotechnology is defined as “The design,
characterization, production and application of structures, devices and systems by
controlled manipulation of size and shape at the nanometre scale (atomic, molecu-
lar and macromolecular scales) that produces structures, devices and systems with
at least one novel/superior characteristic or property”. This definition does include
larger scale devices or systems (e.g. surfaces) having nanosized substructures. The
definition of the “nanoscale”, however, is still under discussion. While the NIH
Common Fund Nanomedicine Initiative [6] defines nanotechnology to create “Prod-
ucts obtained through nanotechnology in the range of 1 to 100 nanometer”, the com-
monly accepted scale of nanopharmaceuticals is often found to be in the range of
150-300 nm and may even exceed 1,000 nm. The relationship with and mutual impact
of nanotechnology on other scientific disciplines has recently been mapped in accord-
ance with publication as well as citation data from the Science Citation Index [7].
Nanomedicine, in turn, is defined as the “application of nanotechnology to
medicine” [3], a “field uniquely focused on medically related, patient-centric nano-
technologies” [8] and as an “offshoot of nanotechnology”, which is a “highly specific
medical intervention at the molecular scale for curing diseases or repairing damaged
tissue” [9]. Some authors group nanomedicine(s) into three categories [10], namely
diagnostic systems and (microinvasive) surgical tools, imaging and monitoring
systems, and nanoscale drug delivery systems and technologies (nanopharmaceuti-
cals). Two or all three categories may be combined into a single system [11].
Although nanopharmaceuticals are not very common in public pharmacies,
clinical pharmacists are increasingly involved in the (personalized) therapeutic

https://doi.org/10.1515/9783110547221-003
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Figure 3.1: Types of nanopharmaceuticals for drug delivery and diagnostics [3].

application of such drugs in clinical care. Some of these drugs have been introduced
into the market following regulatory strategies that, in the light of increasing scien-
tific knowledge, may appear today to be insufficient to evaluate their efficacy and
safety [12], as discussed in this chapter. In the following, an overview of nanophar-
maceuticals used in clinical practice is given, and clinical, regulatory and practical
aspects related to their approval and use are discussed.

3.2 Nanopharmacy and Nanopharmaceuticals
on the Market

The term “nanopharmacy” has appeared during the last years [13]. In the absence of
a straightforward official definition and in extension of the nanomedicine definitions
mentioned above, it may be interpreted as the science(s) whose study objects
would be nanopharmaceuticals. In addition, the complexity of such drugs requires
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standardized protocols for the manufacturing, handling and administration to ensure
safety and efficacy. Such — in essence pharmaceutical — operations would naturally
also be covered by the term “nanopharmacy”.

Since 1975, with the approval of Gris-PEG® (griseofulvin nanocrystals), a
number of nanopharmaceuticals have received EMA (European Medicine Agency)
market authorization and FDA (US Food and Drug Administration) approval. Nan-
opharmaceutical formulations found in commercialized products today comprise
drug nanocrystals, liposomes, polymeric drugs and nanoparticles. A list of nano-
pharmaceuticals on the market at the time of the revision of this chapter, together
with their indication(s) and date of approval/marketing authorization, is given in
Table 3.1.

3.2.1 Drug Nanocrystals

The occurrence of unfavourable properties of biopharmaceutical classification system
[14] class IIa drug candidates such as low aqueous solubility and resulting low bio-
availability is resolved by strategies to increase solubility [15]. Such strategies include
the reduction in size or “nanonizing” [16] of the active pharmaceutical ingredient (API)
principle, resulting in drug nanocrystals of increased overall surface area and surface
energy [17]. Drug nanocrystals are manufactured by either precipitation techniques in a
“bottom-up” process, or by a “top-down” approach by size reduction of larger drug par-
ticles or crystalline powders by application of attrition forces (“nanomilling™). In their
final formulation, drug nanocrystal suspensions are stabilized against aggregation by
the presence of stabilizers adsorbed to the nanocrystal surface [18], which may in the
future also serve to adsorb moieties for cell-specific drug targeting functionalization
[19, 20].

3.2.2 Liposomes

Liposomes are vesicles consisting of spontaneously forming phospholipid bilayers, which
may be stabilized by the addition of other lipids (e.g. cholesterol) [21]. “Swollen phospho-
lipid systems” were first described in 1965 [22], and soon the adaptation of such vesicles
to drug delivery was suggested [23]. Drug encapsulation may occur in the hydrophilic
liposomal core or intercalated within the phospholipid bilayers (hydrophobic drugs).
Encapsulation into liposomes has been shown to alter drug pharmacokinetics [24], an
effect even enhanced by the functionalization of the liposomal surface with the polymer
polyethylene glycol (PEG). PEGylation [25] renders liposomes less recognizable by the
immune system, probably by altering the extent and/or composition of the formation of a
plasma protein corona at the liposomal surface through steric or electrostatic effects [26].
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Table 3.1: Alist of currently marketed nanopharmaceuticals, their indication(s) and year of approval.

Nanotechnology Name Drug Indication Approval
year
Drug Cesamet® Nabilone Anti-emetic 2006
nanocrystals
4 Cholib® Fenofibrate/simvastatin Dyslipidaemias 2013
Emend® Aprepitant Anti-emetic 2003
Gris-PEG® Griseofulvin Antifungal 1975
Megace ES®  Megestrol acetate Hypercholesterolaemia, 2005
hypertriglyceridaemia
Rapamune® Rapamycin, formulated Immunosuppression 2002
in tablets
Tricor® Fenofibrate as Hypercholesterolaemia, 2004
nanocrystals hypertriglyceridaemia
Triglide® Fenofibrate as non- Hypercholesterolaemia, 2004
soluble drug delivery  hypertriglyceridemia
microparticles
Xeplion® Paliperidone Schizophrenia 2011
Zypadhera®  Olanzapine Schizophrenia 2008
Liposomes AmBisome®  Amphotericin B Fungal infections 1990
DepoCyt® Cytarabine Meningeal neoplasms 1999
Exparel® Bupivacaine Anaesthetic 2011
DaunoXome® Daunorubicin Cancer advanced 1996
HIV-associated Kaposi’s
sarcoma
Caelyx®/ Doxorubicin HCl Breast, ovarian 1995
Doxil® (PEGylated) neoplasms, multiple
Lipodox® myeloma, Kaposi’s
Myocet® Doxorubicin HCl Breast neoplasms 2000
DepoDur® Morphine Pain relief 2004
Mepact® Mifamurtide Osteosarcoma 2009
Visudyne® Verteporfin Macular degeneration, 2000
myopia
Margibo® Vincristine Lymphoblastic leukaemia 2013
Polymeric drugs Copaxone® Glatiramer acetate Multiple sclerosis 1996
Glatopa® 2016

(continued)
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Table 3.1: (continued)

Nanotechnology Name Drug Indication Approval
year
VivaGel® Dendrimer Bacterial vaginosis 2015
Nanoparticles Abraxane® Nab-Paclitaxel Metastatic breast cancer 2005
Adv. non-small cell lung 2012
Metastatic pancreatic 2013
Gastric cancer 2013
Maltofer® Iron polymaltose Iron deficiency 1964
Ferinject®/ Ferric carboxymaltose Iron deficiency 2007
Injectafer®
Rienso®/ Ferumoxytol Iron deficiency 2009
FeraHeme®
Dexferrum® High-molecular-weight Iron deficiency 1996
iron dextran
Cosmofer® Low-molecular-weight Iron deficiency 2001
iron dextran
Ferrlecit® Sodium ferric gluconate Iron deficiency 2009
Monofer® Iron isomaltoside Iron deficiency 2009
Venofer® Iron sucrose Iron deficiency 1992
Virus-like particles Cervarix® HPV-type 16L1and 18L1 Prevention of 2007
antigens HPV-induced cancers
Gardasil® Major capsid protein L1 Prevention of 2006
of HPV types 6,11,16  HPV-induced cancers
and 18
Engerix B® Recombinant hepatitis Prevention against 1986
B surface antigen hepatitis B infection
(HBsAg)
Virosomes Inflexal® VvV Haemagglutinin, Influenza 1997
neuramidase antigens
Epaxal® Formalin inactivated Prevention of hepatitis 1993

HAV

Ainfection

HIV, human immunodeficiency virus; HPV, human papillomavirus; HAV, hepatitis A virus.

This alteration of the surface properties is potentially impacting on the liposomal uptake
by the reticuloendothelial system (RES) [27], leading to longer systemic circulation times.
Liposomal technology has led to the development of first Ambisome® (liposomal ampho-
tericin B) and later liposomal doxorubicin (Doxil®/Caelyx®) [25]. Drug encapsulation into
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Figure 3.3: Schematic representation of liposomal doxorubicin (Doxil®) [25].

liposomes has significantly reduced unwanted side effects attributed to the plasma levels
of free drug such as cardiotoxicity in the case of Doxil® [28] (Figure 3.3).

3.2.3 Polymeric Drugs

Nanopharmaceuticals defined as polymeric drugs currently available on the market
are the glatiramer acetate (GA) [29] and one dendrimer product (VivaGel®) [30].
GA is an immunomodulator used to treat patients with relapsing-remitting form
of multiple sclerosis (MS), reducing the frequency of relapses [31]. GA products
(Copaxone® and Glatopa®) may include up to 10¥ different peptide structures, syn-
thesized from four amino acids (alanine, lysine, glutamic acid and tyrosine) [32].
Upon subcutaneous injection, these polypeptide chains are partially hydrolysed,
the resulting fragments are taken up by local antigen-presenting cells and spe-
cific epitopes are presented to T lymphocytes [33], thus attenuating autoimmune
activity in MS leading to demyelination and inflammation in the brain. The highly
complex structure of GA makes pharmacokinetic modelling in the absence of an
exactly defined API (which polypeptide(s)? at what ratio/concentration?) impossi-
ble and requires a tightly controlled manufacturing process to ensure both safety
and efficacy.

Dendrimers are synthetic macromolecules of narrow size distribution on the nano-
scale, characterized by their branched three-dimensional structure allowing for drug
incorporation and surface functionalization for targeting purposes [34]. While drug—
dendrimer conjugates have been developed as pro-drugs [35], the VivaGel® product
appears to exert its activity through binding of the highly negatively charged surface
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to pathogens, thus reducing their mucosal attachment and invasion [36]. Approved for
therapeutic use in bacterial vaginosis in 2015, a clinical phase I/II trial revealed that
the dendrimer formulation appears to also have a measurable effect against vaginal
infections with human immunodeficiency virus 1 and herpes simplex virus 2 [36].

3.2.4 Nanoparticles

Currently commercialized nanopharmaceuticals in the submicron range are albumin
nanoparticles loaded with paclitaxel (Abraxane®), superparamagnetic iron oxide
nanoparticles coated with a low-molecular-weight semisynthetic carbohydrate (Feru-
moxytol®) and the group of nanoparticles composed by iron cores coated with various
saccharides (isomaltoside, dextran, gluconate, polymaltose and sucrose). The devel-
opment of Abraxane® (Figure 3.4) as paclitaxel-loaded albumin nanoparticles for
therapy of several solid tumours (Table 3.1) is essentially based on the observation of
the generally high plasma protein binding of cytotoxic drugs [37].

Abraxane® exploits these properties of albumin to reversibly bind paclitaxel,
actively and specifically transport it across the endothelium by interaction with gp60/
caveolin-1 [39] and accumulate it in tumour cells due to the interaction with the albu-
min-binding protein SPARC (secreted protein, acidic and rich in cysteine, osteonectin
or BM-40) [40]. Formulation of paclitaxel in 130 nm albumin nanoparticles avoids
the use of cremophor EL (CrEL), which contributes to serious toxicity (e.g. hypersen-
sitivity and axonal degeneration) [41] and requires special infusion tubing, premed-
ication and prolonged infusion. While CrEL forms micelles that entrap paclitaxel,
leading to decreased unbound drug fraction, decreased drug clearance and lack of
dose-dependent anti-tumour activity, Abraxane® has been shown to have improved
bioavailability and linear pharmacokinetics. Thus, drug exposure becomes predicta-
ble even after modification of the dosing regimen [42].

Iron carbohydrate nanoparticles are applied in iron replenishment therapy of
anaemia as a consequence of chronic kidney disease (CKD), pregnancy, autoimmune

Paclitaxel

Albumin

Figure 3.4: Nab-Paclitaxel
(Abraxane®), 130 nm albumin
nanoparticles loaded with cytostatic
paclitaxel. Modified from Ref. [38].
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disorders, chronic infections or cancer [43]. With approximately 1.6 billion of new
cases per year, anaemia is considered the most important nutritional disease in the
world [44]. Treatment of iron deficiency includes oral preparations of both ferrous and
ferric salts. However, when the administration of salts is ineffective or not tolerated,
the use of iron carbohydrate complexes is preferred [45]. These complex nanocolloi-
dal suspensions are composed of an iron-(III)-oxyhydroxide core, which is covered by
a carbohydrate shell and are administered either orally or intravenously [46].

Maltofer® is a highly complex colloidal suspension composed of iron-(III)-oxy-
hydroxide cores surrounded by a polymaltose shell. Its molecular weight, deter-
mined by gel permeation chromatography is described to be about 52 kDa. Recent
size determination by dynamic light scattering and transmission electron microscopy
performed in our laboratory revealed a hydrodynamic diameter of about 9 nm (unpub-
lished results). Maltofer® is a second generation oral iron supplement administered
to boost iron body levels in the presence of iron deficiency anaemia [47], and taken
up into systemic circulation through the intestinal epithelium by passive diffusion
[48]. Through coating with polymaltose unwanted side effects of orally applied iron
preparations are significantly reduced, although haemoglobin levels achieved were
comparable to those after treatment with iron sulphate [49].

The other iron carbohydrate products mentioned in Table 3.1 are administered by
iv. injection or infusion. Once administered, a corona of plasma proteins is formed on
their surface [50], which leads to phagocytosis by the RES. The cores are processed
intracellularly and the iron utilized to replenish iron storage and erythrocyte synthe-
sis (Figure 3.5) [51]. They differ in the polysaccharide used for coating the iron cores,
which does have an influence on their particle size, stability and degradation upon

Surface properties

Infusion Phagocytosis RES Regeneration STORAGE
(DBI,LI,FBI) (Hemoglobin)

l Excretion l

In vivo release
Serum Serum
(1)) Z‘\? (FBI) Transporter-
mediated

R\
Degradation - cellular uptake
kinetics Binding P

Figure 3.5: Fate of iron carbohydrate drugs upon injection. Surface properties are suggested to
influence kinetics of phagocytosis, while degradation kinetics would impact on release of labile
iron, which is cause of toxicity. DBI: drug bound iron, LI: labile iron, FBI: ferritin-bound iron, TBI:
transferrin-bound iron. Adapted from Zhen et al. [51].
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injection. Iron sucrose (IS, Venofer®), as an example, needs to be stabilized by keeping
the nanosuspension at a pH of 11, while dextran-coated particles (Dexferrum®, Cos-
mofer®) are stable at physiological pH. As shown in Figure 3.5, surface parameters
of the particles may influence extent and rate of phagocytosis. Degradation kinetics
may determine release of labile iron, which is supposed to cause toxicity through the
formation of reactive oxygen species (ROS) [52]. However, physicochemical proper-
ties of these products have as yet not been directly linked (in terms of critical quality
attributes) to differences observed in clinical outcome, which will be discussed below.

The field of nanopharmaceuticals is constantly evolving, with novel candidates
and formats being put through the development pipelines. A review by Etheridge
et al. [53] reported 213 clinical trials at various stages (including 14 terminated/
discontinued studies), and 150 commercialized nanomedicine products at the date of
publication. A report by the US Center for Drug Evaluation and Research (CDER) [54]
on the number of applications of nanomaterial containing drug products showed a
steady increase over the last 40 years (Figure 3.6). The term “nanomaterials” included
liposomes, nanocrystals, (nano)emulsions, iron—polymer complexes and micelles as
the five largest groups, making up about 80% of applications submitted.
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Figure 3.6: Number of nanomaterial product applications submitted to CDER by year [54].
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Aspects of the regulatory and compendial framework for approval of these nanophar-
maceuticals are discussed below.

3.2.5 Virus-Like Particles and Virosomes

Nanotechnology is also contributing to the development of novel “nanovaccines”,
mimicking the properties of viruses in terms of shape and size, repetitive surface
structures and antigen presentation [55]. A plethora of different polymeric materials,
including chitosan, polylactide glycolic acid (PLGA), polyethyleneimine, dextran and
alginate, have been utilized to produce nanovaccines [56]. These efforts so far have
remained on the pre-clinical and early clinical study level, with the most advanced
systems being PLGA-based DNA vaccines [57]. By contrast, nanovaccines based on
virus-like particles (VLPs) and virosomes have successfully been developed and
entered the market in the 1980s [58, 59], as shown in Table 3.1.

VLPs are highly ordered nanostructures resembling genuine viruses in terms of
size (22-150 nm) and protein envelope composition, but lacking viral genetic mate-
rial [60]. Due to their virus-like appearance and repetitive structural surface fea-
tures, VLPs are highly immunogenic and antigenic [60], they are interacting with the
immune system through similar pathways as the original pathogens.

VLPs are prepared by self-assembly of the viral structural proteins, when
expressed as recombinant proteins, into structures similar to the parental viruses.
They are manufactured by expression of the viral building block from viral or plasmid
vectors [61], which may be supplemented with specific epitopes, and include one or
multiple proteins. While non-enveloped single- or multiple-capsid VLPs result from
self-assembly of virus-derived capsid proteins, enveloped VLPs result from particle
budding from the host cell (E. coli, yeast, insect cells or plant based) [62]. VLPs have
been derived from a wide variety of viruses, including hepatitis B [63], human papil-
lomavirus [64], and Norwalk virus [65].

Virosomes are VLPs that are generated from inactivated virus produced in embry-
onic chicken eggs or cell culture [66], the same material used for the production of
influenza vaccines. The virus is dissolved in an appropriate detergent and the solubi-
lized viral envelope components purified by removal of the insoluble matter. Unila-
mellar virosomes are subsequently reassembled by detergent removal. The addition
of selected lipids prior to assembly is key to a robust, industrial-scale manufacturing
process, which generates virosomes that are called immunopotentiating reconsti-
tuted influenza virosomes [66].

Along with payload antigens, the reconstituted viral envelopes present the same
surface proteins haemagglutinin (HA) and neuraminidase (NA) at the same ratios as
the parental virus [66]. The suitability of the virosomal platform as an efficient adju-
vant and carrier system in parenteral vaccine formulations is illustrated by the com-
mercialization of two products, Epaxal® and Inflexal® [67].
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3.3 Regulatory Aspects of Nanopharmaceuticals
and Nanosimilars

The regulatory landscape for the approval of nanopharmaceuticals is characterized by
the number of products having been introduced into the market as early as the 1950s
(Figure 3.7), the development of increasingly sophisticated nanopharmaceuticals as
well as current progress in analytical methods used to characterize such drugs [68]. In
addition, progress in nanopharmaceutical development has led to the coining of the term
“non-biological complex drugs” (NBCDs) [69]. The term acknowledges the complexity of
nanopharmaceuticals of mostly synthetic origin. NBCDs share aspects of complex struc-
ture, manufacturing procedures, potential immunogenicity and impossibility of full
characterization by physicochemical methods alone with their biological counterparts
(therapeutic antibodies, proteins, peptides, etc. [70]), as shown in Table 3.2.

Table 3.2: Properties of NBCDs in comparison to biologics and low molecular weight drugs, based
on [71].

Small-molecule drugs Biologics | NBCDs
Molecular weight Low (<500 Da) High (5-900 kDa)
Structure Well defined Complex, heterogeneous, defined by
manufacturing process
Manufacturing Chemical synthesis Produced in Synthetic technologies
living cells or (including nanotech)
organisms
Characterization Complete Not fully characterized
characterization
Copy characteristics | Identical copies can Impossible to ensure identical copy versions
be made
Iron PEGylated liposomal Glatiramer Paliperidone palmitate Glatopa®
- sucrose doxorubicin hydrochloride  acetate Invega Sustenna®/ Glatiramer
£ Venofer® Doxil®/ Caelyx® Copaxone® Xeplion® acetate
E,
1S
L4 ' ! ' |
o o S S 5
. 9 9 S D D
kS
E Iron Lipodox®
sucrose PEGylated liposomal
similars doxorubicin hydrochloride
Nanoparticles (9) Liposomes (10) Nanocrystals (2) Polvmers (2)

Figure 3.7: Time of market introduction of original nanopharmaceuticals and their “similars”
(courtesy of Prof. Stefan Miihlebach, Vifor Pharma Ltd.).
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Moreover, recent years have seen the advent of follow-on versions of NBCDs,
which, in accordance with the “biosimilar” approach for biological complex drugs,
are suggested to be termed “nanosimilars”.

Unlike the biosimilar pathway for therapeutic protein follow-on products, no
such regulatory approach has been put in place yet [72]. While “nanosimilars” have
received marketing authorization through the generic pathway in the past, recent
retrospective and prospective studies have reported differences in clinical outcomes
when switching from the original to the follow-on nanopharmaceutical. One example
is the replacement of Venofer® (IS) with an IS similar (ISS) in the therapy of 75
chronic kidney disease (CKD) patients undergoing haemodialysis in France [73]. The
exchange led to a significant decrease in haemoglobin levels that were stable under
treatment with IS. In addition, significantly reduced transferrin saturation and serum
ferritin levels required to increase dosing of ISS as well as erythropoietin stimulating
agents to keep patients in correct/acceptable blood parameters. These observations
were recently confirmed in a prospective study involving 66 patients [74].

Moreover, several different intended copies of Maltofer® were introduced on
various markets under the name of iron polymaltose similars. Clinical [75] and
non-clinical evidences [76] suggested that the treatment with these nanosimilars may
not lead to the same clinical outcome as to be expected using the originator drug.

Another example is the non-equivalence of “generic” liposomal doxorubicin,
introduced into the US market due to drug shortage of the originator drug, Doxil®
[77]. The same product is commercialized in Europe under the Caelyx®. According
to the Committee for Medicinal Products for Human Use assessment report by EMA
[78], the applicant (SUN Pharmaceutical Industries Europe B.V.) could show that the
amount of unencapsulated doxorubicin in their product is comparable to Doxil® (the
US reference product), but not to its European equivalent, Caelyx®. The report came
to the conclusion that “ it cannot be concluded that the test formulation of liposomal
doxorubicin is essentially similar to the reference product”.

These few examples bear evidence that NBCDs and their follow-on products may
neither be simply regarded to be of therapeutic equivalence, nor as interchangeable.
This notion is currently carried forward by several institutions, including EMA, FDA
and ICH (International Conference on Harmonisation of Technical Requirements for
Registration of Pharmaceuticals for Human Use), building on existing specific guid-
ance on selected NBCDs (e.g. micelles, liposomal products, and nanoparticle iron
medicinal products) [79, 80]. Ehmann and Pita [81], in an editorial response on the
regulatory strategies for NBCDs and their follow-on versions [82] expressed their
opinions that the current regulatory framework in Europe is “robust and efficient for
the evaluation of NBCDs, including nanomedicines...”. This publication, though, was
critically discussed by a successive letter to the editor of the publishing journal [83] as
a sign of the vivid and deeply scientific discussion on NBCD regulation [84].

The current thinking in Europe with regard to follow-on NBCD products appears
to follow the suggestion of the “nanosimilar” approach along the biosimilar strategy
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for therapeutic proteins, as expressed in a recent reflection paper published by EMA
[85]. However, this strategy is not entirely followed by the FDA, where approval of
generic parenteral drug products containing nanomaterials is based on the 505(j)
(ANDA) pathway and existing data of already approved products [51]. FDA is relying
more heavily on the physicochemical characterization of nanomedicines and their
similars, requiring such products in general to have qualitative (Q1) and quantitative
sameness (Q2). FDA therefore, in contrast to EMA, does currently not require non-clin-
ical and clinical studies for such products. In the meantime, FDA has supported a
post-approval study in healthy human subjects to look into the comparison of several
clinical parameters achieved with therapy using generic and reference sodium ferric
gluconate [86]. In addition, in December 2015 members of the US House of Represent-
atives have asked Government Accountability Office (GAO) to conduct a study on how
FDA is reviewing generic versions of NBCDs [87]. The GAO report is currently pending.

3.4 Nanopharmaceuticals in Clinical Practice

Therapeutic equivalence of nanopharmaceuticals and thus exchangeability is a field
of broad scientific and regulatory discussion, as it may have profound repercussions in
clinical practice. Nanopharmaceuticals are complex drugs, whose entire composition
affects their quality, safety and efficacy. Alteration in the composition, for example
by variation of manufacturing methods or mishandling, may have severe repercus-
sions in patients. After successfully having introduced Copaxone® into the market,
the manufacturer attempted to develop an improved version of their glatiramer (TV-
5010). Although no toxicity was observed in short-term clinical phase I studies, severe
long-term toxicity [88] was reported in pre-clinical studies in non-human primates
and rats. It was therefore surprising that in 2015 FDA approved a “generic” version of
Copaxone®, Glatopa®, in the absence of clinical trial data [89].

Changes in clinical outcome for IS products due to their supposedly different
physicochemical properties were already reported earlier [73, 74]. However, also han-
dling of these complex drugs in the hospital may lead to complications, which appear
to be differing between originator and similar complex drugs. A report on postpar-
tum and gynaecologic post-operative patients treated with IS or ISS by Lee et al. [90]
revealed differences in the adverse event patterns. Injection site reactions (ISRs) were
significantly (p < 0.02) enhanced for the ISS (6.2%) in comparison to IS (1.8%) when
the drug was diluted in 100 mL saline. Occurrence of ISRs was even increased once
the ISS dose was diluted in 200 mL saline for injection to 8.2%. In clinical practice, the
addition of the IS dose to an infusion bag of physiological NaCl solution may result
in the same complication. Higher dilution of the ISS dose lead to the destabilization
of the nanoparticles, and the resulting premature release of labile iron then caused
generation of ROS at the injection site.
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A first question is: are such nanosimilars adequately evaluated and substituted
correctly in clinical practice? A recent publication [91] reported on the practice of
dispensing IS and ISSs in 70 French and 70 Spanish hospitals. It was revealed that
there was little awareness toward the potential differences in therapeutic efficacy and
safety profiles of this class of nanopharmaceuticals and their characteristics of being
“similar” rather than “generic”. Interchange and substitution are decided rather on
financial aspects, and rarely so on scientific and clinical data. In Spain, 34% of all
hospital pharmacists confirmed to have the authority to switch from the originator
drug to a similar (France: 43%). As a consequence, in 26% (France) and 52% (Spain)
of the cases where a medication change to a similar took place (France: 38%, Spain:
47% of all prescriptions), the prescribing physician was not informed.

How can nanopharmaceuticals and their similars be selected in the clinical practice,
maintaining therapeutic efficacy and safety for the patient, when interchangeability
and substitutability of such complex drugs cannot be taken for granted? While selection
criteria for biosimilars have been published by the American Society of Health-System
Pharmacists [92], no such guidelines exist for the selection of nanosimilars. Therefore,
a consensus roundtable with hospital pharmacists from six countries (Belgium, France,
Germany, Spain, Switzerland and USA) [93] suggested formulary selection criteria for
nanosimilars based on the biosimilar document, which is presented in Table 3.3. This
table takes into account the specific criteria related to pharmaceutical quality, efficacy

Table 3.3: Selection criteria for similars of nanopharmaceuticals, based on the formulary selection
criteria for biosimilars [92].

Pharmaceutical  Efficacy/safety Manufacturer Product Hospital and

quality considerations  considerations patient factors

- Chemical - Pharmacokinetics - Supply - Product - Economic
composition - Uptake reliability packaging and considerations

- Identity _ Distribution - History of drug  labeling - Hospital

- Quantity _ Clinical data shortages - Barcoding - Payer

- Pharmacopoeial _ Range of - Supply chain - Compatibility _ Patient
specifications indications security with C.STDS*' - Transition of

- Particle sizeand _ |mmunogenicity - Anti-counterfeit robotics care
size distribution  p oo e measures - Ready-to.-use _ITand

- Particle surface  therapeutic - Patient prepj’;lr'atlon'and medication
characteristics interchange assistance L system changes

- Uncaptured _ Number of programs - Stabilityfor _ Educational
Pharmacological  sjmilar agentson -~ Reimbursement ready-?o-us? requirements
active moiety formulary support administration - Pharmacovigilance
fraction _ Pharmacovigilance - Manufacturer - Storége requirements

- Storage stability  requirements services, requirements

expertise

*CSTDs: Closed System Transfer Devices
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and safety, and product stability. This table and mentioned criteria will be updated
with progress in fundamental and clinical research in nanopharmacy.

3.5 Future Vision

Mentioning the terms “vision” and “regulatory strategies” in one sentence may
appear inappropriate. However, the rocky road from vision to medical reality must
be paved by adding bricks of fundamental and clinical data, as well as education
and training of regulatory persons, prescribers and dispensers. Nanopharmacy and
nanopharmaceuticals are here to stay, with their importance especially in individual-
ized medicine steadily increasing. Lest we only want to continue reading about “very
promising nanocarrier systems”, we should bring all stakeholders to the table and
tackle the scientific, clinical, regulatory and practical challenges of nanopharmacy
and their products together. Given their qualifications and mindset, pharmaceutical
scientists are ideally posed to do just that.
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4 Nanotechnology in dental implants

4.1 Introduction

Prostheses on dental osseointegrated implants have become a standard of care
in the management of edentulous patients. Titanium and titanium alloys have
been the preferred materials in the production of fixed substitutes for roots of
lost teeth over the past 30 years [1-3]. A satisfactory clinical outcome depends on
the capability of the implant to bear loads, which is obtained by primary stability
immediately following implantation. However long-term outcomes are the result
of solid osseointegration of the implant into the host bone. The characteristics
of the implant surface itself are of critical importance for the progression toward
osseointegration [4]. Cell biological as well as biomechanical properties of the
biomaterial play a crucial role in the initial stability of the bone—implant system.
An open-porous structure and adequate pore sizes are the determinants for bone
ingrowth [5, 6].

The mechanical properties of the implants acting as a scaffold for bone ingrowth
should be adjusted to the mechanical properties of the surrounding tissue. Several
factors have been demonstrated to have an influence on bone ingrowth into porous
implant surfaces, such as the porous structure (pore size, pore shape, porosity,
and interconnecting pore size) of the implant, duration of implantation, biocom-
patibility, implant stiffness, and micromotion between the implant and adjacent
bone [7-11].

Developments in material engineering resulted in the fabrication of porous scaf-
folds that mimic the architecture and mechanical properties of natural bone. The
porous structure functions as a framework for bone cell ingrowth into the pores and
therefore leading to the integration with host tissue, known as osseointegration [12].
Appropriate mechanical properties, in particular, a low elastic modulus similar to the
bone may minimize the stress-shielding problem.

Preparation of porous metals can be obtained by several methods [10, 13-24].
Aiming at bone ingrowth, long-term stability, and load-bearing capacity, porous
titanium should represent the following features [10]: (i) high porosity and intercon-
nected pore structure for sufficient space enabling attachment and proliferation of
new bone tissue and the transport of body fluids; (ii) a critical pore size range usually
within 150-500 pm; and (iii) appropriate mechanical properties adjusted to the sur-
rounding bone tissue for load-bearing and transforming.

In the past, efforts have been made to enhance the topography of implant sur-
faces in order to accelerate the healing process. Titanium surfaces with microscopic
scale roughness have been proposed as an alternative to more conventional implant
surfaces produced by machining or titanium plasma spraying. Various techniques,

https://doi.org/10.1515/9783110547221-004
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Table 4.1: Present dental Ti-type implants and new Ti-type materials with nanostructure under
investigation for dental implant applications.

Present o-Ti-type Bulk nanostructured Bulk a-Ti-type Bulk B-Ti-type alloys  Implants with

implants o-Ti-type implants ~ nanocomposites with nanostructure nanosurface
Machined SPD Ti-HA Ti23Mo Ti-1Ag

TPS ECAP Ti-45S5 Bioglass Ti23Mo-45S5 Bioglass Ti-HA

SLA® ECAP with TMP Ti-Si02 - -

SLActive® Nanoimplants® Ti-Bioglass-Ag - -

Roxolid® - - - -

TiUnite® - - - -

TPS, titanium plasma spray layers; SLA®, sandblasted, large-grit, acid-etched; SLActive®, SLA® chemically modi-
fied; Roxolid®, metal alloy composed of 15% zirconium and 85% titanium; TiUnite®, Nobel Biocare’s proprietary
titanium oxide dental implant surface; SPD, severe plastic deformation; ECAP, equal-channel angular pressing
process; TMP, thermomechanical processing; Nanoimplants® Timplant Ltd; HA, hydroxyapatite.

such as sandblasting, acid etching, and combinations of both, have been applied to
obtain microrough surfaces used nowadays (Table 4.1).

Current research focuses on improving the mechanical performance and biocom-
patibility of metal-based systems through changes in alloy composition, microstruc-
ture, and surface treatments [13, 23-31]. In the case of titanium, a lot of attention is
paid to enhance the biocompatibility of commercial purity grades in order to avoid
potential biotoxicity of alloying elements, especially in dental implants [25, 32]. In the
past few years, application of nanomaterials has become very popular in medicine
[33]. Nanostructured materials can exhibit enhanced mechanical, biological, and
chemical properties compared to their conventional counterparts [31, 34].

Improvement of the physicochemical and mechanical performance of Ti-based
implant materials can be achieved through microstructure control, the top-down
approaches known as severe plastic deformation (SPD), and mechanical alloying
(MA) techniques [29, 30, 34-36]. Recent studies showed clearly that nanostructuring
of titanium can considerably improve not only the mechanical properties but also the
biocompatibility [24, 31, 37]. Moreover, this approach also has the benefit of enhanc-
ing the biological response to the cp titanium surface [31, 37].

An alternative method for changing the properties of Ti and Ti-based alloys is
the production of a composite, which will combine the favorable mechanical prop-
erties of titanium and the excellent biocompatibility and bioactivity of ceramics
[15, 16, 23, 30, 36-40]. The main ceramics used in medicine are hydroxyapatite (HA,
Ca,,(PO,),(OH),) and 45S5 Bioglass (44.8% Si0,, 24.9% Na,0, 24.5% Ca0, 5.8% P,0,)
[41]. The ceramic coating on titanium improves surface bioactivity, but often flakes
off as a result of poor ceramic/metal interface bonding, which may cause an early or
late failure. However, the nanocomposite materials containing metal and bioceramic
as a reinforced phase are promising alternatives compared to conventional materials,
because they can potentially be designed to match the properties of bone tissue in
order to enhance bone healing.
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Table 4.2: Application of nanomaterials in dentistry [44].

Specialty of dentistry Materials

Restorative dentistry Ketac™, Ketac N100; Nano-ionomers, Filtek Supreme XT, Fuji IX GP,
Nano-primer, Premise™ ; Adper™ Single bond plus Adhesive, Ceram X™

Regenerative dentistry Ostim®, VITOSSO™, Nano-Bone®

and tissue engineering

Periodontics Arestin®, Nanogen®

Preventive dentistry NanoCare® Gold

Orthodontics Ketac™ N100 Light Curing Nano-lonomers, Filtek Supreme Plus Universal
Prosthodontics Nanotech elite H-D plus, GC OPTIGLAZE color®

Oral implantology Nanotite™ Nano-coated implant, SLA®, SLActive®, Roxolid®, TiUnite®
Endodontic AH plus™, Epiphany, Guttaflow®

The branches in dentistry where nanotechnology has become popular, apart from
implantology, are tooth regeneration, periodontal therapy, soft and hard tissue
reconstruction, bone repair, plaque control, caries diagnostics, and caries treat-
ments. There are two key approaches (top down and bottom up) in nanotechnology
for creating smaller or better materials and use of smaller constituents into more
complex assembling [42-46]. Top-down approach is based on solid-state processing
of materials. Regardless of the defects produced by this approach, they will con-
tinue to play an important role in the synthesis of nanostructures. The top-down
approaches such as chemical vapor deposition (CVD), monolithic processing, and
wet and plasma etching are used to fabricate functional structures at micro and
nanoscales. These methods are successfully used for coatings of medical implants
and stent using CVD technology to enhance blood flow and biocompatibility. Cur-
rently, there is a wide range of nanomaterial’s applications in different subspe-
cialties of dentistry (Table 4.2).

This chapter reviews recently published and ongoing research on Ti-based nano-
materials for tooth replacement. The following aspects are in focus: the development
of a new generation of titanium-based implants with a strictly specified chemical
and phase compositions, porosity, and surface morphology. Possible future ideas
for studies are discussed, which could lead to tailoring the properties of Ti-based
implants for specific indications.

4.2 Nanotechnology in Dental Implants

Nanotechnology is the development and application of techniques enabling the pro-
duction of structures in the physical size ranging from 1 to 100 nm, as well as the
incorporation of these specimens into dental applications [42, 43]. The manufacturing
of Ti-based nanomaterials and their upscaling for industrial use is still challenging
[31, 44-47].
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New types of bulk three-dimensional (3D) porous Ti-based nanocomposite bioma-
terials with preferred size of porous and 3D capillary-porous coatings were developed.
The aim of ongoing research is to produce new generations of titanium-bioceramic
nanocomposites by constructing porous structures with a strictly specified chemical
and phase composition, porosity, and surface morphology, which will promote good
adhesion of the substrate and show increased hardness, high resistance to biological
corrosion, and good biocompatibility [13-16, 23, 24, 37]. Materials with nanoscaled
grains would offer new structural and functional properties for innovative products
in dental applications.

4.2.1 Nanostructured Implants

4.2.1.1 Bulk Nanostructured Implants

Elias et al. introduced a so-called equal-channel angular pressing (ECAP) process,
which is a viable processing route to grain refinement and property improvement [2].
In their study they obtained long-sized rods of nanostructured titanium (n-Ti), with
superior mechanical and biomedical properties applicable for dental implants. It
can be noted that the extreme grain refinement of the metal bulk down to nanoscale
creates surface morphology that turns out to be conducive for enhanced adhesion and
growth of living cells.

Commercially pure titanium (Grade 4) of the following composition was used:
0.052% C, 0.34% 0,, 0.3% Fe, 0.015% N, base material Ti (Wt%). In the as-received
condition, billets produced by hot rolling had an average grain size of 25 pm. Nano-
structuring was performed using SPD by ECAP with subsequent thermomechanical
processing, which made it possible to manufacture rod semiproducts with a length of
3 m and a diameter of 7 mm [48-50].

Combination of SPD and TMP processes resulted in a large reduction in
grain size, from the 25 pm equiaxed grain structure of the initial titanium rods to
150 nm. The ultimate strength of the nanostructured cp Grade 4 titanium is nearly
twice compared to conventional cp titanium [49]. Additionally, it has been shown
that the fatigue strength of nanostructured cp titanium at 10¢ cycles is almost two
times higher than for conventional cp titanium and exceeds that of the Ti—-6Al-4V
alloy.

Cytocompatibility tests utilizing fibroblast mice cells 1L929 were performed to
verify the previously reported benefits of nanostructured cp titanium compared
to conventionally processed coarse-grained cp Ti [49]. The results proved that the
nanostructuring process causes dramatic increase in the fibroblast colonization.
The surface cell occupation for conventional cp Ti was 53% after 72 h, whereas
nanostructured CP (Grade 4) reached 87.2%. Therefore, a high osseointegration
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rate is predicted for nanostructured cp Grade 4 titanium in comparison to
conventional titanium. Nanostructured (Nanoimplants® Timplant Ltd, Sjedno-
ceni 77, Ostrava, Czech Republic) implants have been successfully designed and
fabricated [51].

The certified system of Timplant®, manufactured according to the standard EN
ISO 13485:2003, was used during the development of the Nanoimplant®. A 2.4 mm
diameter intraosseous nanoimplant has the same strength as a 3.5 mm diameter con-
ventional one [51]. Superior mechanical performance of the nanoimplants in compar-
ison to conventional cp Grade 4 titanium and Ti-6Al-4V alloy implants is achieved,
thanks to the nanostructuring of titanium by SPD processing.

4.2.1.2 Titanium Composites

Many researchers, focusing on the synthesis of nanoscale Ti-based biocomposites,
have achieved better mechanical and corrosion properties of nanomaterials com-
pared to microcrystalline titanium [13-16, 23, 30, 37, 39, 40]. For the Ti-HA nanocom-
posites, the Vickers hardness increased (Ti-20 wt% HA nanocomposites [1030 HV,])
and was four times higher compared to pure microcrystalline Ti metal (250 HV,,,) [37].
No significant difference in corrosion resistance among Ti-3 wt% HA (i, = 9.06 x 10
A/cm?, E, = —0.34 V) and Ti-20 wt% HA (i, = 8.5 x 10® A/cm?, E, = —-0.55 V) was noted
although there was a significant difference in porosity.

A Ti-45S5 Bioglass nanocomposite with a unique microstructure, higher hard-
ness, and better corrosion resistance was produced by means of MA and a powder
metallurgy process [39, 40]. Microhardness tests showed that the obtained material
exhibited Vickers microhardness as high as 770 HV, for Ti-20 wt% 45S5 Bioglass,
which was more than three times higher than that of a conventional microcrystalline
titanium. Young’s modulus of the obtained Ti-10 wt% 45S5 Bioglass composite was
measured to be 110 GPa, whereas for the microcrystalline titanium the value was 150
GPa. The corrosion resistance tests proved that Ti-10 wt% of 45S5 Bioglass nanocom-
posites (i, = 1.20 x 107 A/cm?, E, = —0.42 V vs SCE) was more corrosion resistant than
microcrystalline titanium.

Nanograined materials are characterized by large surface energy due to very high
number of atoms on the surface. This property can explain their entirely different
behavior compared to the micron-sized grains. Osteoblasts adhere to the surface with
a roughness in the nanometer range. However, not only the roughness but also the
composition and the surface energy affect the initial contact and spreading of cells
[47, 52, 53].

In vitro biocompatibility tests were performed with Ti-10 wt% 45S5 Bioglass nano-
composites [16, 39. 40] (Figure 4.1). The morphology of the cell cultures obtained on
the tested nanocomposite was similar to those obtained on microcrystalline titanium.
On the other hand, on porous scaffolds, the cells adhered with their entire surface
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Figure 4.1: Scanning electron micrographs of osteoblasts cultured on Ti-10 wt% 4555 Bioglass scaf-
folds with 67% porosity (A) and bulk Ti-10 wt% 45S5 Bioglass sample (B) after 5 days.

to the insert penetrating the porous structure, while on the polished surface, more
spherical cells with a smaller surface of adhesion were noticed. The study has demon-
strated that Ti-10 wt% 45S5 Bioglass scaffold nanocomposite is a promising biomate-
rial for dental tissue engineering.

The surface roughness R, of commercial Ti dental implants produced by mechani-
cal cutting is in the range of 0.08-1.3 mm [16]. Recent studies show that surface rough-
ness influences cell spreading and proliferation but not cell attachment of human
osteoblast-like cells [8, 9, 52, 54]. Therefore, it seems reasonable to search for mod-
ifications of surface roughness, which would provide a more suitable microenviron-
ment for early osteoblast response to implant materials.

Silica (SiO,) represents a bioactive material with a high corrosion resistance.
Due to the formation of apatite at their surfaces when immersed in simulated body
fluid (SBF), silica bioceramics found their application as bone substitute and dental
implants [55, 56]. Carlilse et al. in their study explained the role of silicon in bone for-
mation [56]. Addition of SiO, to the Ti-based material enhances its bioactivity by the
formation of Si—OH groups on the material surface.

Ti-10 wt% SiO,nanocomposites and their scaffolds were synthesized (Figure 4.2)
[15]. The Vickers hardness of the Ti-10 wt% SiO, nanocomposites reached 670 HV,.
The in vitro cytocompatibility of these materials was evaluated. The intensity of cell
growth on the surface depends on the surface structure of the sample. The osteoblasts
that grew on the inserts exhibited adhesion to the material surface after 1 day and
covered the majority of the surface after 5 days. The collected data reveal a significant
difference in the morphological characteristics of the cells on the porous and polished
materials even after 1 day of cell culturing. On the porous surface, the cells adhered
with their entire surface to the insert that penetrates the porous structure, whereas
on the polished surface, more spherical cells were observed with a smaller surface of
adhesion but with more filopodia. The ability to adhere and grow on a porous mate-
rial is a specific characteristic of osteoblasts.

The bioactivity of silica is attributed to the formation of a hydroxycarbonated
apatite (HCA) layer on its surface [56]. The rate of tissue bonding appears to depend
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Figure 4.2: Optical micrographs of the Ti-10
wt% Si0, nanocomposite scaffold with a 48%
porosity after sintering under a vacuum of
107 Torr in two steps: at 175°C for 2 h and

at 1,150°C for 10 h (MA 20 h, heat treatment
1,150°C/2 h).

on the rate of HCA formation, which follows a sequence of reactions between the
implanted material and the surrounding tissues and physiologic fluids. Precipitation
of the calcium and phosphate ions released from the glass together with those from
the solution form a calcium phosphate (CaP)-rich layer on the surface.

The surface roughness of the microcrystalline titanium, polished bulk Ti-10 wt%
Si0,nanocomposite, and the Ti-10 wt% SiO, scaffold with a 48% porosity was studied
[15]. The pores in the polished surface resulted in the formation of valleys and peaks.
The microcrystalline titanium presented a smooth surface with very low values.
The bulk Ti-10 wt% SiO, nanocomposite had an arithmetic mean roughness (R,),
maximum height of the profile (R,), and 10-point mean roughness (R,) of around 0.80,
8.03, and 7.03 pm, respectively. The Ti-10 wt% SiO, scaffold with 48% porosity had
average surface roughnesses, with R,, R,, and R, in the 58-445 pm range (Table 4.3,
Figure 4.3). It has been documented that the optimal pore size for the cell attachment,
differentiation, and ingrowth of osteoblasts and for vascularization is approximately
200-500 pm [57].

The in vitro cytocompatibility tests for Ti-45S5 Bioglass nanocomposites were
also carried out on the established cell line of human fibroblasts CCD-39Lu to check
their survival rate and proliferation activity [37]. No cytotoxic effect was noted of
the tested materials on the CCD-39Lu cell line. The quantity of suspended material
influenced the survival rate of CCD-39Lu fibroblasts cultured in the presence of both
nano- and microcrystalline materials. The decrease of the viability of cells in the
culture was observed with the increase of the tested material in the culture. Fibro-
blasts survival rate at 24 and 48 h of culture was more intensively inhibited in the
presence of a microcrystalline Ti compared to the nanocrystalline Ti-10 wt% 45S5
Bioglass powder.

The study showed that the survival rate of CCD-39Lu fibroblasts was potentiated
by the nanocrystalline Ti-10 wt% 45S5 Bioglass scaffold with the porous structure.
Nanocrystalline scaffold material in the form of a disc acts in a similar way as the
powder form on the survival rate of treated cells, intensifying survival rate of CCD-
39Lu fibroblasts.

The design of Ti-10 wt% 45S5 Bioglass-1.5 wt% Ag composite foams with
70% porosity and pore diameter of about 0.3-1.1 mm is one of the most promising
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Table 3: Roughness and topography surface parameters for the polished microcrystalline titanium,
polished bulk Ti-10 wt% SiO, nanocomposite, and the Ti-10 wt% SiO, scaffold with a 48% porosity on
different processing routes; parameters taken from surface area of 0.069 mm?2.

Sample R,(pm) R, (pm)

R,(um) S, (um?) S, (deg) S, (%)

0.21
0.80

6.35
8.03

Microcrystalline Ti*

Bulk Ti-10 wt% SiO,
nanocomposite*

Ti-10 wt% SiO, scaffold with
48% porosity

57.74 444,97

4.43
7.03

2.71
0.89

37.12
27.70

23.86
12.63

431.60 17.63 87.45  14,201.13

*Polished.
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Figure 4.3: Optical profiler 3D topography of
polished bulk Ti-10 wt% SiO, nanocomposite
(A), Ti-10 wt% Si0, scaffold with a 48%
porosity (B), and polished microcrystalline
titanium (C); 0.9 x 1.2 mm scan size.

approaches to achieve optimal antibacterial activities against Staphylococcus aureus
and Staphylococcus mutans [58, 59]. The Ti-Bioglass-Ag composite showed the highest
antibacterial activity against S. aureus and S. mutans. In both cases, the biofilm for-
mation was reduced by more than 90% in comparison to microcrystalline titanium.
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According to the previously published research, when Ti-45S5 Bioglass-Ag material
can be immersed in body fluid, the metallic Ag particles on the surface of the Ti-45S5
Bioglass-Ag could react with the body fluid and release ionized Ag into the surround-
ing fluid [60]. A steady and prolonged release of the silver biocide in a concentration
level 0.1 x 10~ is capable of rendering antibacterial efficacy [60]. Silver particles had
the highest antibacterial effect with minimal inhibition concentration of 4.86 + 2.71
pg/mL and minimal bactericidal concentration of 6.25 pg/mL, respectively [61].

The mechanism for bacterial toxicity of tested Ti-based nanocomposites may
include free metal ion toxicity arising from the dissolution of metals from the surface
of the silver particles (e.g., Ag* from Ag) [62]. A different hypothesis is oxidative stress
via the generation of reactive oxygen species on crystal surfaces of some nanoparticles
(e.g., silica [SiO,], 45S5 Bioglass) [63]. S. mutans in this study was killed not only by Ag
particles but also by SiO, particles. Silica has been found to inhibit bacterial adher-
ence to oral biofilms [64]. The silica induced an unfavorable change in the biofilm,
causing reduction of the adhesion, and therefore less proliferation of bacteria.

4.2.1.3 B-Type Nanostructured Alloys and Composites

Titanium B-type alloys attract attention as biomaterials for dental applications. Nano-
structured B-type Ti23Mo — x wt% 45S5 27 Bioglass (x = 0, 3, and 10) composites were
synthesized [65]. The crystallization of the amorphous material upon annealing led
to the formation of a nanostructured B-type Ti23Mo alloy with a grain size of approxi-
mately 40 nm. With the increase of the 45S5 Bioglass content in Ti23Mo nanocompos-
ite, an increase of the a-phase was noticeable. The electrochemical treatment in phos-
phoric acid electrolyte resulted in a porous surface, followed by a bioactive ceramic
CaP deposition. Implants, due to the corrosive environment of the tissue and body
fluids, may undergo unexpected local corrosion attacks, leading to a release of the
corrosion products into the tissue with a toxic effect.

Corrosion resistance potentiodynamic tests in Ringer solution at 37°C demon-
strated a positive effect of porosity and CaP deposition on nanostructured Ti23Mo 3
wt% 45S5 Bioglass nanocomposite. This nanocomposite shows best corrosion resist-
ance after electrochemical etching and CaP deposition (i, =1.68 x 10A/cm? E_, =
—-0.44 V) [65]. Contact angles of glycerol on the nanostructured Ti23Mo alloy were
determined and revealed visible decrease for bulk Ti23Mo 3 wt% 45S5 Bioglass and
etched Ti23Mo 3 wt% 45S5 Bioglass nanocomposites. In vitro test cultures of normal
human osteoblast (NHOst) cells showed very good cell proliferation, colonization,
and multilayering. The key factors for the success of implant integration with the
surrounding hard tissues are the surface topography and the chemical composition.
Therefore, the biofunctionalized nanocrystalline Ti23Mo 3BG composite may repre-
sent an important step forward in the development of such a structure, which will
support the primary retention and initial healing of the implant.
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4.2.2 Implants with Nanosurface

Many studies focused on how to improve the bone/implant interface. Two different
approaches were discussed to obtain the enhanced interface: (i) chemically by incor-
porating inorganic phases, such as calcium phosphate, on or into the TiO, layer and
(ii) physically by modifying the architecture of the surface topography [8, 12, 14, 23, 27,
54, 66, 67]. Both methods aimed at stimulating bone formation and therefore shorten-
ing the healing time and in consequence patient’s rehabilitation time.

At the micrometer level, the concept of changing the surface topography is that a
rough surface having a higher developed area than a smooth surface increases bone
anchorage and reinforces the biomechanical interlocking of the bone with the implant,
at least up to a certain level of roughness [68]. At the nanometer level, however, the
roughness increases the surface energy, and thus improves matrix protein adsorp-
tion, bone cell migration and proliferation, and finally osseointegration [31, 69].

There are numerous reports demonstrating that the surface roughness of titanium
implants affects the rate of osseointegration and the biomechanical fixation [70].
The biological properties of titanium depend on its surface oxide film [8]. The mod-
ification of the surface morphology and properties of titanium dental implants can
be obtained by several mechanical and chemical treatments. One possible method
of improving dental implant biocompatibility is to increase surface roughness and
decrease the contact angle. Surface profiles in the nanometer range play an important
role in the adsorption of proteins, adhesion of osteoblastic cells, and thus the rate of
osseointegration [71].

Improvement of the interfacial properties between the surrounding tissues and
the existing implants, for example, Ti and Ti-based alloy, is still in interest of many
researchers. The electrochemical technique, a more simple and fast method, can
be used as a potential alternative for producing porous Ti-based metals for medical
implants. Good corrosion resistance of the titanium is provided by the passive tita-
nium oxide film on the surface, which has the thickness of a few nanometers. This
layer is important for the good biocompatibility. Its thickness can be increased up to
the micrometer range by anodic oxidation and is dependent on the electrochemical
etching conditions, for example, current density, voltage, and electrolyte composi-
tion [14, 23]. In the electrochemical etching of titanium, electrolytes containing H,PO,,
CH,COOH, and H,SO, are used. In the Ti anodization, the dissolution is enhanced by
HF- or NH,F-containing electrolytes, which results in pore or nanotubes formation.
The current density in this case is much higher than in electrolyte without HF or NH,F
[72]. Fluoride ions form soluble [TiF > complexes resulting in dissolution of the tita-
nium oxides, limiting the thickness of the porous layer. Porous implant layers have a
lower density than respective bulk structure; therefore, good mechanical strength is
ensured by the characteristics of the latter.

It has been shown that a surface with an appropriate chemical composition and
topography after combined electrochemical anodic and cathodic surface treatment
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supports osteoblast adhesion and proliferation on the Ti-6Zr-4Nb sintered nanocrys-
talline alloy (Figure 4.4) [23]. The porous surface of Ti-6Zr-4Nb sintered nanocrystalline
material was produced by anodic oxidation in 1 M H,PO, + 2% HF electrolyte at 10 V
for 30 min. Then onto the formed porous surface, the CaP layer was deposited, using
cathodic potential of -5 V kept for 60 min in 0.042 M Ca(NO;), + 0.025 M (NH,),HPO, +
0.1 M HCl electrolyte. The deposited CaP layer anchored in the pores. In vitro test cultures
of NHOst cells resulted in very good cell proliferation, colonization, and multilayering.

Recently, much attention has been paid to the TiO, nanotube preparation on
dense titanium implants using anodization [73]. Porous titanium scaffolds with a
porosity of 70% and pore sizes in the range of 200-300 pm were prepared by means
of the space holder method using titanium and ammonium hydrogen carbonate par-
ticles. Finally, the bioactive anatase nanotubes with the size of approximately 100 nm
were successfully fabricated on the titanium scaffold by anodization and heat treat-
ment, which improved the biocompatibility obviously, as assessed by apatite-forma-
tion ability. Furthermore, the compressive strength of 36.8 MPa was similar to the
mechanical requirement of cancellous bone.

4.2.3 Biomimetic Porous Scaffolds

Surface biomodification has been applied to titanium to improve its poor surface
activity [23, 71-75]. Moreover, new techniques have been invented for the production
of biomimetic porous titanium scaffolds for bone substitution [23, 71-74]. As it is well
known, for osteoconductive function, the pore size distribution within the range of
200-500 pm is essential and can be provided by the space holder sintering method,
which adjusts the pore shape and the porosity.

Deposition of even coatings on porous implants can be also achieved by the bio-
mimetic process, due to its non-line-of-sight characteristics. The process was based
on the heterogeneous nucleation of CaP from SBF, in which titanium implants were
soaked directly in the SBF solution and a CaP layer was coated on the surface.

Figure 4.4: Surface of the nano-Ti-6Zr-4Nb after anodic oxidation (A) and additional CaP deposition (B).
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Another effective method of improving bioactive properties is HA coating on the
surface of Ti implants [76]. Synthetic HA is known as a bioactive and biocompatible
material and bonds directly to the bone without the formation of connective tissue on
the interface. Apatite is the main component of bone crystal, and also preferentially
adsorbs proteins that serve as growth factors.

Zhang and Zou used fiber sintering process for the production of porous titanium
with a complete 3D interconnected structure of pore size of 150-600 pm, porosity
of 67%, and a high-yield strength of 100 MPa [77]. In order to enhance the surface
bioactivity, Si-substituted HA (Si-HA) was coated on the surface by a biomimetic tech-
nique. New bone formation occurred in the uncoated porous titanium after 2 weeks of
implantation and after 4 weeks, significant increase (p < 0.05) in the bone ingrowth
rate (BIR) was noted, revealing the good osteoconductivity of the structure. Both
HA-coated and Si-HA-coated porous titanium exhibited a significantly higher BIR
than the uncoated titanium at all intervals.

Adjusting the mechanical properties of porous titanium with a 3D intercon-
nected pore structure can be obtained by selecting the proper porosity enabling bone
ingrowth. Additionally, the 3D pore structure can function as a transport channel for
body fluids within the pore network.

The influence of nanoscale implant surface features on osteoblast differentia-
tion was studied by Mendonca et al. [9, 78]. Human mesenchymal stem cells (hMSCs)
were cultured on the discs for 3-28 days. The levels of ALP, BSP, Runx2, OCN, OPG,
and OSX mRNA and a panel of 76 genes related to osteogenesis were evaluated. Top-
ographical and chemical evaluation confirmed nanoscale features present on the
coated surfaces only. Bone-specific mRNAs were increased on surfaces with super-
imposed nanoscale features compared to machined (M) and acid etched (Ac). At day
14, OSX mRNA levels were increased by 2-, 3.5-, 4-, and 3-fold for anatase (An), rutile
(Ru), alumina (Al), and zirconia (Zr), respectively. OSX expression levels for machined
and acid-etched surfaces approximated baseline levels. At 14 and 28 days, the BSP
relative mRNA expression was significantly upregulated for all surfaces with nano-
scale-coated features (up to 45-fold increase for Al). The polymerase chain reaction
array showed an upregulation on Al-coated implants when compared to machined
surface. An improved response of cells adhering to nanostructured-coated implant
surfaces was represented by increased OSX and BSP expressions. It was demonstrated
that the aluminum oxide nanoscale feature surface significantly changed the hMSCs
gene expression pattern toward an upregulation in osteoblast differentiation. These
surfaces may be able to improve the osseointegration response, providing a faster and
more reliable bone to implant contact.

The surface of the TiUnite® implant (Nobel Biocare, Sweden) is a highly crys-
talline, phosphate-enriched titanium oxide characterized by open pores in the low
micrometer range [79]. In comparison to machined implant surfaces, this surface
has repeatedly proven to elicit a more enhanced bone response. Furthermore, the
TiUnite® surface maintains primary stability better than the machined surfaces and
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shortens the healing time needed to accomplish secondary stability. Shibuya et al.
determined the success of Branemark System’s TiUnite® implants placed in partially
or completely edentulous jaws restored with fixed or removable prostheses [80].
A total of 131 jaws from 110 patients (64 maxillae and 67 mandibles) received 472
implants from July 2003 to March 2008. The TiUnite® implant employed in Shibuya’s
study had an overall success rate of 96.56% up to 6 years after implantation.

The SLActive surface is a development of the large grit-blasted and acid-etched SLA
surface and is further processed to a high degree of hydrophilicity [81, 82]. SLActive®
has been developed to optimize early implant stability and to reduce the risk during
the critical early treatment. The in vitro and in vivo studies of the SLActive surface
demonstrate a stronger cell and bone tissue response than for the predecessor, the
SLA surface, produced by the same company. Immediate and early loading with Strau-
mann SLActive® implants yields excellent survival rates (98% and 97% after 1 year).

Wennerberg et al.’s research summarizes the present documentation for the
SLActive surface, a hydrophilic and nanostructured surface produced by Straumann
Company in Switzerland, and covers the results from 15 in vitro, 17 in vivo, and 16
clinical studies [83]. In the clinical studies, a stronger bone response was reported
for the SLActive surface during the early healing phase when compared with the SLA
surface. However, the later biological response was quite similar for the two surfaces
and both demonstrated very good clinical results.

4.3 Future Trends

Many new nanostructured Ti-based alloys have been developed and successfully
been tested in vivo and in clinical trials. Available products in the market however
are sparse.

Improvement of both short- and long-term tissue integration of nano-titanium
implants can be achieved by modification of the surface roughness at the nanoscale
level for increasing protein adsorption and cell adhesion, by biomimetic calcium
phosphate coatings for enhancing osteoconduction, and by the addition of biological
drugs for accelerating the bone healing process in the peri-implant area.

Better understanding of the interactions between proteins, cells, tissues, and
implant material is the key factor for developing new strategies. The future implant
should possess a surface with a controlled and custom-made topography and chem-
istry. The local release of bone stimulating drugs may help in advanced and complex
clinical situations with poor bone quality and quantity. Acceleration of osseointegra-
tion time for immediate loading cases will offer patients shorter and safer total reha-
bilitation time.

More research on the environmental impacts of nanoparticles and effects are
essential [84, 85]. As well it is time to look at the toxicity, epidemiology, persistence,
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and bioaccumulation of manufactured nanoparticles, including their exposure path-
ways in treated patients and in the environment

The ideal surface of an implant should provide adequate adhesion and initia-

tion of the cell subdivision process. However, these processes should be controlled
to avoid excessive growth rates which could lead to escape of cells from the surveil-
lant agents, thus exceeding barriers of carcinogenesis. It still seems very important
to develop such titanium-type alloys for the production of dental implants, which
will demonstrate a reduced susceptibility to bacterial colonization and will not elicit
pathogenic effects. It seems that the nanocrystalline Ti-type implants may be tailored
to the production of structures, which support the process of continuous adaptation
to the implant by the host organism.
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5 Nanotechnology and food

5.1 Introduction

The development of new technologies should not be a goal in itself since technologies
ultimately are only tools and as such should serve a purpose and provide innovation
apt to address new challenges. So, which are the challenges regarding food produc-
tion, food distribution, consumption, and nutrition we are facing already, and which
will we be facing in the future? Why do we need nanotechnologies, and in particular,
why do we need them applied to food?

Currently 3 billion people from 193 countries have low-quality diets and one in
three people is malnourished [1]. In particular, globally, more than 2.5 billion people
are overweight or obese, conditions that are linked to an increase in chronic diseases
such as diabetes, cardiovascular disease, and cancer. Furthermore, an estimated 155
million children under 5 years of age (23% prevalence) experience stunted growth,
reflecting chronic undernutrition during the early stages of life, while 41 million chil-
dren (6%) are overweight [2]. The World Health Organizations estimated that cur-
rently, we are able to provide enough calories to feed the entire world population, and
while enough calories are no guarantee for health, with the expectancy of a growing
population, even this goal will be unreachable unless we change the ways we produce
and distribute our food, as well as how we manage waste. In fact, roughly one-third of
the food produced in the world for human consumption every year — approximately
1.3 billion tons — gets lost or wasted [3].

It is evident that the world is facing a nutritional crisis and the current food
systems are inadequate to provide a nutritionally high-quality diet. Popula-
tion growth and climate change will further stress our food systems and natural
resources. According to a recent report [4], 33% of the world’s soil is moderately
to highly degraded, at least 20% of the world’s aquifers are overexploited, 60% of
global terrestrial biodiversity loss is related to food production, and over 80% of
the input of minerals does not reach consumers’ plates, implying very large nutri-
ent losses to the environment. We need to find new approaches and new solutions,
aimed at supplying nutritionally high-quality food, while using resources in a sus-
tainable way.

The application of nanotechnologies to food production at all steps of the food
chain as well as the use of nanoparticles in food can greatly contribute to address-
ing all these challenges. During the past years, it was possible to acquire knowledge
about how physicochemical characteristics of nanosized substances can be used to
modify structure, texture, and quality of foodstuffs [5]. This knowledge can be now
applied to produce better quality food and to reduce the negative impacts on environ-
ment and natural resources that the current food production has.

https://doi.org/10.1515/9783110547221-005
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According to the EC recommendation [6], nanomaterial is “a natural, incidental,
or manufactured material containing particles, in an unbound state or as an aggre-
gate or as an agglomerate and where, for 50% or more of the particles in the number
size distribution, one or more external dimensions are in the size range 1-100 nm”.
Such materials, natural or engineered, show characteristics that can greatly differ
from those of the same material on the macroscale. In food, there are many natu-
rally occurring organic nanoparticles and nanostructures, such as proteins, poly-
saccharides, and lipids, which come directly from raw products (plant and animal),
or may be generated during processing (e.g., cooking or milling), and humans have
been consuming them for decades. In the past 10 years however, artificial organic and
inorganic nanostructures, hence engineered nanoparticles, structures, and materials,
have been created in order to provide food with greater functionality and value. One
should talk about engineered nanomaterials obtained through nanotechnological
applications, only if the correlation between the nanostructure of the novel materials
and the resulting highly unique properties is recognized and deliberately applied.
According to the EU regulation on the provision of food information to consumers [7],
“all ingredients present in the form of engineered nanomaterials must be indicated in
the list of ingredients with the word ‘nano’ in brackets.”

5.2 Opportunities

The application of nanotechnologies and the use of nanomaterials can play an impor-
tant role at all stages along the food chain. They can be applied and used either
outside our food, for example as food contact materials in packaging, or inside, for
example as nanoemulsions in ice creams and yogurt. The production of nanofoods
starts in the field with the use of nanoagrochemicals and continues through process-
ing, packaging, and finally to consumption, creating innovative opportunities, which
range from providing a healthier and more diversified diet to ensuring better food
safety and even allowing for more equality in food distribution (Figure 5.1).

5.2.1 Provide Better Quality and More Nutritious Food Options

It has been shown that regular consumption of functional foods or beverages enriched
with bioactive agents, such as carotenoids, curcumin, flavonoids, coenzyme Q10, pep-
tides, and w-3 fatty acids, may help prevent heart disease, hypertension, and diabetes,
and even have an impact on cognition by enhancing memory and concentration or
improve brain development [8, 9]. However, there are challenges associated with the
enrichment of foods with nutraceuticals such as chemical instability, poor food matrix
compatibility, and low bioavailability. The use of nanodelivery systems can provide
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Figure 5.1: Nanofoods: opportunities.

new, adaptable solutions. According to the type of biomolecule that needs to be deliv-
ered (polar or non-polar bioactive molecules) or the target that wants to be reached
(e.g., a specific region of the gastrointestinal tract [GIT]) [10], different nanodelivery
systems, such as nanoliposomes, nanoemulsions, solid lipid nanoparticles, and nano-
structured lipid carriers, can be chosen. Most of the above-mentioned delivery systems
originate from primary food components such as proteins, polysaccharides, and lipids
found in nature. They provide a highly tunable source of material for the production
of nanostructures, which can be obtained through the application of many different
methods, such as self-assembly (bottom-up approach) [11] and high-pressure homog-
enization (top-down approach) [12]. Nanoliposomes, for example, can self-assemble
into bilayer structures able to trap either polar or non-polar bioactive molecules [13].
As an example of their potential use in food, soy phosphatidylcholine nanoliposomes
containing w-3 and w-6 fatty acids, able to encapsulate vitamin C and vitamin D, were
developed to be added to orange juice [14]. These carrier systems showed a good sta-
bility, in particular regarding the thermolabile vitamin C, and no change in taste, indi-
cating their potential to deliver valuable bioactives. Another example is provided by
nanoemulsions, which due to small droplet size impart unique rheological and tex-
tural properties to foodstuff, helping the production of low-fat nanostructured mayon-
naise, spreads, and ice creams without compromising texture or taste, hence offering
an alternative product to the consumer [15].
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Nanodelivery systems can also be functionalized with intelligent nanosensors,
able to release the bioactive component or the specific nutrient only when needed,
and allowing for a dynamic and targeted response. This technology is in accordance
with the development of a personalized, preventive nutrition and in combination
with a personalized, preventive medicine.

Sensory improvement in terms of flavor/color enhancement and texture modi-
fication, as well as improvement of anticaking properties can be achieved through
the use of engineered inorganic materials containing nanoparticles. While the Euro-
pean Food Safety Agency [16] observed that organic nanoparticles have been shown
to present a low health risk, since they are probably metabolized as normal food,
health hazards caused by inorganic nanomaterials still need to be investigated. The
best known and studied such materials are amorphous synthetic silica and titanium
dioxide. In the food industry, the main functions of amorphous synthetic silica are
anticaking, carrier, spray drying aid, and milling aid. As anticaking agent silica signif-
icantly improves the flowability of powders and is therefore used in salt, sugar, coffee
creamers, instant beverages, and soups. TiO,, on the other hand, is a food additive
belonging to the group of food colors, since it has a whitening effect. It is found in
confectionary, dairy products’ analogues (coffee creamers) and cheese, seasonings,
and condiments. However, the highest content of TiO, was found in chewing gums
[17]. The particle size distribution of raw powders of TiO, is from 30 to 400 nm [17, 18].
In E171 samples tested, the fraction of nanoparticles (<100 nm) ranged from less than
10% to 35%. It was hence always smaller than 50% [18-20] and, according to the EC
definition [6], E171 should not be labeled as nanomaterial. However, recent studies
showed that TiO, can be absorbed by the GIT and can bioconcentrate and bioaccumu-
late in the body [21]. This example shows that the current definition of nanomaterials
may not always be appropriate and may cause uncertainties.

Specifically, in the processing of food, nanomaterials can be of use as coatings
for food production machinery (biofilm formation) for reduced friction, antifouling,
and self-cleaning. Furthermore, nanostructured sieves, filters, and membranes can be
used in cold sterilization, separation process, or in the production of stable mixtures,
while nanostructures can act as nanoscale adsorbents and catalysts. In all these appli-
cations, it is necessary to acquire sufficient basic knowledge about food structures on
the micro- and nanoscale and the link between raw material, food processing, and
food structures. It is also important to evaluate the extent of indirect migration to be
able to quantify the potential uptake of nanoparticles through food contact materials.

5.2.2 Reduce Negative Environmental Impacts
Nanodelivery systems and nanosensors are finding use also in agriculture, providing

advantages both to the production of food and to the quality of raw products. During
the past years, there has been a remarkable development in nanoagrochemicals, and
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there have been increasing incentives in the scientific community to develop nano-
products that are more efficient and less harmful to the environment compared to
conventional agrochemicals. Current agrochemicals are responsible for increased
pathogens and pest resistance, reduced biodiversity, diminished nitrogen fixation,
and pollination decline. Preliminary results from the Global Food and Water System
platform [22] show that an increase in crop yield productivity by at least 0.5% per
year should be sufficient to meet food requirements of a crop-based food supply
by 2050. However, this goal can be reached only with an increased use of fertilizers
and water, which would put an unsustainable stress on our planet [23]. This stress is
also increased by the fact that the production of nitrogen fertilizers is highly energy
intensive and adds considerably to greenhouse gas emissions. Currently, the fertilizer
nitrogen use efficiency by crops is not more than 30-50%, while the remainder is lost
via volatilization, denitrification, leaching, and stabilization into soil organic matter.
There is hence an urgent need to develop new agrochemicals, both pesticides and fer-
tilizers, consistent with a more sustainable production and use of natural resources, in
order to protect the ecosystem and ecosystem services. Focusing on plant protection,
rapid detection of pathogens through nanobiosensors and nano-based kits allows a
targeted use of inputs, while the improvement of pesticides efficiency and absorbance
using nanodelivery systems will greatly reduce the dose levels required [24].

While researchers were originally interested in inorganic nanoagrochemicals,
based on noble metals (Ag, Fe, Cu, TiO, ZnO, Ca, Mg, Se, and Au) due to their spe-
cific physicochemical and biological characteristics compared to the bulk counter-
part, organic-based nanomaterials are now being intensively investigated. Equally
interesting are nano-enabled formulations, for example, emulsions or microcapsules
showing a well-defined nanopore network. Eventually, these new particles and for-
mulations should allow the introduction of an essential functionality: the synchroni-
zation between crop demand and release of required inputs.

Multifunctional nanomaterials find use also in the remediation and purifica-
tion of water. For example, nanocellulose is a renewable material that combines a
high surface area with high strength and chemical inertness. It affects the adsorp-
tion behavior of important water pollutants, for example, heavy metal species, dyes,
microbes, and organic molecules, combining a high removal efficiency with antifoul-
ing properties [25]. Oligodynamic metallic nanoparticles, nanoporous fibers, and
nanoporous foams are being developed to be used in microbial disinfection, while
nanocomposite membranes offer a low-energy alternative for desalination [26].

5.2.3 Increase Food Safety and Reduce Waste
Food waste through factors such as a lack of refrigeration and microbial spoilage is a tre-

mendous global problem affecting food security and sustainability. Nanotechnologies
can not only help in identifying contaminated or spoiled food, they can also provide
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tools to prevent contamination and spoilage. This is mainly achieved through the pro-
duction of active and intelligent packaging and the introduction of new functionalities,
able to monitor as well as react to data about product quality, presence of food contam-
inants, spoilage, supply chain and storage conditions, and food origin.

Nanocomposites with either antioxidant or antimicrobial properties are used
in active packaging for food preservation. Nanoadditives are incorporated into the
packaging matrix and provide a dynamic, rather than a passive protection of the food
inside [27], absorbing ethylene, oxygen, carbon dioxide, moisture, odors, and other
materials that release antioxidants, carbon dioxide, or antimicrobial agents [28].
Active materials containing nanosilver are the most used antimicrobial packaging
materials [29] and some items are already on the market.

According to an EC report [30], it is estimated that globally inaccuracies in or
misunderstanding of food date labels (including “best before,” “sell by,” and “display
until”) cause over 20% of waste of still-edible food. Innovative, intelligent packaging
can be a solution for food freshness and safety monitoring. Nanoscale particles with
their unique physical, chemical, and biochemical properties can provide the techno-
logical tools to enable this innovation. By adjusting the size, the structure, and the
surface functionalization of the nanoparticle it is possible to tailor the response of the
nanosensing system. Nanosensors can be incorporated into the packaging matrix, in
labels or coatings. The response needs to be easily read (e.g., by consumers) and the
nanoindicator system needs to be cheap (to match food cost), robust, and safe (no
migration toward food). Nanoparticles, beside changing color in the presence of the
targeted markers, can be integrated to radiofrequency identification tags, due to their
electrochemical properties. This allows a continuous wireless tracking of quality and
safety of packed food [31-32].

5.2.4 Encourage Local Food Production and Diversity

It has been recognized that a fundamental part of a healthy diet is provided by
diversity. However, a diversified diet is possible only if diverse food is made avail-
able either through local production or through an adequate and responsible food
distribution. Climate change, contributing among other things to greater weather
variability, possible increase in the number of extreme events, habitat loss, and con-
straints in available water, is also posing a new threat to biodiversity and food pro-
duction in general. Nanotechnologies are particularly suitable to address issues such
as diversified needs as well as dynamically changing conditions, since they are per
se inter- and transdisciplinary and therefore best suited to provide adaptable appli-
cations and solutions.

Local production can be supported by improving the quality of soil. This can be
achieved through the application of intelligent nanoagrochemicals, which would
avoid temporal overdose and reduces the amount of input needed, minimizing
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impact on environment and reducing waste. Furthermore, the quality of the crops
could be enhanced by using intelligent delivery systems, for example nanocapsules,
allowing for a targeted uptake of nutrients, such as Ca, Mg, S, Zn, and Fe, from roots
and leaves. Applications of nanotechnology-enabled gene sequencing, with the use
of solid-state nanopore devices, could contribute to the effective identification and
utilization of plant trait resources, improving their capability to react against environ-
mental stresses and diseases.

Nanosensors can promote precision agriculture, necessary in order to promptly
adapt to extreme weather conditions (e.g., drought), and to produce more diverse crops
in different regions and climates. Nanosensors also allow a better traceability of the food
products, through the introduction of nanomarkers and sensors at field level, during
processing, or on the packaging, ensuring not only better quality control but also sup-
porting the development of a production and distribution network. This network, based
on the data collected through the sensors, should allow an active response, support-
ing a food production better tailored to the needs of the populations. It should further
encourage a more adaptable and intelligent food distribution, making food available
where and when it is needed. This would also support biodiversity and a more diverse
diet, while eventually supporting greater food security and reduction of waste.

5.3 Challenges

In the agrifood sector, engineered nanomaterials have without any doubts incredible
innovative potential, and their applications will help address some of the key issues
in the coming decades. However, there are still too many uncertainties regarding
human safety, as well as their real environmental impact. It will be mandatory that
all these uncertainties be addressed by researchers, industries, governmental bodies,
and consumers’ associations in a concerted and interdisciplinary way. In particular,
long-term government funded programs to support innovation in the sector as well as
R&D investments by large companies will be needed (Figure 5.2).

Responding to the need of a better overview, European Food Safety Authority
(EFSA) published in 2014 an “Inventory of Nanotechnology applications in the agri-
culture, feed and food sector” [33]. The objective of the study was not only to prepare
an inventory but also to review nanomaterials’ regulations. Physicochemical char-
acteristics, product names, suppliers, information on (eco)toxicity testing, targeted
species, and exposure were considered. The inventory covers 55 different nanoma-
terials for agri/feed/food, and 12 different applications. In 2014, 276 nanomaterials
were confirmed to be available on the market. They are very diverse, including metals,
metal oxides, clay, and full-carbon materials and organic nanomaterials (nanoencap-
sulates and nanocomposites). A trend from inorganic toward organic materials can
be detected in future applications, where novel foods, biocides, and pesticides are
currently mostly at developmental stage.
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5.3.1 Safety Issues

Without always being aware of it, we have always been ingesting nanoparticles. These
nanoparticles occur naturally in the environment and are generated through vol-
canic eruptions, fires, photochemical reactions, or simple erosion. Naturally occur-
ring organic nanoparticle, such as proteins and carbohydrates, are also ubiquitous.
However, more recently intentionally engineered nanoparticles have been developed,
and while their added value has been recognized by many, the need to ensure a proper
and safe use is mandatory. This validation process is not exclusive to the application
of nanotechnologies or the use of new nanomaterials, it is required whenever a new
technology is introduced. Nonetheless, with the unique properties of nanoparticles,
new challenges and also new concerns arise. It is exactly these characteristics, which
may induce new interactions with the biological systems [34-37] — both the human
system and the environment — causing significant impacts on ecosystems and society
and requiring adequate toxicological tests and life cycle assessments.

For humans, the main route of absorption of food nanoparticles is through the
GIT after ingestion or inhalation; another minor route being through the epidermis
after contact with nanoparticles containing materials. During the digestion process
nanoparticles could undergo changes due to different pH, ionic strength, digestive
enzymes, interaction with biomolecules, and so on [38]. When assessing the risk of



Nanotechnology and food =—— 83

nanoparticles, it is therefore important to keep in mind that the digested particles may
be different from the ingested ones [39]. Properties such as size, aggregation, shape,
surface properties, and corona influence the absorption by the GIT; on the other hand,
it is exactly these properties that can change during the interaction with the gastro-
intestinal environment. It is therefore important to follow the fate of nanoparticles in
the GIT, developing appropriate, qualitatively, and quantitatively sensitive methods.
It will also be critical to assess in the environment the life cycle of nanoparticles
used in agriculture as fertilizers, pesticides, or sensors. Currently, there are only few
studies, which consider the role that transformation or transport may have on these par-
ticles. Studies that replicate the soil conditions used in agriculture will be essential in
understanding the benefits and the risks connected with the use of nanoagrochemicals.

5.3.2 Regulations and Policies

It is important to remark that up until now, no new toxicological effects have been
attributed to nanoparticles. Most concerns connected to the use of such materials and
particles in food may indeed be unfounded. Nonetheless, it is the responsibility and
the interest of all parties concerned to combine their efforts in order to fill the knowl-
edge gaps, and provide a better understanding on the fate, the interactions, and
the effects of nanofoods, helping to remove doubts and conflicting results. Studies
similar to the one undertaken by EFSA [33] are necessary and should be provided and
updated also by other research and governmental bodies.

This would also support the development of clearer policies and regulations and
diminish the uncertainties created by the lack of common definitions, standards, and
control measures. Currently, apart from the European Union, who adopted a manda-
tory labeling regulation for nanofoods in 2011 [7], only few other countries have some
regulation on nanotechnology, but not specifically on food. Many scientists agree that
a specific “nanoregulation” may not be necessary, provided a common definition of
nanomaterials can be agreed upon, and better methods for the characterization of
nanoparticles can be developed. This is also necessary for a homogenous and com-
prehensive labeling, which should support consumers’ decisions on the acquisition
of nanofoods, and not just deliver a confusing signal of potential risk.

The implementation of safety regulations, however, could put an additional
strain to poorer societies, since developing countries face larger barriers regarding the
applications of nanotechnologies than do developed countries for several reasons,
including lack of funding and human capacity. Policies can help avoid a potential
“nano divide,” which would result in shifting even further the focus of nanotechnol-
ogies’ applications from the necessities of the poor. Primarily, policies related to the
food sector should have as a key criterion the nutritional value of food and its assess-
ment. They should hence support technologies and innovation that enhance the pro-
duction and purchase of nutritious raw material, and recognize the benefits of food
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diversification and fortification. Highest standards in system integration of technol-
ogies as well as high standards of precaution and ethical validation should secure
quality and increase transparency.

5.3.3 Public Perception

If we want to tackle all the challenges related to health, food security, climate change,
and sustainability, it will be necessary to address them in a concerted way and
develop a system approach, in particular a food system approach. At the center of this
system are the human beings and their social, economic, and environmental needs.
A technology becomes innovation only if it provides clear benefits and added value;
otherwise, it remains an empty tool. This is certainly true also for nanotechnology
and this paradigm should be applied and shared with the consumers through com-
munication and transparency.

Inquiries showed that consumers are generally more willing to accept nano-
technological applications in the medical, rather than in the food sector. In a critical
health situation, the risk/benefit balance is perceived in a different way than when we
are addressing “just” nutrition and food. Furthermore, food is daily very close to each
one of us, both literally and emotionally, and every possible risk factor causes imme-
diate alarm. The prefix “nano” in combination with food and agriculture seems to be
the opposite of the trendy terms of “natural,” “organic,” and “ecofriendly.” Invest-
ments in communication and education should be a priority since they can greatly
contribute to the understanding that organic does not necessarily equal healthy, and
ecofriendly is not always sustainable. Knowledge is one of the best ways to empower
consumers and allow them to make individual, knowledge-based decisions.

It is the responsibility of the scientific community to accept the challenge of
sharing both newly acquired knowledge and open questions in nanoscience with as
wide a community as possible, in order to build trust and encourage dialogue. It is the
responsibility of the industries and the private sector to foster transparency to miti-
gate the fear that the reason why nanofood is produced is only to achieve a financial
profit. It is finally the responsibility of the policy makers, providing clear regulations
regarding the use of nanofoods, to contribute to a climate of confidence, reassuring
the public, that their safety and their interests are looked after.

5.4 Conclusions

Nanotechnologies applied to food and agriculture have the potential to disruptively
address many of the great challenges that mankind will be facing in the coming
decades. By definition, nanomaterials will exploit new properties not shown by their
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macrocounterparts, and these characteristics have shown to be extremely useful in
providing innovative solutions, outlined by their adaptability, responsiveness, and
possibility of functionalization.

In particular, throughout the food system nanosensors can be applied to control
soil quality, water usage, food quality, food safety, traceability, and more; nanode-
livery systems find use in agriculture reducing the amount of input needed, mini-
mizing impact on environment and reducing waste; nanodelivery systems find also
use in food fortification, supporting better bioavailability and stability of nutrients,
and hence allowing to address malnutrition. Nanoemulsions can also contribute to
a healthier diet, supporting the processing of food with fewer fats, sugar, and salt.
Finally, nanomaterials, adopted primarily as food contact materials, greatly support
food safety, less spoilage, and less waste.

While there is a new awareness among the public of the huge challenges that lay
ahead and the need to urgently develop new approaches to address them, the public
opinion is often not formed by knowledge, but is influenced by emotions, fears,
uncertainties, as well as trends. It is mandatory that in the future all actors engage in
an open dialogue, based on the transparent exchange of knowledge and data regard-
ing benefits, risks, safety, and life cycle of nanofoods. It is further essential to develop
educational tools at all levels, to empower every individual to make decisions and
take responsibility for their actions. Codesign and social innovation are further tools
that need to be supported by private and public bodies alike, if we care that a new
technology such as nanotechnology be embraced by all stakeholders alike.

While nanotechnology is not a panacea and should not be presented as such, it
is a most valuable tool. Nanofoods are already part of our reality and they will cer-
tainly play an even greater role in the future. It is only by fostering a climate of trust
and respect that farmers, researchers, industries, governments, consumers, and non-
governmental organizations will be able to work together, using a forward-looking
approach that in the long term minimizes risks, while maximizing benefits in an equi-
table and sustainable way.
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6 Governance of nanoagriculture
and nanofoods

6.1 Nanoagriculture and Nanofoods: Background
and Definition

Nanotechnology is a multidisciplinary field that encompasses understanding and
control of matter at about 1-100 nm, leading to development of innovative and revo-
lutionary applications. Nanotechnology encompasses nanoscale science, engineer-
ing, and technology in addition to imaging, measuring, modelling, and manipulating
matter [1]. The International Standards Organization has also recently defined nano-
technology as “understanding and control of matter and processes at the nanoscale,
typically, but not exclusively, below 100 nm in one or more dimensions where the
onset of size-dependent phenomena usually enables novel applications, where one
nanometer is one thousand millionth of a metre” [2].

The Food Safety Authority of Ireland (FSAI) [3] defined nanotechnology as the use
of engineered nanomaterial that has been intentionally synthesized or incidentally
produced to exploit functional properties exhibited on the nanoscale. The European
Commission has recognized nanotechnology as one of the six key enabling tech-
nologies [4], and several developing countries such as India, Brazil, South Africa,
Thailand, the Philippines, Chile, Argentina, and Mexico invested millions of dollars
in a number of nanotechnology initiatives and research. China, the United States, and
Japan are however the countries with the highest number of nanotechnology patent
applications in 2005 [5].

Nanomaterials and nanoparticles were invented and have been applied before
the twentieth century with examples found throughout the fourth to seventeenth cen-
turies [6]. Examples include gold nanoparticles; silver or copper nanoparticles were
used to give lustre to ceramics in the Islamic world. Carbon nanotubes and cementite
nanowires were also reported to be present in the famous Damascus sabre blades [6].
Nanotechnology has applications in a number of fields. According to Shea et al. [7],
nanotechnology is a general-purpose technology with wide applications in different
industries and fields. Table 6.1 shows non-food and agricultural applications of
nanotechnology.

Nanotechnology has numerous applications in agriculture (i.e. nanoagricul-
ture) and food industry. For example, food products derived when nanotechnology
or nanomaterials are used directly or indirectly from farm to fork are referred to as
nanofood. Garber [17] and Scrinis [18] have also defined nanofood. They both agreed
that nanofood is not only a product of food processing rather they can also be derived
during food production or cultivation and food packaging.

https://doi.org/10.1515/9783110547221-006
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Table 6.1: Non-food and agricultural applications of nanotechnology

Representative
nanomaterials

Applications

Field/industry

References

Gold nanoparticles

Carbon nanotubes,
nanofibres, nano-Ag

Engineered colloidal/
nanoparticles

Nanocomposites

Nano-tex, nano-silver,
nanosilica

Nanoemulsions,
nanotubules

Gold nanoparticles,
nanobarcodes,
nanopores

Carbon nanotubes,
nanoscale

Nanoparticles/materials

Different nanoparticles

Laser applications

Water and wastewater treatment
(adsorption, membranes and
membrane processes)

Drug targeting, drug delivery

Nanofillers

Water repellence, UV protection,
antibacterial, wrinkle resistance

Vaccines development, adjuvants,
immunomodulatory drugs

Microfluidic/lab-on-a-chip
technology

High-performance cementitious
composites — improved
macromechanical properties of
cement paste

AC Electrokinetics
(dielectrophoresis and
electrorotation)

General-purpose technology

Medicine

Water

Pharmacy

Dentistry

Textile

Immunology

Molecular
diagnostics

Construction
industry

Electricity/
power generation

Across industry
and technology
sectors

Pustovalov and
Babenko [8]

Xiaolei et al. [9]

Davis [10]

Mitra et al. [11]
Wong et al. [12]

Smith etal. [13]

Jain [14]

Konsta-Gdoutos
etal. [15]

Hughes [16]

Sheaetal. [7]

6.2 Application of Nanotechnology in Agriculture
and Agroprocessing Industry

Nanotechnology has scores of applications in the agrifood sector at the moment
and it may likely change the sector within a short time. Furthermore, food nano-
technology has the potential to bring about golden opportunities for the food

industry [19].

Agricultural nanotechnology, i.e. nanopesticides or nanofertilizers, can be used
to increase crop yield while the technology could assist in biosecurity (e.g. sensors for
detecting pathogens along the whole food chain from the farm to fork) [20].
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FSAI [3] grouped the global food applications of nanotechnology into six
categories: sensory improvements (flavour/colour enhancement and texture
modification), increased absorption and targeted delivery of nutrients and bio-
active compounds, stabilization of active ingredients such as nutraceuticals in
food matrices, packaging and product innovation to extend shelf-life, sensors to
improve food safety, and antimicrobials to kill pathogenic bacteria in food. It can
be inferred from the foregoing categories that nanotechnology has the potential
to improve food processing, packaging, and safety; enhance flavour and nutri-
tion; produce more functional foods from everyday foods with added medicines
and supplements, which, as a consequence, has a multiplied effect on food pro-
duction and productivity.

In packaging, for example, bionanocomposites, which are hybrid nanostructured
materials with improved mechanical, thermal, and gas properties, may be used to
package food, increase its shelf-life, and also provide a more environmentally friendly
solution because of reduction on reliance on plastics as packaging materials [21, 22].
An example of such bionanocomposites is zein, a prolamin and the major component
of corn protein. When dissolved in ethanol or acetone, biodegradable zein films with
good tensile and water barrier properties can be derived [22]. Also, Emamifar et al.
[23] showed that packaging materials made from nanocomposite film containing
nano-silver and nano-zinc oxide were significantly able to reduce microorganisms
that could cause spoilage in orange juice.

Novel food packaging technology may in fact be the most promising benefit of
nanotechnology in the food industry in the near future, and food companies are said
to have started producing packaging materials based on nanotechnology that are
delaying spoilage and improving microbial food safety [17].

Another area of interest and equally of great importance for the food indus-
try is food safety and preservation. Food pathogens could be detected with the
aid of nanosensors that had been placed directly into the packaging material
serving as “electronic tongue” or noses by detecting chemicals released during
food contamination and spoilage [24]. According to Lilie and Cantini [25], nano-
sensor could also help to recover one colony-forming unit of Escherichia coli
in ground beef. Another advantage of nanosensor is that it can measure and
ensure food safety at real time; and the procedures are quick, sensitive, and less
labour intensive [26].

In agriculture, nanotechnology could be used to enhance productivity, agri-
cultural water quality management, product processing, storage, and quality
control with nanosensor [27]. According to Sastry et al. [28], nanotechnology has
been reported to have the potential to enhance future food security measures
such as agricultural productivity, soil health, water resources, and food packag-
ing in India.

Examples of nanofood applications are presented in Figure 6.1 [29].
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Food processing

Food packaging

Supplements

e Single molecule
detection to determine
enzyme/substrate
interactions

® Nanocapsules for delivery
of pesticides, fertilizers
and other agrichemicals
more efficiently

e Delivery of growth
hormones in a controlled
fashion

* Nanosensors for
monitoring soil conditions
and crop growth

¢ Nanochips for identity
preservation and tracking

¢ Nanosensors for detection
of animaland plant
pathogens

e Nanocapsules to deliver
vaccines

* Nanoparticles to deliver
DNA to plants (targeted
genetic engineering)

* Nanocapsules to improve
bioavailability of
neutraceuticals in
standard ingredients
such as cooking oils

¢ Nanoencapsulated flavor
enhancers

* Nanotubes and
nanoparticles as gelation
and viscosifying agents

* Nanocapsule infusion of
plant-based steroids to
replace a meat’s cholesterol

* Nanoparticles to
selectively bind and
remove chemicals or
pathogens from food

¢ Nanoemulsions and
—particles for better
availability and
dispersion of nutrients

¢ Antibodies attached to
fluorescent nanoparticles
to detect chemicals or
foodborne pathogens

* Biodegradable nanosensors
for temperature, moisture
and time monitoring

¢ Nanoclays and nanofilms
as barrier materials to
prevent spoilage and
prevent oxygen absorption

o Electrochemical nano-
sensors to detect ethylene

® Antimicrobial and
antifungal surface coatings
with nanoparticles (silver,
magnesium, zinc)

e Lighter, stronger and more
heat-resistant films with
silicate nanoparticles

* Modified permeation
behavior of foils

* Nanosize powders to
increase absorption of
nutrients

e Cellulose nanocrystal
composites as drug
carrier

* Nanoencapsulation of
neutraceuticals for better
absorption, better stability
or targeted delivery

* Nanocochleates (coiled
nanoparticles) to deliver
nutrients more efficiently
to cells without affecting
color or taste of food

 Vitamin sprays dispersing
active molecules into
nanodroplets for better
absorption

Figure 6.1: Examples of nanofood applications

6.3 Development of Nanofood with Consumer Safety
and Well-Being in Mind

It is important to be transparent about possible risks that may arise from expo-
sure to different types of nanoparticles, as well as how risks can be eliminated
or reduced to the level which will not be hazardous to humans. This is necessary
before the potential benefits of nanotechnologies to food industry and agricul-
ture can be harnessed.

It is equally important to be proactive in communicating the benefits of nano-
foods to consumers, considering the low level of nanotechnology awareness and
growing animosity towards nanofoods. Handford et al. [30] interviewed 14 agrifood
stakeholders after 88 agrifood stakeholders had responded to an online question-
naire. They found that the current awareness of nanotechnology applications in the
agrifood sector was inadequate and that respondents were indifferent to agrifood
applications of nanotechnology.
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6.4 Regulations of Nanoagriculture and Nanofood

It is without question that nanotechnology has the potential to revolutionize the
whole agrifood sector, with the potential to increase agricultural productivity, food
security, and economic growth; however, without focusing on the safety concerns
and coming up with proper regulations, the consumers may not really accept the tech-
nology and its products [31]. Furthermore, it may suffer the same fate as genetically
modified foods.

Apart from the European Union (EU) who in 2011 adopted a mandatory labelling
regulation requiring food ingredients to be listed as “nano” if they fit with their defi-
nition of engineered nanomaterials. Few countries only have some regulations for
nanotechnology; however, there is no regulation focusing on foods [32-34]. According
to Sekhon [19], there is little or no EU/global legislation for regulation of nanotech-
nology in food. This however must change. Regulatory development for nanofoods
should be carried out through a three-phase process described by Jones [35], which
include (1) the use of research and development database to assess applications of
nanotechnology to food and agriculture; (2) selecting particular products to assess
and identify the risks and benefits; and (3) extrapolating to analyse appropriate regu-
latory or non-regulatory governance systems for the applications of nanotechnology
in foods. Furthermore, criteria such as particular size range and measure, physical
and chemical properties, processing, and safety concerns are needed to be considered
for the development of the standard, definition, control measure, and regulation of
nanofood [36].

According to Chau et al. [36], only a few government agencies or organizations
from different countries have established standard and regulation to coordinate
and control the use of nanotechnology. The US Food and Drug Administration
(FDA) in 2006 formed an internal FDA Nanotechnology Task Force for determining
regulatory approaches that encourage the continued development of innovative,
safe, and effective FDA-regulated products that use nanotechnology materials
[37]. This type of initiative and approach should be emulated by other regulatory
bodies.

The Institute of Food Science and Technology in 2006 warned about the short-
comings in regulations concerning the impact of nanotechnology on food and pack-
aging [38]. It is therefore important to develop an adequate regulatory system that
addresses the definition and standard as well as regulates the labelling and safety
assessment of nanoscale materials used in various food applications [36].

Valeria [39] identified three obstacles to the nanofood regulations. The first
is the difficulty in determining an appropriate risk assessment for novel nano-
materials. The second is political, i.e. neoliberalism which expects states not to
participate in the economy and thereby promoting deregulation, privatization,
and liberalization. The third is soft regulation governance approach that does
not make regulation effective [39]. Example of a soft regulation is the new EU
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regulation no. 2015/2283, which specifies that engineered nanomaterials require a
novel food authorization before being used in food stuffs. Although it is welcome
development in the nano-food regulatory process, it is yet still a soft regulation
approach [40].

In concluding this section, it must be stated that present food laws and legisla-
tions are insufficient to combat the different nanorisks and control the nanofoods
entering the marketplace [41-44)].

6.5 Governance of Nanoagriculture and Nanofood

There is a need for risk governance of nanomaterials in the agro- and food indus-
tries. There should be proper risk-benefit assessment and risk management. It is also
important that nanotechnology innovation does not proceed ahead of nanoagricul-
ture and nanofood policy and regulatory system [45]. Different governmental and
international organizations therefore have roles to play in nanotechnology govern-
ance. They must ensure that the nanofoods are produced, developed, and marketed
in an atmosphere of adequate and unrestrictive regulation. A restrictive regulation
discourages innovation and development, thereby negatively affecting the nanofood
industry.

There is a need for an international cooperation (among states within the inter-
national organizations such as Organization for Economic Cooperation and Devel-
opment, EU, African Union, World Health Organization, Food and Agricultural
Organization, International Organization of Standardization [ISO], US Food and Drug
Administration, and Codex) to develop a proper risk governance for nanofood and
nanoagriculture. ISO’s contribution towards the governance of food nanotechnol-
ogy cannot be overemphasized. Current initiatives in ISO relevant for governance of
nanotechnology include the technical committee on nanotechnologies (TC229) and
the guidance on social responsibility (ISO 26000) [46].

Government must have political will and do away with neoliberal attitude such
as in current EU policies. Regulatory frameworks based on true democratic partici-
patory procedures (that do not think only about profit or business but also about the
people, the environment, and the society large) are crucial for the development and
sustainable of nanofood and nanoagriculture. Direct forms of regulation should be
implemented, including mandatory labelling and the establishment of a public reg-
ister of products and producers [40]. The registration of nanomaterials and develop-
ment of nano-enabled product registers may also play an important role in enhancing
the governance of nanoagriculture and nanofoods [47].

The need to collaboratively use both hazard- and risk-based approaches during
regulations and governance has been defended by Barlow et al. [48]. In hazard-based
approach, potentially harmful agent’s detectable level in food is used as a basis for
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legislation and/or risk management action. Risk-based approaches, on the other
hand, access the extent to which exposure may pose health risks to consumers [48].

Furthermore, an ongoing and worthwhile interaction between risk assessors, leg-
islators, risk managers, risk communicators, food producers, food retailers, and the
general public as consumers is needed. Such a dialogue will ensure the development
of nanofood and at the same time allays consumers’ fears and doubts. However, the
believability of social dialogues and governance values leans on perceived authentic-
ity of corporate social responsibility (CSR) initiatives and corporate identity communi-
cation. Morally conscious corporate identity communication and the demonstration
of good corporate citizenship therefore play a key role in redressing the misconcep-
tions surrounding the applications of nanotechnology to agribusiness.

6.6 Corporate Social Responsibility, Corporate
Identity, Governance, and Nanotechnology

CSRis a business model that seeks to create value to stakeholders, through a relational
approach which extends beyond legal compliance [49]. Not surprisingly, CSR has been
posed as an important aspect of nanotechnology [50]. However, companies have been
criticized for their inability to adapt to new standards on nanotechnology applica-
tions. It has also been observed that there is a need for companies to adopt innovative
approaches to socially responsible supply chain practices, in order to foster the recep-
tiveness of nanofoods and militate against consumers’ scepticism of nanotechnol-
ogy [51]. Furthermore, inadequate CSR communication and reporting have also been
identified as factors that hamper the adoption of sustainable approaches to nanotech-
nology, which can be instrumental for advancing the shift from a “do no harm” to a
“positive social force” model [52]. Since core organizational attributes are those that
are central, distinctive, and enduring [53], it is apparent that the interrogation of the
identity perspectives of CSR is pivotal for driving this shift. Of particular importance is
consumers’ receptiveness and perceived authenticity of the motives behind this shift.
The foregoing section explicates how the model, as shown in Figure 6.2, demonstrates
the interplay between CSR and how corporate governance can yield new insights into
the identity perspectives of nanotechnology and agribusiness.

The adoption of a model that foregrounds the antecedents and aspirational
notions of the identity perspectives of CSR (hereafter CSR corporate identity) is para-
mount for such an interrogation to drive a positive social force. While corporate iden-
tity has been defined as the impressions, image, and the personality of an organiza-
tion [54], it is noteworthy that corporations are active players in a dynamic landscape
of citizenship institutions [55], as they play a role in determining the configurations
of corporate citizenship, which extends beyond the legal status [56]. It follows then
that matters relating to corporate responsibilities and citizenships are inherently
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Figure 6.2: CSR Corporate Identity and the Legitimacy of Nanotechnology

contestable. Hence, there is a need for companies operating in the nanotechnology
agribusiness industry to prioritize a communicative approach which incorporates the
dynamism in the configurations of societal governance, in order to legitimize nano-
technology and nanofoods. Corporate responsibilities and citizenships are there-
fore premised on the key role corporations play in societal governance. In addition,
a focused strategy to the identification of specific stakeholder issues [57] is equally
instrumental for sustaining a communicative approach to legitimacy in the applica-
tions of nanotechnology.

In light of the above, we propose a model that addresses issues relating to foun-
dational, prevailing, and aspirational notions of the identity perspectives of CSR,
namely, the antecedents, core, and aspirational components of CSR corporate iden-
tity. The model as shown in Figure 6.2 illustrates the outcomes of the CSR corpo-
rate identity model of a Johannesburg Stock Exchange (JSE), Financial Times Stock
Exchange (FTSE) listed food manufacturing company in South Africa, named Brand
Empire. Brand Empire was one of three JSE FTSE listed food manufacturing compa-
nies which participated in a multiple case study of the implications of the antecedents
and components of CSR corporate identity on corporate sustainability. Using Brand
Empire as a hypothetic example of a company operating in the nanotechnology agri-
business industry, we offer scenarios of potential outcomes of the adoption of CSR
corporate identity in the governance of nanotechnology and nanofoods.

The conceptual framework for CSR corporate identity, governance, and nano-
technology is presented in Figure 6.2 (adapted from Ijabadeniyi [58]).

The model demonstrates that the nature of and forces behind the antecedents
of CSR corporate identity can be instrumental for the manifestations of core and
aspirational corporate governance values. The implications of the antecedents and
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components of CSR corporate identity for enhancing the legitimacy of nanotechnol-
ogy and nanofoods are largely determined by organizational adeptness to localized
ideologies of nurturing and exhibiting a morally conscious CSR corporate identity
profile. As shown in Figure 6.2, the core components of CSR corporate identity can be
further divided into two, namely, core components and aspirational components. The
multidimensionality of the conceptual framework shown in Figure 6.2 offers a novel
and operational assessment criterion for the nanotechnology agribusiness industry.

The model shows that Brand Empire’s CSR engagements are driven by a compliance-
based and lifelong learning approach to CSR. While keeping abreast with prevailing
standards onnanotechnologyhasbeenadvocated inliterature [51], acompliance-based
approach to CSR is not sufficient enough to foster the legitimacy of the applications of
nanotechnology in agribusiness. Furthermore, a compliance-based approach to CSR
has the tendency to gravitate towards what Weaver et al. [59] refer to as decoupling,
a phenomenon which exemplifies how companies gear conscientious efforts towards
improving corporate image and reputation by developing coherent organizational
identities through corporate rhetoric.

Drawing from the study conducted by Surroca etal. [60], CSR engagements can
be driven by intangible resources such as innovation and human capital, we propose
that the notion of a compliance-based approach to CSR, which has gained widespread
popularity in theory and practice [57, 61], should normatively be driven by a morally
conscious lifelong learning culture. It is on this note that moral consciousness is
incorporated into the model, as shown in Figure 6.2. Nevertheless, a lifelong learning
culture which is driven by a compliance-based approach to CSR may have deleterious
effects on the legitimacy of the applications of nanotechnology in agribusiness, on
the account that such an approach can be too legalistic to drive a morally conscious
culture. Therefore, there is evidence suggesting that companies that are driven by
a compliance-based culture may not be as actively involved in CSR, in the absence
of industry charters and reporting standards. This phenomenon therefore calls for
a balanced approach to CSR as advocated by Carroll [62], which, as a consequence,
fosters good corporate governance values and the legitimacy of the applications of
nanotechnology in agribusiness.

Similarly, the core components of Brand Empire’s CSR corporate identity are
premised on a procedural strategy, which draws from the company’s antecedent of
a compliance and lifelong learning-based approach to CSR. While such an approach
can yield reputational benefits, there is evidence suggesting that it could be perceived
as a promotional approach to CSR. In addition, the aspirational components of Brand
Empire’s CSR corporate identity relate to the acquisition of the license to operate and
conformity to global best practices. The overarching role of the antecedents of CSR
corporate identity is further demonstrated in the company’s aspirations.

While the adoption of aspirational benchmarking strategies is commendable,
caution is advised when adapting global best practices to local strategies given that
CSR is a socially constructed concept [63]. We also propose that a CSR model which



Governance of nanoagriculture and nanofoods =— 97

justifies a company’s legitimate ownership of the license to operate can foster con-
sumers’ receptiveness and perceived authenticity of the shift from a do no harm to a
positive social force, in the applications of nanotechnology in agribusiness. Moral con-
sciousness, as shown in Figure 6.2, plays an overarching role in the operationalization
of the model. The model explicates that CSR corporate identity communication and the
ability to nurture and foster good corporate governance values play a vital role in fos-
tering consumers’ receptiveness and loyalty towards nanotechnology and nanofoods.

6.7 Conclusion

Application of nanotechnology in the food industry coupled with responsible govern-
ance may result in agrivalue chain that is ethical and sustainable with potential to
enhance food security. For this to be achieved, nanoagriculture and nanofoods must
be protected from nanomaterials that may cause harm to human health. Government
in collaboration with international organizations and relevant stakeholders should
develop nanotechnology regulatory frameworks that focus not only on profit but
also on the people, the environment, and the society large. Also, there is a need for
researchers, developers, and institutions to foster transparency by institutionalizing
morally conscious CSR approaches, CSR approaches, in order to redress the negative
antecedents of the historical applications and communications of nanotechnology or
other emerging technologies.
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7 Nanocosmetics

7.1 Introduction

What are nanoparticles (NPs) and why are they used in cosmetics? These questions
are addressed by highlighting recent developments in the field of nanotechnology
that have increased the potentially skin exposure to NPs. Trends emerging from recent
literature suggest that the positive benefits of engineered NPs for use in cosmetics
outweigh potential toxicity concerns. This chapter begins with an overview about the
nanostructures that are applied in cosmetics and why. It is followed by a discussion
of the current state of understanding of the skin penetration of NPs, the methods that
can study the distribution, and the risk factors induced by the nanostructures. The
chapter focuses on NPs used in formulation.

7.2 What Are Nanocosmetics?
7.2.1 Where and Why Are They Used?

Strictly speaking, NPs are only 1-100 nm in size. Thus, they are 1,000 times smaller
than the diameter of a human hair. The name “nano” is derived from the Greek word
“nands” — dwarf. Their small size lends them special properties. For this reason, NPs
are already widely used in numerous industries such as electronics, chemistry, med-
icine, and cosmetics.

In many cases, cosmetic products contain nanosized (50-5,000 nm) compo-
nents such as nanoemulsions, nanocapsules, nanosomes, niosomes, or liposomes
that comprise traditional cosmetic materials [1]. Several sunscreens, deodorants,
and toothpastes contain NPs. The small size is responsible for specific character-
istics, which can affect their interactions with the skin [2]. The reasons why NPs
are used are diverse. Nanosized paint particles, for example, ensure long-lasting
effects in eyeliner pencils and mascara. They can function as reflective agents in
sunscreens, as depots or penetration enhancers of actives in creams, or they protect
the actives or colors against degradation. Silver NPs have an antibacterial or pre-
servative function and are used in deodorants and hand creams. Furthermore, NPs
may be used to impart stability to formulations that contain ingredients, which can
decompose as a result of oxidation or other causes [3]. For this application, lipos-
omes or cellulose can be used [4, 5]. This is important if the actives are instable

https://doi.org/10.1515/9783110547221-007



102 — Martina C. Meinke, )iirgen Lademann, Fanny Knorr, Alexa Patzelt and Silke B. Lohan

due to the biological environment or if they should be photoprotected. One new
and challenging aspect is the penetration enhancement by NPs. The main reason
to use NPs is the fact that most of the actives do not penetrate the stratum corneum
(SC) barrier. Only 0.1-1% can pass this barrier if the molecular mass is below 500
Dalton. Penetration enhancers including chemicals such as dimethyl sulfoxide and
ethanol and mechanical perforation such as microneedles greatly disturb the SC.
For most NPs, the mechanisms of active penetration enhancement are not yet clear.
Nevertheless, it could be shown that several carriers significantly enhance active
delivery [6-10].

Several skin penetration pathways for topically applied substances are known to
date: Diffusion through the intercellular substance of the SC, the transcellular route
involving the corneocytes, and penetration along the adnexae of the skin, in par-
ticular the hair follicles (HFs). In most cases, topically applied drugs penetrate into
the upper corneocyte layers of the SC, which are subject to rapid desquamation and
thereby depletion of the drug reservoir. Recently, studies have shown that the penetra-
tion of drugs and specific skin care products into HFs can also be effectively exploited
for the localized treatment of skin diseases with sustained drug release and reduced
drug side effects. Modern concepts in the field of targeted pharmacotherapy are based
on the use of NPs, because these particle systems show a tendency to aggregate in
HFs. Although NPs preferentially accumulate in HFs compared to nonparticulate sub-
stances, an additional massage during application can enhance and improve the fol-
licular penetration [11]. The HFs display a long-term reservoir for NPs, and only hair
growth, sebum production, or degradation of the NPs will result in depletion of the
reservoir [12]. The transfollicular absorption of small molecules diffusing from NPs
into the blood vessels which surround the HFs has also been reported [13, 14]. The
risk of systemic side effects caused by NPs themselves is minimal, as tight junctions
are present in HFs [15], preventing their penetration into cells of the viable skin [16].
Patient compliance may be increased by reducing the frequency of drug applica-
tions necessary. For follicular penetration, versatile applications of NPs are possible:
Depending on the question of interest, NPs with modified surfaces and various chem-
ical and physical properties can be used to promote an active targeting of selected
cell populations. But not only HF-associated diseases can be addressed, also gene- or
immunotherapy can be performed [17].

7.2.2 Types of NP in Dermal Formulations

NP systems are developed mainly for the delivery of drugs to target structures where
a controlled release at the site of action can take place as well as for the protection of
active ingredients. Besides the NP size, the selection of the vehicle itself has a strong
effect on the dermal/follicular penetration and not every particle system can be used
for every treatment goal.
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7.2.2.1 Solid Particles

Solid NPs such as titanium dioxide (TiO,) and zinc oxide (ZnO) act as physical ultra-
violet (UV) filters in sunscreens. They absorb UV and scatter the light in the whole
spectral range of the sunlight. For TiO,, this occurs most effectively at a size range of
60-120 nm [18], whereby ZnO is generally used in the form of particles sized 30-200
nm. Inert coating materials including aluminum oxide or silicon oils are often used
to treat these NPs [1]. The scattering effect decreases with increasing wavelength and
also in the near-infrared region, a protection effect could be determined [19]. In the UV
range, synergistic effects could be observed if both chemical (soluble) UV filter and
particle (nonsoluble) filters were used together [20]. Some sunscreens, particularly
those for children, contain only particle filters because they do not cause cutaneous
adverse health effects. To provide a convenient application, the number of particles is
limited depending on the size of the added NPs to about 10%. The particle size of the
metal oxide in sunscreens is about 40 nm.

7.2.2.2 Nonsolid Particles

Nonsolid NPs are used to transport and/or stabilize actives in the skin. There are
many different NPs that can act in different ways.

Liposomes are globular vesicles sized 25-5,000 nm [1] that have been widely used
in cosmetics for several years with the purpose of increasing the delivery of ingredients
into the skin. They are concentric bilayered particulates that enclose an aqueous volume
via a lipid bilayer that is comprised of natural or synthetic phospholipids. These are
mostly regarded as being safe. Other vesicular particulates including invasomes [21],
transferosomes [22, 23], niosomes [24, 25], and ethosomes [26] are also implemented for
enhancing skin penetration. Cevc et al. [27] demonstrated that transferosomes (flexi-
ble liposomes) were more effective than rigid liposomes in the delivery of ingredients
through the skin. It is presumed that their ability to change shape as they pass through
small spaces in the skin may be beneficial in their ability to promote absorption [28].

Nanoemulsions are used in cosmetic products such as conditioners or lotions. Tra-
ditional cosmetic ingredients such as water, oils, and surfactants are combined in a two-
phase system in which droplets sized 50-100 nm are dispersed in an external aqueous
phase [1]. Their smaller particle size provides higher stability and better suitability to
carry actives [29], and renders nanoemulsions transparent and smooth to the touch [29].

Nanocapsules are vesicles in which a drug is encapsulated in a cavity of an inner
liquid core that is surrounded by a polymeric membrane [30]. In the cavity, the drug
can be in liquid or solid form or as a molecular dispersion [31]. The drugs can also be
bound onto their surfaces or within the polymeric membrane [32]. Hwang et al. [33]
reported that the use of nanocapsules decreased the penetration of UV filter octyl
methoxycinnamate in porcine skin when compared to conventional emulsions.
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Solid lipid NPs are comprised of a solid lipid core that can solubilize lipophilic
molecules. The core is stabilized by surfactants. Nanostructured lipid carriers are pre-
pared with a mixture of solid and liquid lipids [34]. They both have the advantage of
high stability. On the skin surface, such lipid NPs form a lipid nanolayer film, resulting
in less evaporation of water and thereby increased skin hydration. Encapsulated drugs
are protected from degradation. As they enhance the penetration of active substances
into the SC, they are used for the sustained delivery of cosmetics to the skin [35].

Nanocrystals are NPs with a crystalline character composed completely of drug.
There is no carrier material such as in polymeric NPs. The increased solubility and
dissolution velocity lead to an acceptable bioavailability. Furthermore, nanocrystal
technology enables formulations to be developed without the use of surfactants. They
enable a fast onset of action, as the drug is absorbed quickly due to their fast disso-
lution [36].

Dendrimers and other polymers are used as a method of drug delivery into the
skin. Polymers are relatively small and can be soluble or insoluble particles depend-
ing on their structure. Soluble polymer NPs are stable and do not decompose on the
skin surface. Chauhan et al. [37] found enhanced skin absorption of indomethacin by
the addition of polyamidoamine dendrimers to aqueous formulations administered
to rat skin. Core multishell nanocarriers consist of a hydrophilic core, an intermediate
lipophilic shell, and an outer hydrophilic shell, enabling them to incorporate hydro-
philic and lipophilic substances [38, 39]. Dendritic core multishell neurotransmitter
NPs increased the penetration of Nile red dye into the SC and viable epidermis consid-
erably in comparison to the cream formulation [40].

Cubosomes are naturally occurring capsules that can distribute medicinal active
ingredients or even nutrients throughout the human body. In general, these small cap-
sules are formed from lipid molecules and water and can contain active substances.
These NPs share similarities with liposomes. Both liposomes and cubosomes are com-
posed of fat molecules (lipids), but the former are spherical, while the latter have a
cubic structure [41]. During the chemical synthesis, they are formed by the self-assem-
bly of liquid crystalline particles of certain surfactants when mixed with water and
a microstructure at a certain ratio. Cubosomes offer a large surface area, low viscos-
ity, and can exist at almost any dilution level. They have high heat stability and are
capable of carrying hydrophilic and hydrophobic molecules [42]. The cubosomes show
the potential for controlled drug release through functionalization and thus display an
attractive choice for cosmetic applications as well as drug delivery processes.

7.3 Where Are We?

While NPs have been used in cosmetics for several years, their presence in a product
must be labeled on the package since 2012 (Regulation [EC] No. 1223/2009 of the
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European Parliament and the Council of 30 November 2009 on Cosmetic Products L
342/59). This has led to an uncertainty among the consumers. Several methods were
developed to answer the main relevant questions: Do NPs really make the product
better? Is the product safe? What are the risks of NPs particularly when used in cos-
metic formulations?

First, we will focus on the techniques to study the efficiency of NPs. This will be
followed by a risk assessment and a description of the methods that can be applied to
estimate the safety of the used NPs and cosmetic product.

7.3.1 Techniques to Determine NP Distribution and Effects

The penetration of NPs can be investigated using several in vitro methods on mem-
branes or reconstructed human skin, ex vivo on excised human or porcine skin, and
in vivo on mice or, if all cosmetic ingredients are approved to be applicable, also on
human volunteers. Franz cell experiments are used to investigate the permeation,
because the receptor fluid can be analyzed with various analytical methods such
as high-performance liquid chromatography (HPLC), mass spectroscopy, and high-
performance thin-layer chromatography (HPTLC) depending on the substance. If the
NPs are found in the receptor fluid, the viable cells can potentially be reached and a
further risk assessment is necessary. Often no permeation is found, especially if the
NPs are designed to remain on the surface.

In order to study dermal penetration, resorption, and metabolic processes of active
substances, dermal microdialysis can be used. This method is based on diffusion pro-
cesses that take place through a semipermeable membrane, which is inserted into the
dermis via a guide needle. It can expand over a distance of one to several centimeters. A
carrier solution (perfusate) is perfused at a constant flow rate through the tissue, which
is maintained by a microdialysis pump, allowing the collection of the interstitial fluid
from excised skin as well as from humans. Due to the concentration gradient between
the interstitial fluid and the perfusate, endogenous molecules will diffuse through
the probe membrane into the perfusate, which thus becomes the dialysate. Finally,
the obtained dialysate will be analyzed concerning the molecules of interest [43, 44].
In the field of dermatology, the microdialysis technique is currently used mainly in
research regarding the skin barrier function, penetration and dermal metabolism of
drugs and chemical agents, as well as the release of mediators in inflammation [45].

Radioactive-labeled NPs are predominantly applied in the medical and phar-
maceutical fields for studying therapeutic and toxicological effects as well as for
the visualization of possible penetration pathways. The radioactive labeling of the
outer shell of NPs can be achieved by using radioactively labeled biomolecules,
such as antibodies, which are covalently linked to the surface of the NPs. But iso-
topes are also often used, for example gold isotopes [46]. A dual labeling of the core
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and the outer shell of NPs enables the stability of such a construct as well as the
distribution within the body to be studied. After the injection of radioactive gold
NPs into mice, it could be demonstrated that the supposed stable NP conjugates
changed their original structure and thus their properties within the body and an
accumulation in different organs could be visualized [47]. Such studies are very
helpful and thus have a strong influence on the medical applications of NPs and
their risk assessment.

Laser scanning microscopy (LSM) can be used if the particle and/or the active is
fluorescent or fluorescently labeled. It can be applied ex vivo on a biopsy or on cryo-
sections or in vivo to visualize the penetration of the carrier or the active (Figure 7.1).
Penetration depths into HF can be estimated. The lateral resolution of the method is
1-5 pm. Patzelt et al. [48] demonstrated that NPs with a size of approximately 650 nm
penetrated the deepest. The fluorescence technique is very sensitive. Fluorescence
lifetime imaging can further improve the findings because it monitors the microenvi-
ronment and if the active is fluorescent it can distinguish different surroundings [49].

Multiphoton microscopy (MPM) can also be applied ex vivo and in vivo. It offers to
track second harmonic generation signals from order structures such as ZnOs. Darvin
et al. [50] could prove that ZnO did not penetrate the SC as a whole compact particle.
MPM has a high resolution of 0.5 pm lateral and 1 pm vertical.

Confocal Raman spectroscopy can be applied ex vivo and in vivo if the chemical
contrast between the particle and the skin is sufficient and the concentration is high
enough [51]. The advantage here is that it is a label-free method, and no alterations
are necessary. Related highly sophisticated methods have been developed such as
stimulated Raman spectroscopy, which are much more sensitive [52].

Electron paramagnetic resonance (EPR) spectroscopy can be used to quantify
penetrated actives or carriers if they provide paramagnetic structures. This can be

Figure 7.1: Laser scanning images of porcine ear skin sections after the penetration of the fluorescent
dye, Nile red, incorporated into NP (A) and a cream (B). The penetration into the HF is clearly visible

if applied in NP. Furthermore, the transfollicular penetration of the dye into the living epidermis is
facilitated.
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Figure 7.2: EPR spectra of spin-labeled drug before and after the release from a NP which is
dispersed in an aqueous solution. The shape of the spectrum changes from a strong immobilized
spectrum within the NP with little amount of free mobile drug in the aqueous solution to a moderate
immobilized nitroxid spectrum within artificial sebum.

reached by labeling the substances with spin probes, which have the advantage to
be small compared to fluorescence labels. The shape of the EPR signal gives infor-
mation about the microenvironment and a possible release can be easily monitored
(Figure 7.2). EPR is mostly used as an integrative method because EPR can easily give
quantitative values of the EPR active substances, and it can be combined with the
imaging methods that do not provide quantitative data [6, 7, 39, 53].

7.3.2 Risk Assessment

The small size of NPs alters their physicochemical properties and may result in
increased uptake and interactions with biological tissues, including the production of
reactive oxygen species (ROS) such as free radicals. These can lead to oxidative stress,
inflammation, as well as protein and DNA damage [54]. Carbon nanotubes have been
shown to cause kidney cell death and to inhibit further cell growth [55]. About 20 nm
TiO,-NPs are capable of causing complete destruction of super-coiled DNA, even at
low doses and in the absence of exposure to UV [56].

Some of these effects are desired under controlled conditions such as the appli-
cation of silver NPs for disinfection. The main question is: Do NPs stay on the surface
within the SC or could they pass the barrier? The second question is the stability of
the NPs. If they do not pass the barrier as the whole particle, do they metabolize,
or decay? If particle fractions penetrate the SC, are they toxic? Therefore, the ability
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of penetration must be investigated. This is dependent on the size of the particle.
The stability in a biologically relevant environment must be studied and the toxicity
to cells should be investigated because the formulation could be applied on lesions
where the penetration is facilitated.

7.3.3 Evaluation of the Toxic Potential In Vitro

For the evaluation of the toxic potential of such nanomaterials, a comprehensive
characterization of their physicochemical properties as well as their possible inter-
ference with various in vitro test systems is necessary (Figure 7.3). In comparison to
larger chemical constructs, nanomaterials show a largely enhanced ratio of surface
to volume, whereby they are much more reactive and can interact more strongly with
biological systems and their components. The toxic potential of nanomaterials can
differ depending on their underlying basic material. However, the same chemical
composition can also cause different cellular responses. Furthermore, aggregation/
agglomeration, the shape, and surface charges can have a strong influence on biolog-

ical systems [57-59].
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Figure 7.3: Nanocosmetics — from synthesis to application. Before cosmetic products containing NPs
are allowed to be administered in vivo, a physicochemical characterization and investigations of the
toxicity in in vitro and ex vivo systems have to be performed. Particle size and vehicle shape of the
NPs depend on the field of application, their toxicity potential, and physical and chemical proper-
ties. For the topical application on skin, the HFs display one of the most important pathways. The
illustrations are partly taken from Refs. [6, 39, 60].
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7.3.3.1 Physicochemical Characterization

A physical characterization of nanomaterial is essential and should be performed in
the crystalline (powder) and in the dissolved form. The particle size and shape can
be examined with transmission electron microscopy. X-ray diffraction is a suitable
method for the analysis of crystallinity and crystal modification [61]. The electrical
potential of the surface (zeta potential), the solubility, aggregation, and agglom-
eration potential can be investigated for aqueous solutions and the respective test
medium by electrophoreses and dynamic light scattering measurements [62]. Surface
modifications (protein corona) can be identified by X-ray photoelectron spectroscopy,
energy-dispersive X-ray spectroscopy, and/or mass spectrometry [59, 63]. Further-
more, structure and stability of soft NPs can be investigated using EPR spectroscopy.
Therefore, part of the substances are labeled or marker substances are added and the
spectra are measured over the desired time frame [4, 53]. Comparable structure anal-
ysis can be performed using fluorescence lifetime microscopy [64].

7.3.3.2 Testing of Possible Interference of NPs with Various In Vitro Test Systems

Currently, the in vitro methods for the determination of the toxic potential of NPs are
based on standard procedures, which have been established for conventional chem-
ical compounds. The potential damaging effects are tested in a cell culture model
system on cell lines that correspond to a possible in vivo exposure. For example, pul-
monary epithelial cells are researched if the substance of interest can be absorbed via
the inhalation route; skin cells are used as test material if the substance is applied on
the skin [65, 66].

As a parameter for cytotoxic investigations and biocompatibility, NPs are analyzed
by a cell viability assay, whereby a tetrazolium salt-based assay (MTT (3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)/XTT ((2,3-bis-(2-methoxy-4-nitro-
5-sulfophenyl)-2H-tetrazolium-5-carboxanilide)) is often used [67]. The stimulation
of cellular apoptosis or necrosis is determined by the markers Annexin V, caspase-3,
or lactate hydrogenase [68]. Changes in the membrane integrity are achieved using
neutral red [69], trypan blue, or propidium iodide [70].

NPs are frequently used for drug delivery processes. But several studies have
shown that NPs may promote the development of free radicals, especially ROS [71].
Different detection methods for oxidative stress development in cells are available,
ranging from the determination of the total ROS concentration in tissue/cell culture
(dichlorofluorescein [DCF] assay) [72] to the specific detection of oxidation products
of various cell components, such as DNA components (Comet assay) [73]. The DCF
assay is a highly sensitive indicator for oxidative stress in cells and thus mainly used
for ROS detection [72]. The Comet assay is a technique of gel electrophoresis, which
enables the detection of DNA damage in individual cells. DNA double-strand breaks
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as well as DNA single-strand breaks can be detected [74]. The EPR spectroscopy rep-
resents an alternative noninvasive method for the detection of radical formation in
cells and tissue (in vivo, ex vivo, and in vitro) [75-77]. The main advantage of the
EPR spectroscopy to fluorescence-based assays is that possible artifacts of particle
systems will be overcome and the measurements cannot be affected by light scatter-
ing properties of the analyzed material, minimizing misinterpretations and incorrect
results [78, 79]. EPR represents a more sensitive method versus the DCF assay, which
could be confirmed by the treatment of secondary keratinocytes with silver NPs [79].
For the investigation of ROS development, tissue or a cell culture will be treated with
the EPR probe TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl). Its amphiphilic charac-
ter enables the uptake into cells, allowing the direct interaction with metabolic radi-
cals and antioxidants. A decrease of the EPR signal of TEMPO after exposure to stress
over time enables statements concerning the ROS formation, whereby it could be not
excluded that the spin probe also interacts with endogenous antioxidants [75, 80, 81].
To analyze the endogenous redox system of a cell, glutathione (GSH) represents one
of the main components. The determination of the ratio between reduced and oxi-
dized GSH gives a good insight into the endogenous redox system and thus to the
oxidative stress potential of applied nanomaterial [82, 83].

Enzyme-linked immunosorbent assay studies are very useful for detecting
inflammatory biomarkers in cell culture. To estimate cell inflammation, the chemok-
ines interleukin (IL)-8, tumor necrosis factor a, and IL-6 are useful biomarkers [84].
Especially for these studies, but also in general, a sterile production of NP is of great
importance in order to prevent a change in the level of inflammatory markers by bac-
teria or other endotoxins. By EPR spectroscopy, it could be demonstrated that primary
and secondary keratinocytes do have different thresholds for oxidative stress devel-
opment after incubation with nanomaterials of different origin. In addition, different
test methods show different sensitivities [65, 79].

Thus, nanomaterial has to be tested with more than one assay/method, and differ-
ent cell lines should be used, to provide sufficiently statements regarding their toxic
potential. Currently, in vivo studies are essential for toxicological assessments. Using
standardized in vitro test methods of testing nanomaterials on their toxic potential,
the number of necessary in vivo studies could be reduced.

7.4 Where Should We Go?

NPs have shown to enhance the desired effects in cosmetics and are indispensable
in nanocosmetics. The main advantages are the penetration enhancement and the
reservoir function for cosmetic substances. The exception is the solid NPs for sun-
screens, which should not penetrate but reflect the sunlight and provide high sun
protection factors in a safe manner. Nevertheless, it must be kept in mind that each
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new nanomaterial must be investigated toward its safety and beneficial effects. The
size of nonbiodegradable NPs should not be smaller than 20 nm to ensure that the
particles do not pass the SC barrier.

In the last years, stimulus-responsive delivery via NPs has become an effective
experimental approach. The drug of interest is loaded or trapped on an NP and after
initiating of a stimulus, that is pH, temperature, optical absorption, etc., the thera-
peutic agent is released at the site of action [85, 86]. It could be demonstrated that
such an approach is more effective versus gradual diffusion or particle decomposition
[87]. In this context, the pH gradient present in the follicular ducts was recently deter-
mined using pH-responsive dendritic polyglycerol nanogels. The pH values ranged
from 6.50 on the skin surface to 744 at a depth of 530 pm [88]. pH-sensitive NPs that
erode near the skin surface but dissolve in the HFs could enable controlled and spe-
cifically targeted drug delivery. Recently, the first successful ex vivo evaluation of NPs
with pH-dependent targeting potential was conducted [89].

In any case, the beneficial effects of the application of NPs should be proven in
cosmetic studies with reasonable control groups.

7.5 What Are the Social Science Aspects?

The implementation of NPs in cosmetic products has many advantages. The enhanced
penetration efficacy and the increased stability will require smaller amounts of the
active agent to be used as well as fewer applications, reducing the cost of the product.
As a penetration of solid NPs above a size of 40 nm has thus far not been observed for
intact skin, adverse effects are not very probable.

In the case of sunscreen products that use solid NPs, high sun protection factors
can be realized due to the synergistic effect of chemical and physical filters. But the
NPs not only reduced the transmittance of the light in the UV part, the scattering
effect of the NPs is also effective in the visible and near-infrared part of the sunlight
[90, 91]. This is important because the visible and infrared regions also contribute
up to 50% of radical production induced by sunlight [92]. The incorporation of NPs
into sunscreens can reduce the radical formation in the skin and thus can reduce the
incident of skin cancer. This is of great relevance particularly for the health system
because the treatment of skin cancer is very cost intensive.

Additionally to beneficial effects of NPs in cosmetics, adverse effects to the
environment could appear by the exposure of nanomaterials through release into
the water, air, and soil during the manufacture, use, or disposal of these materials.
Antibacterial NPs, for example, could potentially interfere with beneficial bacteria
in sewage and wastewater treatment plants and possibly contaminate water that is
intended for reuse [93]. In another study, nano-TiO, used in personal care products
reduced biological functions of bacteria after less than one hour of exposure. As the
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TiO,-NPs end up at municipal sewage treatment plants, this could eliminate microbes
that play vital roles in ecosystems and help treat wastewater [94].

Therefore, also such adverse effects must be taken into account if NPs are used
in cosmetics. The soft particles are mainly biodegradable and therefore harmless.
The solid NPs such as TiO, are of such great importance for the skin cancer prevention
that waiving of such NP is not an option.

The implementation of NPs in cosmetics should be controlled through guide-
lines, to ensure that only safe and effective products are marketed. Possible risks and
benefits should be considered.

7.6 Conclusion

NPs represent highly effective carrier systems for actives that can be exploited in cos-
metics. They facilitate the penetration of drugs deep into HFs, where these can be
stored for up to 10 days. Solid and nonbiodegradable NPs in cosmetics should not be
smaller than 20 nm to ensure that they do not penetrate into viable skin. Furthermore,
each particle type and possible fragments or metabolites should be subjected to risk
assessments and toxicity testing even if it was previously shown that the material
is nontoxic on a macroscopic scale. NPs should only be incorporated if their bene-
fits have been verified experimentally. EU regulations should be adapted to fit these
aspects so that all doubts regarding safety are eliminated.
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8 Nanooptoelectronics

8.1 Introduction

Nanoelectronics permeates now countless aspects of the world economy, impacting
sectors as varied as banking, retail, energy, transportation, education, publishing,
media, and health, even if most people are unaware of it. In a perhaps less evident
way, also nanophotonics has entered our lives: it is in the flat screen television set,
in the display of our computers and smartphones, in our music CD and DVD readers,
in the optical fibres that are bringing us high-speed Internet, and even less evidently in
several medical examinations. Together, nanoelectronics and nanophotonics are at the
basis of information and communication technologies that are transforming the ways
social interactions and personal relationships are taking place.

8.2 A Tale of Two Sciences

The history of electronics and photonics goes back a long time, to when they were
called simply light and electricity. Light was the first to be widely used by man:
optical signals in the form of fires or flags were used to transmit information already
at the beginning of history,* while electricity was little more than a parlour game
until Volta discovered the way to generate it chemically at the beginning of the
nineteenth century. After that, electricity replaced light also in communications
with the invention of the telegraph and the telephone, and, with the invention of
mechanical electricity generators and of the light bulb by Edison, it took the role
of light generation, replacing gas lighting. At the end of the nineteenth century,
science started the exploration of the atomic world and the two elementary parti-
cles behind electricity and light, electrons and photons were discovered, and things
just became more confused. It was soon found that photons could behave like par-
ticles, with a well-defined energy and a momentum that could be exchanged with
more “solid” particles (Compton effect), while electrons could behave as waves, a
property currently exploited in electron microscopes. The invention of the triode
by Forest in 1906 was the beginning of electronics and resulted in a variety of
applications in communications, control systems, and computing, ending up in

1 In its tragedy, Agamemnon Aeschylus (fifth century BC) describes a chain of fires that bring news
of the fall of Troy to Argos.

https://doi.org/10.1515/9783110547221-008
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the ENIAC? machine in 1946, a 30 tonne monster that was also the first operational
computer in the modern sense. The invention of the transistor in 1947 and of the
integrated circuit in 1957 opened the way to microelectronics and started an explo-
sive expansion of electronics in all fields of everyday life, following the exponential
cost reduction of the Moore’s law. In the early 2000, microelectronics has slowly
evolved into nanoelectronics, with typical device feature size going below 100 nm.
At the same time, the progress made in the field of understanding the operation
of devices at the quantum level and in the technology for material manipulation
on that scale has allowed the development and production of advanced optical
devices that were available before only in the lab environment: it was the birth
of nanophotonics. The two technologies are now completely intertwined: optical
devices are relying on nanoelectronic components for power supply and control
operations, while nanophotonics allows the interconnection of nanoelectronic
devices among themselves and with the external world. Perhaps from now on we
should speak only on nano-optoelectronics.

8.3 Small Devices, Big Impact

The man in the street is not aware in general of the presence of nanoelectronics and
nanophotonics, but his world would collapse if they would be taken away. Commu-
nications, social life, transportations, banking, business, entertainment, medical
diagnosis, and treatments all would be severely disrupted or totally disappeared. He
would lose connections, appointments, access to his money, and the capability to
book a plane or train ticket, or to reserve a hotel. Half of the appliances at home would
stop functioning, as well as the ecological light bulbs.

Information and communication technologies are transforming the way social
interactions and personal relationships are conducted, with fixed, mobile, and broad-
cast networks converging, and devices and objects increasingly connected to form the
Internet of Things. The volume of data traffic on Internet has grown by a factor of 20
between 2005 and 2013, reaching the astonishing amount of more than 51 exabytes
per month in 2013.% A report of the Strategic Policy Forum on Digital Entrepreneurship
of the European Commission estimated that digitalization could induce a growth of
15-20% in European manufacturing and create 3.8 million jobs, 1.5 of which in Inter-
net services. Big data technology and services alone were expected to reach USD 16.9
billion worldwide in 2015 at a compound annual growth rate of 40% [1].

2 ENIAC: acronym of Electronic Numerical Integrator and Computer. The first general purpose elec-
tronic computer of history, realized in 1946 at the Moore School of Electrical Engineering of the Uni-
versity of Pennsylvania

3 OECD data. 1 exabyte = 10’ bytes.
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An analysis of the end user markets for semiconductor devices (Figure 8.1) confirms the
importance of communications for the nanoelectronics market [2]. It should be added
also that with the appearance of tablets and smartphones, the distinction between
communications, computers, and consumers has been progressively blurring.

The photonics market shows similar data (Figure 8.2). The large weight of IT
(information technology) and consumers is related to the large market of flat panel
displays, while typical of photonics are the markets of lighting (mostly light-emitting
diode [LED]) and energy (photovoltaics) [3].

All in all it is an impressive market, even if the two values cannot be summed up,
since several devices are listed both as semiconductors (based on the fabrication technol-
ogy) and as photonics (based on the function), while the figures for the photonics market
refer to the value of the final system rather than to the one of the discrete components.

Much more important however are the markets that nanoelectronics and nan-
ophotonics are enabling: it is not only the matter of electronic devices, like cellular
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phones, computers, digital cameras, car automation, and similar, but also of the
huge spectrum of services that have been enabled by mobile communications and
Internet. A rough evaluation gives a ratio of 5 between the semiconductor market and
the market of electronic systems, while another factor of 3-5 exists between the elec-
tronic systems and the services based on them.

The term “nano” is used here in a broad sense, since the geometrical features of
some of the devices in nanoelectronics, and even more in nanophotonics, are far from
the nanometre scale. According to the definition given by the US Patent Office, nano-
technology patents, classified under Class 977, must have the following characteristics:
— Related to research and technology development at the atomic, molecular, or

macromolecular levels in the length of scale approximately 1-100 nm range in at

least one dimension.
— That provide a fundamental understanding of phenomena and materials at the
nanoscale and to create and use structures, devices, and systems that have novel

properties and functions because of their size [4].

The devices considered under nanoelectronics and nanophotonics fall under the
second conditions, since their operation is based on quantum properties of matter,
and their manufacturing requires technologies (layer deposition, etching, etc.) that
are controlled on the scale of hundreds, if not of tens of nanometres.

8.4 The Growth of Nanoelectronics

The basic device, which builds up most of nanoelectronics devices, is the MOS (Metal
Oxide Semiconductor) transistor. As shown in Figure 8.3, almost 70% of the nanoelec-
tronics market is made up of microprocessors or microcontrollers, logic devices, and
memories, all based on CMOS (Complementary MOS) technology, and for a large part
with typical feature size below 100 nm.

3%

m Sensors/actuators
= Optoel.
Discretes
13% Analog

m Micro

m Logic

m Memory Figure 8.3: Nanoelectronics
market by technology (data
source: WSTS).
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The MOS transistor is probably the simplest basic switching element, and its
origin goes back to a patent of 1928 [5]. The main advantages of MOS transistor are
the low intrinsic complexity of the transistor architecture, the very low power dissi-
pation in standby, and above all, its intrinsic scalability. In simple terms, scalability,
first described by Dennard in 1974 [6], means that two transistors of different size
behave in the same way if their physical and geometrical parameters are scaled by
the same factor. As a fringe benefit, if proper scaling rules are applied, main perfor-
mances like speed and power dissipation are improving (save power density, but
it was not considered a problem for a long time). Another strong point of microe-
lectronics, and afterwards of nanoelectronics, has been the batch processing. Inte-
grated circuits are printed in parallel on silicon substrates (wafers); therefore, the
smaller the device size, the larger the number of produced devices per wafer and the
lower the cost.

Since scaling laws reduce a physical problem to a “simple” technological one, the
economic pressure has led to a continuous race towards smaller device size, exempli-
fied by the so-called Moore’s law. First enunciated by Gordon Moore in 1965 [7] (after
only 8 years from the invention of the integrated circuit) and confirmed in 1975 [8], it
stated that the “complexity of integrated circuits has approximately doubled every
year since their introduction” and that “there is no present reason to expect a change
in the trend”. Even if with small adjustments to the rate of progress, which has gone
down to doubling every 18 months, this prediction has hold true for 50 years!

The decreasing cost of CMOS-based logic devices and the invention of the micro-
processor brought about a second revolution, leading to the digitalization not only of
computation but also of data and processes that were eminently analogue in nature.
Analogue process control gave place to digital process control, analogue communi-
cations to digital communications (GSM), disks and films to MP3, digital cameras,
and Photoshop. The trend has been to reduce any problem to a computable one to be
solved with brute force approach (number crunching), thanks to the always decreas-
ing cost of computing power. Nanophotonics with the introduction of CMOS imagers
and digital displays had an important role in this evolution.

The final result was the birth to the digital society in which we are living now,
where all information is available in digital form over the Internet. For nanoelectron-
ics, it had the effect of expanding exponentially the addressable market, transform-
ing professional markets into a consumer-driven ones.

8.5 Nanophotonics Enters the Picture

Photonics is the science and technology of harnessing light. Photonics includes the
generation, detection, and management of light through guidance, manipulation,
and, most importantly, its utilization for the benefit of society.



124 — Livio Baldi

The reasons for the wide range of application of photonics are in the specific
properties that differentiate photons from electrons:

— Photons have no mass, and therefore can travel at the speed of light. Nothing can
go faster in our universe (if Einstein is right).

— Photons, unlike electrons, can propagate in transparent media (air, water, and
glass fibres) with minimal losses.

— Photons are bosons, following the Bose—Einstein statistics, which means that
there is no limitation to the number of photons that can occupy the same quantum
state. Laser beams are a practical example of this property.

— A pulse of photons can be as short as 100 billionth of a billionth of a second
(around 70 attoseconds* being the record until now [9]), allowing the exploration
of molecular and atomic reactions.

— Analysis of the emitted/reflected light (spectroscopy) provides a contact-free ana-
Iytic tool for a large variety of materials.

Even if optoelectronic devices have been around for some time (detectors and photo-
multipliers), it was only with the development of solid-state technology, coming from
nanoelectronics, that modern photonics came to the world.

8.6 The Devices of Nanophotonics

The fact that light can stimulate electron emission from materials is well known since
the late nineteenth century and eventually led Einstein to the formulation of the
quantum theory [10] and to the Nobel Prize in 1921. The basis of much of the nanopho-
tonics is in the interaction between electrons and light in semiconductor materials,
and more specifically in junction diodes.

Semiconductor materials are characterized by an energy gap that separates the
allowed energy states. Junction diodes put in contact two materials with different
energy levels (due to doping) and different electron populations. One side (n-doped)
is rich of electrons in the conduction (high-energy) band, the other (p-doped) has a
lack of electrons, conventionally represented as holes, in the valence (low-energy)
band. Charge diffusion across the border produced a charge-depleted zone, in which
an electric field exists that prevents further electron diffusion. This device can provide
both functions of electricity generation by light absorption, and light generation by
electron decay from a higher to a lower energy state as shown in Figure 8.4.

When light of the proper frequency hits the junction, couples of holes and elec-
trons are generated (middle picture). If it happens in the depleted zone, the local

4 1attosecond =1 x 1078 seconds
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electric field separates the charges and sweeps them to the opposite regions of the
junction, generating a current in an external circuit. This principle is at the basis of
photovoltaic energy generation (solar cells), light detectors, and imagers. The energy
of the light must be at least as large as the semiconductor energy gap. Radiation with
higher energy can also be absorbed, but the extra energy is not creating more elec-
trons and is merely dissipated as heat.

On the other side, if a current is forced inside the junction (lower picture) the
light is generated by the recombination of electrons from the n-doped side with holes
in the p-doped side. An external voltage can provide a continuous flow of electrons
and holes and therefore a constant light emission. It is the principle of LEDs and of
semiconductor lasers. The frequency of the emitted light is related to the energy gap
by the well-known Planck relationship E = hv.

Silicon is a poor material for light emission, because electrons and holes usually
recombine with a nonradiative transition, due to the band structure, while III-V mate-
rials such as GaAs, GaN, InP, and more complex ones are good emitters. However,
silicon is efficient and cheap enough for photovoltaics.

The single most important photonic device is probably the laser (acronym of
Light Amplification by Stimulated Emission of Radiation), which has applications
in all fields of science and technology. The basic operation principle was already
anticipated by Einstein in 1917 [11]. The emission of radiation from an electron in
an excited state is a random event, with a well-defined decay time. However, if it is
stimulated by an external radiation with the frequency associated with that state
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Figure 8.5: Schematic representation of laser effect (source: Wikimedia).

transition, the excited electron tends to decay immediately, releasing a photon
that adds to the input signal, with the same wavelength, phase, and polarization
(Figure 8.5).

This is possible because photons are bosons and any number of them can
occupy the same quantum state. The result is therefore a strong intensification of
the incident light. In practical terms, a laser consists in an optical cavity, filled with
the material that can be excited to emit light, put between two mirrors that reflect
back and forth the radiation to intensify it. Semiconductor lasers rely on the consol-
idated manufacturing technology of microelectronics. Similarly to LEDs, the light
emission is associated with the recombination of electrons and holes within a junc-
tion, and the presence of mirrors on both ends induces the stimulated emission.
Performances can be further enhanced by inserting a thin undoped layer, where
recombination takes place, between the n and p sides of the junction. If the layer
is thin enough, energy states in it are quantized, enhancing the concentration of
electrons in the allowed states and intensifying the laser effect. These devices are
known as quantum well lasers and represent the leading edge of nanophotonics.
Semiconductor lasers are used for common applications like fibreoptic communica-
tions, barcode readers, laser pointers, CD/DVD reading and recording, laser print-
ing, and laser scanning.

Another important component of nanoelectronic systems, even if it can be
hardly considered as “nano”, is the optical fibre. Optical fibres are the optical equiv-
alent of the electric cable, enabling transmission of optical signals over long dis-
tances with minimal losses also on curved paths. They consist in a transparent core
surrounded by a transparent coating, with lower refraction index, which reflects
the light toward the core. The big advantage of optical signal transmission is related
to the high frequency of the light, which allows for very high data rates. Each fibre
can carry many independent channels, each using a different wavelength of light.
In combination with laser and solid-state detectors, they represent the backbone of
Internet.
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8.7 Nanoelectronics and Nanophotonics for Our Lives

Nanophotonics has profited from the semiconductor technology developed for nano-
electronics, and it is from the combination of nanophotonics and nanoelectronics that
comes those applications that are revolutionizing our daily life. The fields in which the
two technologies are deeply interconnected cover almost all aspects of modern world:

Transportation: the impact of nanoelectronics in the car industry is quite evident to
everybody. A survey of iSupply gave an average semiconductor content of 350$ per
car, growing to more than 1,000$ for electrical cars. Possibly less evident, but not
less important, has been the impact on other transport domains such as aviation,
railways, and shipping. In the car industry, elements such as mechanical sensors
combined with intelligent decision-making software, power electronics, and
embedded multicore processors have allowed the introduction of assisted driving
features (anti-lock braking system (ABS), Electronic Stability Control, rear radar,
navigators), while power electronics has opened the way to hybrid and electrical
cars to reduce pollution. More recent has been the introduction of nanophotonics:
starting with flat screen displays, it has quickly grown to encompass LED head
and taillights, and rear cameras. The trend toward automated driving is pushing
the introduction of LIDAR®, wide-spectrum cameras for obstacle recognition, and
possibly photovoltaics as energy source. The future widespread diffusion of full
electrical vehicles will go along with the addition of various degrees of driving
automation, supported by car to car and car to infrastructure communications.
Nanophotonics and nanoelectronics will both play a leading role (Figure 8.6): the
one by providing environmental awareness and interface to users and the other
the control and decisional power and the energy management system.
Communications and IT: Digital data are increasingly generated and distrib-
uted by users’ mobile devices that are combining communication and consumer
services. The progress in miniaturization of nanoelectronics has allowed packing
wireless communication and data processing services in handy mobile devices, but
nanophotonics has provided the low-consumption LED or OLED (Organic LED) dis-
plays and the image capture facility. Moreover, while local links are based on radiofre-
quency transmission, a high-capacity fixed backbone is needed to transfer and store
this amount of data. Today, the major highways of communication and information
flow are optical, based on lasers, optical fibres, and optical detectors. While nanoe-
lectronics is the key enabler for data storage and management, data compression,
signal modulation and demodulation for digital communications, nanophotonics
provides the communication backbone and the user interface to the Internet world,

5 LIDAR: acronym for acronym of Light Detection And Ranging or Light Imaging, Detection, And
Ranging, is the equivalent of RADAR, using laser pulses in place or radio waves.
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Figure 8.6: Nanophotonic and nanoelectronics in future cars.

Lighting and displays: on a global scale, lighting generates 1,900 million tonnes of
carbon dioxide emissions each year. In Europe, the replacement of incandescent
lamps by solid-state light sources would have translated in 2015 into savings of
40,000 MW electrical peak power supply or an equivalent of 2 billion barrels of oil
and 50 million tonnes CO,. Nanophotonics has enabled solid-state light sources —
LEDs and OLEDs - that outperform almost all other sources in terms of efficiency
and would push potential savings up to 50% by 2025 [12]. However, it is nanoelec-
tronics that provides the necessary drivers to adapt LED to the grid current and,
coupled with sensors in intelligent light management systems, can regulate light
output according to ambient lighting conditions or people’s presence and activi-
ties and allows saving another 20%.

Energy: The growing concerns for global warming are pushing to replace fossil
sources with renewable ones, while the energy demand is increasing. The Euro-
pean Union (EU) has established a target of 20% of RE (Renewable Energy) as a
proportion of gross final consumption by 2020, and EU leaders agreed to at least
27% of RE for 2030. Expanding the use of renewable energy sources and energy
saving are the two main tools for implementing this policy. Progress in nanopho-
tonics has enabled a dramatic decrease in the costs of photovoltaic energy gen-
eration, which is the fastest growing among renewable energy sources [13], also
thanks to its almost unlimited potential, even if it has not yet reached the volume
of hydroelectric, biomass, and eolic generation. On the other hand, nanoelec-
tronics is the main enabler of energy saving, which is expected to contribute on
the same level of new energy sources. Nanoelectronics is also a key element for
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the exploitation of photovoltaics by providing the solid-state conversion units to
interface solar cells with the grid, thanks also to the development of power semi-
conductor technology based on new materials,

— Life science and health: Optical technologies, starting from the microscope,
have always played a decisive role in biology and medicine. The extensive image
processing systems powered by nanoelectronics, like in CAT (Computerized
Axial Tomography) and NMR (Nuclear Magnetic Resonance), have allowed to
exploit a wide range of electromagnetic frequencies, from microwaves to X-rays
in advanced diagnostic tools. Endoscopy, a combination of optical fibres and
imagers, enables minimally invasive optical inspection inside the body, and
it can be a useful support to surgery. Progress in nanoelectronics integration
density is making possible the realization of smart pills that combine optical
sensors, control logic, and wireless communication in a millimetre size package,
thus reducing the need for invasive technologies. While nanoelectronics-driven
ICT (Information and Communiation Technology) is making progress in diagnos-
tics, with the introduction of machine learning techniques, nanophotonics has
entered the field of surgery introducing laser sources for the cure of disturbs of
the eye, in the treatment of dermal diseases, and in dentistry.

- Industrial: nanoelectronics has revolutionized modern manufacturing first
with the introduction of numerical control machine tools, and then with the
integration of fab equipment and logistic in an expert system. This trend has
been recognized by Europe that has put Industry 4.0 among its top priorities
for development. If nanoelectronics is providing the overall frame for the new
industrial revolution, nanophotonics has provided some key components.
Lasers are now one essential manufacturing tool, spanning from “heavy-duty”
lasers, being able to focus up to hundreds of watt in a tight beam for industrial
cutting and soldering, to metrological lasers used for precision measurements
and holography, all integrated by computer-driven manufacturing. Lasers
can also be used for material deposition: laser ablation is used to deposit also
complex materials with little heating, because the electric field of the photons
in high-peak power pulses is strong enough to literally rip atoms apart. Photonic
sensors are another critical component, since they are able to provide chemi-
cal information without requiring a physical contact. Sensor arrays combined
with the possibility of multispectral laser excitation will be able to provide real-
time, three-dimensional (3D) measurement of key elements, allowing accurate
control of production processes, but also helping in environmental monitoring.

8.8 A Glimpse into the Future

In Part 1, we have outlined a few of the fields in which nanoelectronics and nano-
photonics are going to change and improve our everyday life. The list is by no way
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complete, not taking into account the progress enabled in the scientific fields and the

contribution to other sectors, like security and mobility.

The growth will come both from the extension of the application of existing tech-
nologies to a variety of fields that have been only marginally impacted until now, and
from the technological progress that is still proceeding at a very fast (somebody even
says accelerating) pace, in spite of all prediction to the contrary.

Three areas are likely to be at the spearhead of the growth:

—  System integration: the future will see an evolution from the solution of single
issues to the integration of smart systems in a complete environment, able to give
a global solution to our problems.

—  Extended control: by incorporating sensors, data processing, and communication
in many functions that now require human intervention, we could realize a true
Ambient Intelligence.

— Big data: the integration of networks of sensors in a global communication
network will make available plenty of data that can be processed with now avail-
able storage and computing power. It will therefore be possible to build compre-
hensive and validated models of all relevant processes and move from a problem
solution approach to a problem prevention approach.

What are listed above is what could be obtained with already existing technology and
with its expected evolution in the short term. Is there any factor that could stop tech-
nology evolution in the future? And which are the trends?

8.8.1 Nanoelectronics

Evolution of nanoelectronics has been closely associated with Moore’s law, which
has been valid for more than 50 years, and with the ITRS (International Technology
Roadmap for Semiconductors) roadmap. At the moment, the 7 nm CMOS technology
node has been already announced [14], and main companies are working on the 5
nm node (even if since more than a decade the definition of technology node has lost
contact with actual geometrical size).

However, some clouds are appearing on the horizon of the continuation of the
present rate of progress in computer performances. Already in the first years of 2000,
it was realized that clock speed of computers could not go on increasing indefinitely,
due to thermal dissipation problems. Parallel computing in multicore processors was
introduced, but it cannot be applied to all problems. For conventional memories (DRAM
(Dynamic Random Access Memory) and Flash), the reduction in the physical number of
electrons that can be stored in a reduced size cell, and related worsening of noise immu-
nity, has required the introduction of error correction strategies of increased complexity.

Anyhow, the main problem seems not to be related to the physics of the semicon-
ductor device, but to the sharply increasing costs of the technology. As it was said
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before, scaling would bring huge economic advantages, by increasing the number of
devices that could be produced on the same silicon substrate. The catch is that the
cost of processing per substrate should increase only slowly with each new technol-
ogy generation. Until now, this result was obtained by compensating the increasing
cost of more advanced equipment with increases in productivity, and also through
the increase of the size of silicon wafers. However, the lithographic process used to
print the smaller geometry features of nanoelectronic devices seems to have reached
a limit at around 40 nm, with the immersion lithography using a 193 nm wavelength.
No material is available to build lenses for shorter wavelengths, and alternative
equipment, based on direct e-beam writing or extreme UV light in vacuum, have until
now proved to be very expensive, thus killing the economic convenience of scaling.
Research is very active since several years in looking for alternative approaches to
current CMOS technology. Investigations in the so-called beyond CMOS technolo-
gies range from information carriers different from electrical charges (electron spin,
phonons, photons, magnetic dipole moment), to new computational approaches
(neuromorphic computing, quantum computing, etc.) to innovative switches (mag-
netic, molecular, Josephson junctions, etc.).

None of the approaches seems to offer a comprehensive solution, but it is not easy
to replace the result of 50 years of accelerated technology evolution. In the mean-
time, gap-stop solutions are being adopted, like moving to 3D structures for memo-
ries, using multiple lithographic steps for logic, and striving for a closer integration
of nanoelectronics (for computing) and nanophotonics (for data transfer) at the chip
level with silicon photonics.

8.8.2 Nanophotonics

Nanophotonics, even if already present in several important sectors, is still far from

having fully deployed its potential, and no fundamental technological or economic

limit is visible at the moment. However, a few critical sectors need special attention to
extend the capability of the technology:

— Integration of photonics with nanoelectronics: as discussed above, nanoelectronic
devices are used for data processing while nanophotonic devices for data trans-
mission. One critical element for high-performance systems is the data transmis-
sion among high-performance processors and between processor and memory.
Largely parallel electrical interfaces consume a lot of energy, while a photonic
interconnection could offer a high-speed serial interface at low cost. Critical
research and development issues for what is called silicon photonics are the inte-
gration of the optical drivers and detectors on the nanoelectronic device and the
interconnection of the optical fibre to the device package.

— Integrated photonics: even when using optical interconnections, nanoelectronic
devices are still needed when signals must be split, recombined, or anyhow
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Figure 8.7: Example of photonic circuit based on plasmonics (source: Intechopen.com).

merged. The conversion from optical to electronic signals and back uses time and
energy that could be saved if several optical components could be integrated on
the same substrate, using the tools (lithography, deposition, and etching) taken
from nanoelectronics.

Integrated photonic devices can be realized on different materials, according
also to the desired performances. III-V materials are used when the integration of
active devices is required. Integrated devices include low loss interconnect wave-
guides, power splitters, optical amplifiers, optical modulators, filters, lasers, and
detectors (Figure 8.7). The primary application for photonic integrated circuits
is in the area of optical fibre communication, where integrated multiplexers/
de-multiplexers have replaced discrete elements.

—  Exploitation of new materials, including new semiconductors and nanophotonic
materials and technologies. For example, photonic metamaterials (artificial
materials composed of subwavelength structured layers of different materi-
als) can be engineered so as to achieve functional properties that may not be
found in nature, like magnetism at optical frequencies, a negative refractive
index, or enhanced optical nonlinearities. Another example is plasmonics
that takes advantage of the unusual dispersion relation of light at the interface
between a metal and a dielectric, both for ultrasensitive sensors and for improv-
ing light emission or light absorption properties, in LED and in photovoltaics,
respectively.

Other more advanced applications are the use of photons in quantum comput-
ers. Since photons do not interact with one another under normal circumstances,
photon qubits could be insensitive to decoherence by stray electromagnetic fields.
Also “optical tweezers” are used to manipulate matter on the atomic or molecular
scale.
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8.9 Conclusions

Both electronics and photonics have profited from the rapid development of solid-state
technology, from the middle of the twentieth century, even if the theoretical basis had
been established already at the beginning of the century. Nanoelectronics has been
the first one to develop and to enter into everyday use, while nanophotonics has been
able to make use of the established technology basis of nanoelectronics to accelerate
its development. Today both technologies are deeply influencing our everyday life in
all its aspects and are at the basis of much larger application markets.

Exploitation potential is still far from being exhausted, and system integration
will probably further extend their impact on our life and their contribution to the
main societal problems.

Europe is well aware of the potential of nanoelectronics and nanophotonics for
its social and economic growth, and both technologies have been classified among
the six key enabling technologies (KETs). According to the Communication of the
Commission: “A significant part of the goods and services that will be available in the
market in 2020 are as yet unknown, but the main driving force behind their develop-
ment will be the deployment of key enabling technologies (KETs). Those nations and
regions mastering these technologies will be at the forefront of managing the shift to a
low carbon, knowledge-based economy, which is a precondition for ensuring welfare,
prosperity and security of its citizens” [15].

In accordance with this decision, important initiatives have been launched to
support the development of nanoelectronics and nanophotonics in Europe under
the form of two public—private partnerships, ECSEL (Electronic Components and
Systems for European Leadership), and Photonics PPP (Public Private Partnership),
respectively, which will mobilize public investments for more than 3 billion Euro
by 2020.
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9 Quantum computing

9.1 Introduction: A Short Story of Computing

We live in a digital world, and in a computation-intensive one. As all revolutions, it
started slowly. The first conceptually true computer was the Babbage’s analytical
engine, which incorporated an arithmetic logic unit, control of the program flow
through conditional branching and loops, and integrated memory. It could be pro-
grammed with punched cards (like the IBM 360 one century later). However, due to its
mechanical complexity, it was not realized physically until 1991, and in practice, com-
putation was limited to mechanical adding machines until the end of the Second World
War. The invention of the triode by Forest in 1906 opened the way to the realization of
computing machines that were not purely mechanical. However, it took a long time
before the basic concept of Babbage was implemented with electronic components and
the outcome was ENIAC,! a vacuum-tube-based monster of 30 tons, realized in 1946.

The basic concept behind the exponential expansion of computers in all fields was
that a vast class of problems can be solved by recursive operations, following a pro-
cedure (algorithm) that can be implemented and made easier with the help of a com-
puting machine. The formal basis of the computer were put down by Alan Turing [1],
who described an abstract machine that manipulates symbols on an endless strip of
tape according to a table of rules. Despite the model’s simplicity, in principle a Turing
machine (TM) can simulate any logic algorithm (Figure 9.1). Church further extended
the concept, leading to the Church-Turing thesis that states that any function of
natural numbers is computable by a human being following an algorithm, if and only
if it is computable by a TM, if problems of resource limitations are not considered.

The TM is just a conceptual device to prove fundamental limits of computation
and cannot be used for practical calculations. Most real computers are based on the
von Neumann architecture that introduced the distinction between data and program
storage.

The invention of the transistor in 1947 and of the integrated circuit in 1958 strongly
reduced the cost of computers, and allowed them to get out of the military and scientific
world and to enter civil applications. With computing cost becoming compatible with
the consumer market, and personal computers making their appearance, the economic
push behind the evolution of microelectronics has led to an exponential progress of the
computing power, closely following the Moore’s law of integrated circuit density.

1 ENIAC: acronym of Electronic Numerical Integrator and Computer. The first general purpose elec-
tronic computer of history, realized in 1946 at the Moore School of Electrical Engineering of the Uni-
versity of Pennsylvania

https://doi.org/10.1515/9783110547221-009
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Figure 9.1: Idealized Turing machine.

Special applications supercomputers are the top runners of computing power. The
TOP500 project [2] ranks and details the 500 most powerful nondistributed computer
systems in the world, testing them on a standardized benchmark, based on the solu-
tion of a system of linear equations. Currently, the China-made Sunway TaihuLight
is the world’s most powerful and fastest supercomputer, reaching 93.015 petaflops,
closely followed by the US machines. China and the United States are leading the
pack, with both nations now claiming 171 systems apiece in the latest rankings,
accounting for two-thirds of the list. Japan recently announced a new supercomputer
for 2017, which should be capable of 130 petaflops.

However, plenty of problems still exist that are requiring resources/time not com-
patible with the foreseeable advances in computer technology, even if the problems
themselves are theoretically computable. Some down-to-earth problems concern opti-
mization issues and the factorization in prime numbers. The latter is a problem for which
quantum computing is of special interest, and that justifies the large effort spent on it,
because of its practical implications. It is a well-known theorem of arithmetic that every
positive integer can be decomposed in a unique way in the product of prime numbers.
This property is used in most of the cryptographic systems, like the asymmetric key cryp-
tography, that are based on the practical difficulty of identifying the two large prime
numbers that are used to generate the keys of the system. Even if theoretically solvable,
key lengths of 128 or 256 bits would keep the most advanced computing systems busy for
such a long time as to make computation practically impossible.

Moreover, the continuation of the present rate of progress in computer performances
appears doubtful (Figure 9.2) [3]. Already in the first years of 2000, it was realized that
clock speed of computers could not go on increasing indefinitely, due to thermal dis-
sipation problems. Parallel computing in multi-core processors was introduced, but it
cannot be applied to all problems. Cloud computing has been boosted by Internet and
offers the advantage of spreading the computing task over a large number of proces-
sors, but again it is advantageous only if the algorithm lends itself to parallelization.
A second roadblock has been the approach of the end of Moore’s law, not so much
related to physical problems, but to the sharply increasing costs of the technology. It
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Figure 9.2: Evolution of computing power (data source: Wikipedia).

does not exclude the possibility that a few more advanced chips could be realized for
special applications, for which cost is not an issue, but anyhow the foreseeable progress
is not such to overcome the computing time limitations.

9.2 Quantum Theory to the Rescue

The promise of a possible solution is coming from quantum theory. In quantum theory,
the state of a variable describing a system at a given time results from a complex wave
function that gives the probability for the state having a specific value.? The act of
measurement makes the variable fall into a defined state with a certain probability
distribution, but before the measurement, the variable can exist in a superposition
of possible states: an electron exists both in the spin-up and the spin-down states,
before a measurement freezes it in one of the two states (Figure 9.3).3

2 Even if it does seem contrary to normal experience, the fact that a particle can be considered as
“spread” over a statistic distribution is confirmed by experimental evidence; for example, by the fact
that a single electron or photon can interfere with itself, or that an electron can cross a potential bar-
rier, which is at the base of Flash memories.

3 This interpretation of quantum mechanics was not accepted by Einstein, who said that: “God does
not play dice with the universe,” maintaining that the variable was already in one of the two states,
and the measurement was only revealing it. However, the reality of the coexistence of different states
has been experimentally proved.
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Figure 9.3: Bits versus qubits.

How can this principle be applied to computing? In normal computers, a variable
exists only in one well-defined state, a “one” or a “zero.” When a recursive operation is
performed starting from a number of N bits, 2N combinations must be tested, and the
time required increases exponentially with N. If however we are dealing with quantum
variables, each variable can be in a superposition of two states, that is, in both “1”
and “0” at the same time. In this case, performing the same operation on these N
quantum variables, we can test all possible combinations in parallel, and the number
of required iterations is increasing only slowly with N. It is therefore evident that a sig-
nificant gain in performance can be achieved by operating on quantum variables [4].

Theory of quantum computation has started much before real quantum comput-
ing systems could be investigated. In a way similar to classical computing, a quantum
algorithm is a step-by-step procedure, where each of the steps can be performed but
on a quantum computer. Although all classical algorithms can also be performed on
a quantum computer, quantum algorithms use some essential features of quantum
computation such as quantum superposition or quantum entanglement. Problems
that are undecidable using classical computers remain undecidable using quantum
computers. What makes quantum algorithms interesting is that they might be able to
solve some problems faster than classical algorithms.

As for the classical computer, the theoretical basis for the realization of quantum
computers have been set much in advance of their practical realization. Already in
1985, mathematician David Deutsch gave a formal definition of a quantum Turing
machine (QTM) [5]. He suggested that the classical TM could be generalized in a
QTM, replacing the classical internal states with quantum variables and the transi-
tion function by proper operators. As its classical version, the QTM has no practical
applications but can provide a very simple model, which captures all of the power
of quantum computation. Any quantum algorithm can be expressed formally as a
particular QTM.

Since then, several algorithms have been already defined for quantum comput-
ing. The most well-known algorithms are Shor’s algorithm for factoring, and Grover’s
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algorithm for searching an unstructured database or an unordered list. Shor’s algo-
rithm runs exponentially faster than the best-known classical algorithm for factoring,
the general number field sieve [6]. Grover’s algorithm runs much faster than the best
possible classical algorithm for the same task.

Shor’s algorithm has received special interest because it could be used to break
public-key cryptography schemes such as the widely used RSA* cryptography scheme,
which are based on the assumption that factoring large numbers requires unacceptable
computing times by conventional computers when the numbers are sufficiently large.

9.3 How to Realize Quantum Computing?

In micro- and nanoelectronics the basic unit of information is the bit. The bit has two
possible states typically called 0 and 1, which are physically represented by a charge
on a capacitor (DRAM, Flash memory) or by a current flowing in a circuit.

In quantum computing, the unit of information is the qubit, which is a two-state
quantum-mechanical system. A qubit is similar to a classical bit, in the sense that, if
we measure it, we obtain one of the two states, like for a classical bit, but it is intrinsi-
cally very different because the qubit can exist also as a superposition of both states.
Also, if we measure several times a bit, we are supposed to get always the same result,
be it “1” or “0,” while if we measure several times qubits that are in a superposition of
states® we obtain an even distribution of “1 and “0.”

Another important distinguishing feature between a qubit and a classical bit is
that multiple qubits can exhibit quantum entanglement. Two entangled qubits have
a higher correlation than is possible in classical systems, since the variables that
describe their state are always coupled. For example, if a pair of particles are gener-
ated in such a way that their total spin is known to be zero, and one particle is found
to have clockwise spin on a certain axis, the spin of the other particle, measured on
the same axis, will be found to be counterclockwise. What is surprising is that, when
measured, both particles collapse in their final states at the same time, irrespective of
the distance. It is not a violation of relativity, since it cannot be used to transmit infor-
mation, but it surely gets close to it. This property can be exploited in cryptography
and it is one of the reasons of the strong interest in quantum computing.

Realizing qubits in practice is not such an easy task [7]. In principle, any system
small enough to allow isolating its properties on the nanoscale can do the job. A large
variety of alternatives exists, and each group of scientist is claiming to have the best
solution. In general, what is needed is some physical support for a system that can

4 Rivest-Shamir-Adleman, from the name of the inventors, one of the first public-key cryptography
systems
5 Orrepeat several times the same measurement on the same qubit after restoring the initial condition.
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be described by a simple, easily measurable, two-state quantum variable. Most used
physical implementations of qubits are the polarization state of photons, the spin of
electrons, atomic nuclei, or atoms, the sense of current or the phase in a supercon-
ducting Josephson junction, the position of charge in a quantum dot pair, but several
more exotic versions are being explored (Figure 9.4). The large number of candidates
demonstrates that the topic, in spite of rapid progress, is still in its infancy.

The next problem is to realize the quantum logic gates that should be used to
implement the desired algorithm. The quantum logic gates can consist of laser beams
and optical paths, microwaves, electric fields, or other probes, designed to let the
system’s wave function evolve in a well-defined way such that, upon measurement,
there’s a high probability that it will collapse to the classical state corresponding to
the right answer for the problem. However, one catch of quantum computing is that
quantum algorithms are often nondeterministic, and they provide the correct solu-
tion only with a certain known probability. Repetition of the computation is therefore
needed to obtain a probability distribution. We should point out that also the well-
known Shor’s algorithm will return the correct answer only with high probability.

Aside from the practical realization of the quantum gates, the implementation of
the algorithms in a quantum computer is not an easy task. Qubits must be manipulated,
yet simultaneously protected from any external source of interference. Heat or electro-
magnetic radiation would react with the qubits in a way similar to what measurement
is doing and destroy the superposition of states. This process is known as decoher-
ence [8] and requires isolating the system from its environment. For this reason, most
of the implementation of quantum computing operate at temperatures very close
to absolute zero, down to a few tens of millikelvin. Decoherence is irreversible and

Figure 9.4: Qubit quantum processing
circuit (source: D:wave).
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is characterized by a typical decay time that can range between nanoseconds and
seconds even at low temperature. The fight for longer decoherence times is one of the
key issues of quantum computing: to have meaningful results, the decoherence time
must be much longer than the computation time.

Error correction can be used to compensate for failing qubits [9], but usual error
correction algorithms adopted for classic bits do not work for qubits. Other proce-
dures exist that spread out the information over a larger number of qubits. However,
also the extra qubits can also decohere, so adding them to the quantum system
can actually increase the system’s vulnerability to outside interference. All of this
imposes a fault-tolerance threshold on a given error correction scheme — a maximum
frequency of errors that the computer can encounter when operating on qubits,
such that adding more qubits makes more likely for the algorithm to give the wrong
answetr.

Another practical problem is the fact that the very low temperatures required to
reduce parasitic effects leading to decoherence are posing severe engineering prob-
lems to the interfacing of quantum devices to conventional electronics for the han-
dling of the results of the calculation.

In general, however, all the approaches to quantum computing tested until now
are far enough from classical binary computing which executes programs stored in a
memory. Even if basic logic quantum gates and elementary quantum memory systems
have been demonstrated and compatibility with Von Neumann computer architecture
have been theoretically proved, most of implementation are more in the way of ded-
icated machines, able to perform a single well-defined operation, in this way similar
to hard-wired logic or finite-state machines.

An alternative approach is the adiabatic quantum computation, which is used in
the only commercial quantum computer built until now. The basic concept, based on
the adiabatic theorem, is that a system can be made to evolve from one ground state
(the initial conditions of the problem) to the final state (the solution of the problem)
without losing coherence, if the transformation is slow enough, and at any moment
the distance from other possible states of the system is large enough [10]. The criti-
cal issue here is to avoid falling in the trap of the Heisenberg’s uncertainty principle
AEeAt > h.

9.4 Where We Stand Now

Theoretical work on quantum computing started already in the 1970s, but it is only in
the 1980s that sound bases were established with the paper on the QTM. Work went
on in the 1990s with the definition of several algorithms for quantum computing, and
the first example of qubits and quantum gates were realized. From then, there has
been a continuous progress in the number of qubits and in the practical demonstra-
tion of some algorithms on elementary quantum structures of a few qubits.
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Probably the most advanced qubit technology is the one based on Josephson junc-
tions. The Canadian company D-Wave claims a computing machine with 1,000 qubits
[11] that are working at little more than 10 mK under extreme vacuum (Figure 9.5). The
system works on the adiabatic quantum computation principle, looking for the lowest
energy point of a system of interconnected qubits, under the assumptions set by the
user. The processor considers all possibilities simultaneously to determine the lowest
energy and the values that produce it and returns multiple solutions to the user.
Because a quantum computer is probabilistic, the computer returns not only the best
solution found but also other very good alternatives close to it. Machines have been
sold to some key customers such as NASA, Google, and the US defense contractors.
Contrasting opinions exist on this machine: scientists of ETH in 2014 tested a previous
generation machine (503 qubits) on some problems and were not able to evidence
any quantum-related speed improvement over conventional computers [12]. At the
beginning of 2016, however, Google researchers published an internal paper claiming
a speed increase by a factor of 100 million on a simulated annealing problem [13],
which proves the difficulty in assessing the real performances of quantum comput-
ing. Skepticism concerns the number of qubits that really participate in the computa-
tion, and the decoherence time of the machine. It should be noted also that adiabatic
quantum computing requires the system to be made to evolve very slowly (ideally in
an infinite time) to avoid losing coherence, which rather conflicts with the speed of
calculation.

Figure 9.5: The D-Wave 2000Q quantum computer (source: D:Wave).
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Another popular approach involves photons. Photons do not interact with one another
under normal circumstances, and therefore a superposition state, for example of
spin, could be insensitive to decoherence by stray electromagnetic fields. However,
in order to realize quantum gates, photons have to be made to react with each other,
which could require interacting with matter. Some basic quantum computation with
photons has been already achieved, thanks also to the development of sources and
detectors for single photons. A potential advantage of the photon-based system is
given by the advances in nanophotonics that are opening the possibility of realizing
waveguides in millimeter-sized silicon chips, on which photon sources and detectors
could be mounted (Figure 9.6).

Photons are also widely used to initialize or read solid-state qubits, for example,
the spin of electrons that are trapped by the so-called nitrogen vacancy centers in
diamond - point defects in the diamond’s rigid lattice of carbon atoms where a nitro-
gen atom has been substituted.

Probably less advanced, but capable to open a wider spectrum of opportunities, is
the use of silicon as the substrate for qubits. Physicists at the University of New South
Wales in Sydney, Australia, are developing a semiconductor device involving spin
qubits made from phosphorous atoms embedded in a silicon substrate, in which qubits
have been reported to remain in a superposition state for up to 30 s. A recent paper
published by the CEA-LETI [14] illustrates the qubit formation in a nanowire silicon
MOS device. The qubit is encoded in the spin of a hole in the quantum dot defined
by one of the gates of a compact two-gate p-channel MOS (Metal Oxide Semiconduc-
tor) transistor. Coherent spin manipulation was possible by means of a radiofrequency
field applied to the gate itself. The spin quantization required operation at 100 mK, due
to the limits of manufacturable device size, but higher temperatures could be achieved

Figure 9.6: Photonic quantum gate
from the University of California, Santa
Barbara (source: Futurism.com).
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by scaling the nanodot size. The big advantage of this approach is the possibility of
interfacing with conventional CMOS technology to realize hybrid systems.

9.5 Quantum Communications

While one of the claimed potential uses of quantum computing is to break the most
common cryptography codes, quantum theory also offers a solution to secure com-
munications through quantum cryptography. Quantum cryptography exploits some
properties of quantum theory, like Heisenberg’s uncertainty principle or state entan-
glement, to transmit the key for a symmetric key cryptography in such a way that any
attempt to intercept the transmission would be detected [15]. The basic concept is that
whoever tries to intercept the transmission of the key must make a measurement and
therefore alters the distribution seen by the receiver. A comparison of the distribution
of a subset of data can evidence the presence of an eavesdropping. If not, the remain-
ing data are the key. Of course, the system requires that data be transmitted with
a high degree of coherence: any decoherence due to thermal noise or other casual
sources would spoil the statistics like an eavesdropping. This limits the distance over
which the key can be transmitted. A large statistical basis is also required. However,
several companies already entered the business, such as MagiQ Technologies (United
States), ID Quantique (Switzerland), QuintessenceLabs (Australia), and SeQureNet
(France), and secure quantum key distribution up to 100 km has been claimed.
Another side application of quantum computing in secure communications is the
generation of random numbers, which are used in cryptographic systems (Figure 9.7).
Commercially available generators make use of computational algorithms that can
produce long sequences of apparently random results, starting from a seed value

Key data in a superposition of states
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Original key data Collapsed (read) data
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»
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&@&
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Code reception

Figure 9.7: Principle of quantum cryptography.
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or key. However, the entire sequence can be reproduced if the seed value is known.
Quantum physics offers a perfect solution for the problem: measuring a system that
exists in a superposition of states gives a perfectly random result. Due to the availa-
bility of high-quality optical components and the potential of chip-size integration,
most of today’s practical quantum random number generators are implemented in
photonic systems.

9.6 Conclusions

In the last 15-20 years, impressive advances have been made in quantum computing,
both on the theoretical and on the implementation side. Mathematical basis seem
to have been firmly established and algorithms have been defined for a variety of
problems. Several approaches to generate and handle qubits have been tried, with
an increasing number of qubits and increasing decoherence times. Algorithms have
been tested in elementary form with some of the available technologies. Even room
temperature operation seems now to be within reach. However, the diversity of the
approaches still being actively investigated clearly testify that no fully satisfying solu-
tion has been reached. Moreover, the probabilistic nature of quantum mechanics has
the effect that the results of many experiments are based on statistics, and therefore
open to criticism and different interpretations.

The strong push toward the development of a quantum computer, or something
similar, comes also from its practical implications for security. It is not a chance that
one of the first D-Wave machines ended up in the labs of a US defense contractor, and
that documents by Edward Snowden affirm that the US National Security Agency is
running a large research program to develop a quantum computer capable of breaking
vulnerable encryption systems. In December 2015, IBM announced that it has been
notified by the US Intelligence Advanced Research Projects Activity (ARPA) program
of the intention to award a major multiyear research grant to advance the building
blocks for a universal quantum computer [16].

If we take into account all the technical problems, including decoherence, error
correction, and interfacing, we have to conclude that a universal quantum computer,
capable of performing all the tasks of a classical supercomputer but at quantum
speed, is still rather far in the future.

A useful alternative, which is closer at hand, is given by specialized devices
known as quantum simulators, which are built to model a specific system, or to carry
out a single algorithm. Quantum simulators that can outperform today’s best super-
computers for specific tasks might need only 50-100 qubits, having little or no need
for error correction, and could model, for example, the behavior of small molecules
or perform multiple parameter optimization tasks, like those that are supposed to be
solved by the D-Wave machine.
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Figure 9.8: Evolution of quantum computing.

On the other side, when Einstein, Heisenberg, Bohr, and Schrédinger put the basis of
quantum physics one century ago, they could not imagine that their abstract formu-
lations would have found practical application in a variety of quantum effect-based
devices to be found in everyday life, like tunnel diodes, quantum dot laser, and Flash
memories (Figure 9.8). Even now, quantum cryptography is finding its way in secure
communications, and first quantum simulators seem to be not far away. However, the
realization of the universal quantum computer seems to be much more complex, and
widely different estimations are given by scientists on the time needed.

In Europe, following a “Quantum Manifesto” [17] published with the support of
more than 3,000 representatives from academia, industry, and governmental and
funding institutions, the European Commission has decided to launch a €1 billion
initiative to coordinate science, engineering, and application work on quantum
computing. The initiative will be managed as part of the Future and Emerging
Technologies (FET) program and has a time horizon of 10 years. In 10 years, we should
have a much better view of the possible timing of the universal quantum computer.
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Livio Baldi
10 Spintronics

10.1 Introduction

Spintronics (from spin and electronics) is a new branch of nanoelectronics that
exploits the detection and manipulation of electron spin, while nanoelectronics, until
now, has been mainly concerned with the exploitation and manipulations of electron
charge. Even if the physics of electron spin (and of the spin of elementary particles
in general) dates back to the beginning of the twentieth century, the interest in the
manipulation of electron spin and the tools to enable it are relatively recent. A strong
impulse to the research in this area has come from the investigation of an alternative
to electrons as information carriers, in the quest for a solution to the perceived limits
of Moore’s law.

10.2 The Nature of Spin

In quantum mechanics, spin is a parameter linked to the angular momentum of ele-
mentary particles such as electrons, hadrons (e.g. protons and neutrons) and atomic
nuclei. It is associated with a rotation of the particle on its axis, and it differs from
the orbital angular momentum, associated with the trajectory of the particle (e.g. the
electron rotating around the nucleus).

As a quantum variable, spin was introduced by Wolfgang Pauli in 1924 to differen-
tiate electrons that occupy the same orbit. It was a consequence of the exclusion prin-
ciple by Pauli that states that two electrons cannot have the same quantum number,
and which was introduced to explain the structure of atom, as it was emerging at that
time from chemical and spectroscopic studies. It was afterwards generalized in the
Fermi-Dirac statistics that applies to fermions, particles endowed with mass, which
are characterized by half-integer value of spin. The spin of electrons can have the
value +V5.

The elementary explanation of the spin as the result of the rotation of a particle
around its axis is not correct, but it can be a useful simplified model. For particles
with electrical charge, like electrons, the angular momentum is associated with a
magnetic dipole moment, as shown in Figure 10.1.

The quantization of the magnetic dipole moment associated with the spin was
experimentally evidenced by the Stern—Gerlach experiment, where electrically
neutral atoms were thrown through a non-homogeneous magnetic field. According to
the spin, atoms were deflected in well-defined directions, indicating the presence of
discrete momentum values.

https://doi.org/10.1515/9783110547221-010
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Figure 10.1: Schematic representation of electron spin.

However, aside from its importance in the quantum theory, and some application in
spectroscopy (Zeeman effect'), the electron spin did not receive any special attention
for a long time.

It was only towards the middle of the twentieth century that the progress made in
microelectronics made possible practical applications based on the spin properties of
electrons and nuclei.

10.3 Making Spin Resonate

The first practical application of spin was related to the spin of atomic nuclei. Nuclear

magnetic resonance (NMR) is a physical phenomenon in which nuclei absorb and

re-emit electromagnetic radiation due to the interaction of their spin with an external

magnetic field. The absorption/emission takes place at a specific resonance frequency

that depends on the strength of the magnetic field and the magnetic properties of the

atoms. The principle of NMR usually involves two sequential steps:

— The application of a strong magnetic field to align the magnetic nuclear spins.

—  The perturbation of this alignment with a radiofrequency (RF) pulse perpendicular
to the polarizing field to maximize the signal. The RF pulse resonates at a frequency
that depends on the strength of the polarizing field and on the type of nucleus.

NMR was first described and measured in molecular beams by Isidor Rabi in 1938,
and in 1944, Rabi was awarded the Nobel Prize in Physics for this work. In 1946, Felix
Bloch and Edward Mills Purcell applied the technique to the analysis of liquids and
solids, which brought them the Nobel Prize in Physics in 1952. NMR spectroscopy is
currently used to study molecular physics, crystals and non-crystalline materials.
Perhaps the best-known application of NMR is as a technique for high-resolution,
non-invasive, medical imaging. The basis of this technique is in the fact that the res-
onance frequency for a given substance is proportional also to the strength of the

1 When atoms are in strong magnetic fields, electrons on the same orbit have different energy,
according to the orientation of their spin with respect to the external field. Therefore, the absorption
or emission spectral lines of the atoms split into more lines, in relation to the different energy values.
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applied magnetic field. Therefore, if a strong non-uniform magnetic field is used, the
resonance frequency varies with the position and gives the possibility of mapping the
spatial distribution of the substance.

10.4 Giant Magnetoresistance

The fact that the resistivity of some materials changes in the presence of an applied
magnetic field was known since the nineteenth century as “magnetoresistance”, even
if it could not be explained until much later, when the electronic structure of the atom
was completely understood. Several types of magnetoresistance exist, depending on
the atomic structure, but in the most common case for iron and ferromagnetic mate-
rials the resistance increases when the magnetic field is parallel to the current flow,
decreases when it is perpendicular, even if the effect is generally limited to a few per
cent. The explanation is related to the interaction of the magnetic field with the intrin-
sic and orbital spin of the electrons. This effect has been widely used in magnetic
sensors, especially for the reading heads of magnetic hard disk drives.

It was the progress in thin-layer technology, triggered by the evolution of microe-
lectronics, that opened the way to the discovery of the giant magnetoresistance (GMR)
effect in the second half of the twentieth century. In the late 1980s of last century,
both Peter Griinberg of the Jiilich Research Centre and Albert Fert of the University
Paris-Sud discovered the GMR effect working on thin layers of ferromagnetic and
non-magnetic materials. The theory was developed in the following years, and Griin-
berg and Fert obtained the Nobel Prize in 2007 for their discovery. Essentially, GMR
is related to the (relatively) large change of resistivity in thin multilayer stacks in the
presence of a magnetic field. Fert used the “Giant” term, because the change was rel-
evant at cryogenic temperatures, even if much less at room temperature.

The qualitative model of the effect (Figure 10.2) is based on the fact that the con-
duction is due to an equal mixture of electrons with spin parallel or antiparallel to
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Figure 10.2: Qualitative model of giant magnetoresistance.
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the magnetic field [1]. In metals, the spin of electrons has a longer lifetime than the
scattering process with the reticle; therefore, spin-up and spin-down electrons can be
considered as two independent currents. In ferromagnetic materials, the scattering of
electrons is different for electrons with different spin: strong for electrons with spin
antiparallel to the magnetization of the ferromagnetic material, and weak for elec-
trons with spin parallel to it. Therefore, if two layers of ferromagnetic material have a
parallel magnetization, one half of the electrons crossing them, having spin parallel,
will find a low scattering, that is, a low resistance path, while if the magnetization is
antiparallel, all electrons will find high resistance paths.

This effect is valid for currents perpendicular to the layers, as in Figure 10.2, but
also for currents parallel to it, if the layers are thin enough to have surface scattering
as the dominant effect.

The GMR effect takes place when two thin layers of ferromagnetic materials (Fe,
Co, are) are separated by a thin layer of paramagnetic material (Cr, Cu, etc.). For a
proper thickness of the non-magnetic material (in the order of nanometres), the cou-
pling between the two magnetic layers becomes antiferromagnetic, that is, the mag-
netization in the two layers is oriented in opposite directions. In this case, the resist-
ance is always high. However, if an external magnetic field is applied, the two layers
can be forced into parallel magnetization, and the total resistance drops.

If one of the two ferromagnetic layers has a high coercitive field (fixed or pinned
layer), while the other has a low coercitive field (soft layer), we have a spin valve [2].
In this case, the parallelism or anti-parallelism of the layers, and therefore the overall
resistance, is controlled only by the external magnetic field. The fixed layer can be
fixed to its magnetization direction by an adjacent antiferromagnetic layer (spin
valve) or be simply made by a material with very high coercitive strength, like NiFe
(pseudospin valve). In both cases, it is important that the separation layer is thick
enough to prevent the interaction between the two ferromagnetic layers in order to
enhance the control of the magnetization by the external field. On the other side, it
must be such as to preserve the spin orientation of the crossing electrons, such as a
conducting paramagnetic material. Replacing the conductive layer with a dielectric
gives us a magnetic tunnel junction (MT]J). In this case, the mechanism that controls
the conductivity is different and related to different density of states for parallel or
antiparallel oriented electrons. If the two layers are parallel, majority electrons on
one side will find a large density of states on the other side of the junction, and tunnel
probability will be high. If they are antiparallel, majority electrons on one side will
face a low density of states on the other side and tunnel probability will be low. Minor-
ity electrons will still face a large density of states, but their number is much lower.

The largest technological application of GMR is in the read head sensor of hard
disk drives. As the magnetic domain in the hard disk drive passes under the read
head, the soft magnetic layer of the spin valve aligns parallel to it. If the direction
is also parallel to one of the fixed layer, the resistance to the motion of the elec-
tron with the correct spin will be minimal and a “1” will be read. If the alignment
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is antiparallel, all the electrons will encounter a high resistance path and a “0” will
be read. Since the change between parallel and antiparallel orientation takes place
around H = 0, at this point the change in resistance will be maximal. Thanks to the
introduction of GMR reading heads, compact hard disk drives have become the most
popular storage medium in portable computers, and have entered, even if for a short
time, the consumer market (first-generation i-pod). Magnetic disks are still today the
most cost-effective storage medium, at the price of about 20 GB/US$ (2017).

Due to its sensitivity and relative simplicity, the GMR effect is used also in other
magnetic sensors, like solid-state compass. One special type of spin valve is also
getting increased attention for non-volatile solid-state memories.

10.5 Solid-State Memories

Magnetic storage has been at the beginning of computer industry. Much before the
introduction of semiconductor memories, the random-access memory (RAM) of com-
puters was based on arrays of tiny ferrite rings, through which wires were threaded.
The information was stored as the direction of magnetization in the ring, writing
was achieved via the @rsted effect by sending electric pulses of proper polarization
through the two wires (X and Y addresses) crossing inside the ring, and reading by
bringing the magnetization to a reference value, which induced a current pulse in a
third wire. Magnetic core memories had also the advantage of being non-volatile, that
is, of keeping the information even in the absence of an applied voltage. They were
the main RAM of computers until replaced by dynamic RAM (DRAM) in the middle of
the 1970s.

In the 1990s of the same century however, the discovery of the GMR effect and
of the spin valve opened the way to a new version of the magnetic memory, this time
based on the electron spin. The basic cell of the magnetoresistive RAM (MRAM) is
formed by a tunnel barrier spin valve or Magnetic Tunnel Junction (MT]), where two
ferromagnetic layers, one soft and one fixed, are separated by a thin metal oxide layer
(Figure 10.3 (A)) [3]. The information is stored in the orientation of the soft magnetic
layer. If the two magnetic layers have parallel orientation, the tunnelling probability
is larger than when the two layers have antiparallel orientation. Reading is performed
by measuring the tunnelling current and it is non-destructive, even if it requires
measuring very low currents. In the first implementation of the memory, the orienta-
tion of the soft layer was changed in a way similar to the old magnetic core memory,
by sending current pulses in two wires (X and Y coordinates) that cross at the location
of the cell (at 45 degrees with respect to the magnetic field orientation in the cell, to
minimize interferences).

The investigations in this kind of memory had a marked acceleration at the begin-
ning of the new millennium, culminating in several presentations at International
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Figure 10.3: (A) Schematic section and (B) stack composition of an STT MRAM.

Solid-State Circuits Conference 2003, and the announcement of a 4 Mb memory by
Motorola at International Electron Devices Meeting 2003 [4]. The interest in this
approach was related to the fact that the memory promised to combine the high switch-
ing speed of DRAM with the non-volatility of Flash, and to offer good radiation resist-
ance compared to SRAM and DRAM. It was this last characteristic that gave impulse to
the development of the memory for military and space applications. However, for less
demanding applications the memory had several drawbacks, like the large currents
required for programming via the @rsted effect, the small I_ /I ; ratio and the poor cell
scalability, also due to the programming crosstalk between neighbouring cells, since
it was not possible to contain the magnetic field in the programming wires.

The main breakthrough that has revamped interest in magnetic RAM has been
the introduction of the spin-transfer torque (STT) effect that exploits the spin of elec-
trons for the polarization of the soft layer. To achieve a parallel polarization, an elec-
tron current is forced from the fixed layer through the tunnel junction towards the soft
layer. Passing through the thick fixed layer, the spin of the electrons is forced to be
parallel to the dominant magnetic field. When the electrons enter the soft layer, they
transfer their magnetization to it, if the current is large enough. Reversing polariza-
tion is achieved by forcing an electron current in the opposite direction. The mecha-
nism is more complex, but it could be simplified in this way: electrons coming from
the soft layer and going to the fixed layer are randomly oriented. The ones with ori-
entation parallel to the fixed layer go through; the others are reflected and force the
soft layer to an antiparallel spin orientation. This effect is minimal in programming
because the STT effect of the electrons is not strong enough to change the orientation
of the thick fixed layer.
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STT memories have the advantage of being programmed through an electric current,
and therefore are immune to the parasitic magnetic fields that were limiting the scaling
of previous generation GMR RAM. Further progress has been achieved by introducing
MgO as dielectric, which increased the I /I ; ratio to more than 300% [5], and by using
fixed and soft layer with magnetic polarization perpendicular to the layers and parallel
to the electron flow. The scalability of the STT MRAM cell has been demonstrated by the
announcement of a 4 Gbit memory by Hynix-Toshiba in 2017 [6], even if the largest com-
mercially available device at the moment is the 256 Mbit memory by Everspin.

STT MRAM is considered a viable alternative especially for the replacement of
DRAM, due to high programming speed, endurance and non-volatility. However,
some issues are still to be solved, like the low I /I ; ratio, the small voltage window
between programming and breakdown voltages, problems of stability of magnetic
polarization and the complexity of the metal stack (Figure 10.3 (B)). Several addi-
tional layers are needed for contact, layer adhesion, matching of crystalline structure
and compensation of stray magnetic fields, bringing the total to more than 10 layers,
with thickness in the range of a few nanometres.

Several alternative approaches are being considered to reduce the programming
current and to improve the reliability of the memory, like
— the introduction of local heating, possibly induced by the same programming

current, to decrease the switching energy (thermally assisted MRAM) and
— theuse of voltage control of anisotropy (VCMA) or of more exotic effects, like Spin-

Hall effect or topological insulators, to achieve the switching of the free layer with

a current parallel to the tunnel junction.

A completely different approach is the racetrack memory, originally proposed in 2003
by IBM [7, 8]. It is a sort of shift-register memory, in which domains of different polar-
ity are moved along a magnetic wire by the application of a current. In principle, high
densities could be achieved, especially if vertical wires could be used, as in the original
patent, but scalability, controlled domain motion and current densities are still an issue.

10.6 Spin Oscillators

Another potentially interesting application of the spin valve is the spin-transfer
nano-oscillator (STNO) [9]. The basic structure is the spin valve, with a fixed magnetic
layer, a thin non-magnetic separation layer and a second thin “soft” magnetic layer.
The non-magnetic material can be a conductor, as in the GMR spin valve, or an insula-
tor as in the tunnel spin valve of STT MRAM. As discussed above, when the electrons,
spin polarized by their passage through the fixed magnetic layer, are injected into the
soft layer, the angular moment they are carrying exerts a torque on the magnetization
vector of the soft layer leading to either reversal (the effect exploited in the memory)
or to a persistent precession, with the generation of microwaves. An external magnetic
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field, applied off-axis with respect to the easy axis of the free layer, ensures the contin-
uation of the precession and avoids the stabilization of the layer (Figure 10.4). The fre-
quency of the oscillation is related to the applied field strength and the current density.

To produce a significant oscillation effect, the current density must be high, in
the order of 107 A/cm?, which means that the device geometry must force the current
through a very small cross section. Therefore, STNOs are built either as thin pillar-like
structures or as point-contact structures on extended multilayers.

The use of a conductive or of an insulating non-magnetic layer has an influence
on the characteristics of the oscillator: in the first case, the series resistance is low
and therefore the required large current density can be achieved at low voltages.
However, the output signal is also small. In the second case, a larger output power
can be obtained, because of the larger output resistance, but the breakdown voltage
of the tunnel junction, which is around 1-1.5 V, limits the current.

STNOs can be realized with the magnetic field in the fixed and soft layer either
parallel or perpendicular to the plane of the junction. Another option is to have the two
polarizations perpendicular to each other, which can lead to permanent oscillations
even in the absence of the external magnetic field, but the structure can be less stable.

The interest in the STNOs lays in the several potential advantages over standard
LC (Inductance-Capacitance) voltage-controlled oscillator (VCO):

— They are tuneable by bias current and magnetic field over a range of several GHz,
which is much larger than what is achieved with VCOs.

—  They work over a broad range of temperatures and can be biased at low voltages (<1.0 V).

— The structure of STNO is quite simple and compact, and in principle compati-
ble with standard CMOS (Complementary MOS) making it especially suitable for
on-chip integration.

Figure 10.4: Schematic description of a spin
transfer nano-oscillator.

The main problems to be solved are the very low output power, which is anyhow
improved by using the tunnel spin valve approach, the large external magnetic field,
which would be an obstacle to on-chip integration and the large phase noise, which is
mostly due to the impact of thermal fluctuations on the dynamics of magnetic
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nanostructures. Research is very active, and more complex device structures, including
additional magnetic layers and the use of more exotic spin effects, like topological insu-
lators, are being investigated for this purpose.

10.7 The Quest for Spin Logic

The discovery in the early 2000 that limits imposed by power dissipation to microcon-

troller scaling were much closer than the end of Moore’s law triggered a large inves-

tigation in alternative devices, architectures and information carriers. There were
several contributors to the problem:

— While the geometrical size of the transistors had been scaled according to the
Dennard’s scaling rules, the supply voltage was not, leading to a significant
increase in switching power for the elementary gate.

— The progress of the technology allowed an increase in chip size, which did mean
longer interconnections and larger parasitic capacitances to be charged for signal
transmission.

— The clock frequency, that is the computer speed, has been constantly increasing,
paralleling Moore’s law.

The increasing awareness of the problem is evident from the extrapolated maximum

power dissipation of high-performance MCU (Micro Controller Unit)s in the subse-

quent versions of ITRS (International Technology Roadmap for Semiconductors) from

2001 to 2011 (Figure 10.5), which at the end had to comply with the package thermal

dissipation limit of around 150 W.

Waiting for a better technology to become available, the problem was bypassed
with the introduction of multicore processors, using parallel processing techniques
and limiting the clock frequency to around 3 GHz, even if this solution is not ideal for
all classes of problems.

Already in the 2001 release of ITRS (International Technology Roadmap for Semi-
conductors) several alternatives were considered, such as spin devices and spin-based
logic. The interest in spin as information carrier was based on two facts:

— If information could be transferred by changing the spin orientation of electrons
with spin waves, instead of physically moving the electrons, the power dissipa-
tion due to capacitance charging could be strongly reduced.

— The discovery of the GMR and the recent results with magnetic memories based
on tunnel junction spin valves were showing that spin manipulation was possible
and exploitable even outside the research labs.

An all-spin logic, where the transfer of spin orientation replaces the electron propaga-
tion in interconnections, could be the ideal solution to the power dissipation problem.
To this purpose, it is required to inject, propagate and detect spin signals.
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Figure 10.5: Allowable maximum power forecast — high-performance MCU with heat sink (source
data: ITRS).

— Spin transistor
A theoretical model for a spin transistor already exists since 1989 and it is the Datta-
Das model [10]. Inits essence, it looks like a metal oxide semiconductor (MOS) device,
in which a spin-polarized current is injected through a ferromagnetic material at the
source and is collected by another ferromagnetic contact at the drain (Figure 10.6).
The spin direction of the electrons in the channel can be manipulated by influ-
encing the spin precession angle with the voltage applied to the gate, exploiting
what is known as Rashba effect [11]. Assuming that source and drain ferromagnetic
contacts have antiparallel orientation, when the gate voltage is such as to invert the

Von

Figure 10.6: Schematic model of a spin transistor.
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spin orientation of the electrons in the channel, they become parallel to the drain,
all the current goes through and the transistor is on. On the contrary, if the voltage
is such as not to invert the spin or to invert it an even number of times, electrons are
antiparallel to the drain contact, the drain current drops and the transistor is off.
However, injecting spin-polarized electrons into the semiconductor channel can
be hard to achieve, due to the impedance mismatch between semiconductor and
ferromagnetic source and drain. The electrical injection of spin-polarized electrons
in a semiconductor can be improved by inserting a thin insulating tunnel barrier,
as in STT MRAM, but, in this way, it is not easy to achieve large currents.

Spin propagation

Signal propagation is another problem since the excess spin injected into a
semiconductor (or a metal) tends to relax to zero, which is the equilibrium value of
non-magnetic semiconductors. It has been demonstrated that spin can propagate
up to 350 um through a silicon wafer at 77 K. Similar values have been reported
for graphene at low temperatures. At room temperature the spin diffusion length
is reduced to approximately 200 nm, while for other non-magnetic materials,
values of 100-1,000 nm have been achieved. More recently, spin transport lengths
up to 20micron have been reported in Silicon at room temperature (T. Sasaki et
al., 2014). Confining the electrons with thin multilayers further reduces the spin
lifetime, because of the scattering events at the interfaces. These values appear
to be still far away from the target needed to give an effective contribution to the
reduction of power dissipation in microprocessors. Power dissipation analysis on
microprocessors has shown that the largest part of interconnection-related power
dissipation takes place over lengths larger than 10 pm [12].

Spin detection

Spin detection is probably the least difficult of the problems related to full spin
logic, since it can be performed with existing spin valves. One problem is however
the low signal-to-noise ratio that in other existing implementations (read head
sensors, STT MRAM) is overcome by amplification with conventional nanoelec-
tronic circuits.

In summary, even if simple logic gates, involving short-distance spin transfer, and
elementary logic operations based on spin manipulation have been demonstrated by
several authors, the realization of an all-spin logic seems still far away.

Among the stumbling blocks on the way to make spintronics a replacement for

conventional nanoelectronics in complex circuits, there is:

the fact that most of the experiments to realize logic operation have been per-
formed at cryogenic temperatures, while performances are severely degraded at
room temperature where normal electronics is expected to operate;

devices realized until now have a low output current thus limiting the device fan
out, and making impossible to drive long interconnections;
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— the combination of ferromagnetic materials with semiconductors gives rise to
many different compatibility problems. Many different combinations of materials
are being investigated, including ferromagnetic semiconductors, but no consoli-
dated solution has emerged yet.

10.8 Mixed Logic

STT MRAMs have been proposed also as basic components of non-volatile logic gates.
As shown in Figure 10.7, STT MRAM cells could be combined to execute basic logic
operation; in this case, an AND function. If both A and B cells have parallel orienta-
tion (both “1”), the sum of the two currents is enough to switch the cell C to a parallel
orientation. If at least one of the two cells A and B is in antiparallel orientation (“0”),
the resulting current does not suffice to switch C, and the result is “0”. More complex
basic devices, like flip-flops, buffers and other logic gates, can be obtained by prop-
erly combining more cells and can perform basic combinatorial logic operations [13].

However, this kind of logic suffers from a few disadvantages, like the proper bal-
ancing of currents to achieve or avoid switching, the immunity to disturb, the very
low fan out and the possible interactions among connected cells. Intermediate CMOS
circuitry can be used to decouple cells, performing extra read/write operations to read
out the information stored in the output (target) and to write it to an input (source)
MT]J, but at the cost of increased complexity, increased delay and energy consumption.

Even if full spin-based logic is still far away, more immediate results could be
obtained by merging spin-based memories, like STT MRAM, with conventional CMOS
memories. One of the advantages of STT MRAM over the most diffused memory types
like Flash and DRAM is that it can be integrated on top of conventional CMOS logic,
with just the addition of a multilayer stack and some interconnections. With respect
to SRAM, which is the other commonly embedded memory, it has an area advan-
tage, being ideally a 1T solution instead of a 6T or 8T one, and does not present the
same disturb sensitivity and stability problems with scaling. Moreover, STT MRAM
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is non-volatile and therefore can act as buffer to store intermediate results, without
power dissipation. Since one of the techniques used to reduce overall power dissi-
pation in logic circuits is to turn down power supply to the circuit part that are not
used at the moment, the insertion of non-volatile STT MRAM elements can allow a
quick restart, without the need to download the circuit past status from an external
memory.

STT MRAM can also be used in FPGA (Field-programmable Gate Array) wcircuits,
to store internally circuit configurations, avoiding the use of external memories,
and allowing for fast reconfiguration. A more advanced possibility would be to use
STT-programmed embedded FPGA blocks in processors as hardware accelerators to
execute specific tasks, thus reducing overall power dissipation.

10.9 Spintronics: An Outlook

Spintronics is a quite new science. It really started with the discovery of the GMR
effect in the 1980s of last century, and became quickly a front-end technology with its
successful application to the read head of hard disk drives. The invention of the spin
valve has led to two other applications that are on the verge of industrial exploitation:
the STT MRAM, already commercialized for special applications, and the spin-torque
oscillator, which still requires some research effort. The increased sophistication of
analytic tools, the availability of new materials and the possibility to create multi-
layer metamaterials and well-controlled surfaces with advanced deposition tools like

MBE (Molecular Beam Epitaxy) or ALD (Atomic Layer Deposition) are increasing the

interest in the study of more exotic spin-related effects. The fact that electrons behave

as magnetic dipoles gives rise to a variety of effects that tends to separate electrons
with different spin orientation. The most interesting ones for a possible application in
spintronics are the ones related to interaction with electric fields:

—  The spin—orbit interaction is the interaction of a particle’s spin with a magnetic
field generated by its motion. The first and best known example of spin-orbit
interaction, whence it comes the name, is the interaction of the spin of an electron
with the magnetic field related to its orbital motion around the nucleus, which
results in the splitting of the electron energetic levels associated with that orbit.

—  The Spin Hall effect consists in the accumulation of electrons with opposite spin
directions on the lateral surfaces of a sample in which an electric current is
flowing, and it is related to the interaction between the spin of the electron and
the magnetic field generated by the current flow.

—  The Rashba effect is a more complex form of interaction that can take place in a
bidimensional layer in the presence of a vertical electric field. When the electron
spin is not aligned with the magnetic field induced by the electric field, spin pre-
cession takes place with a frequency that depends on the magnitude of the field.
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— The magnetoelectric effect: in recent years, it has been published that an applied
electric field can modify in a reversible way the magnetocrystalline anisotropy
of thin ferromagnetic intermetallic compounds. This effect, which seems to be
related to the spin—orbit interaction, could be of primary importance for mag-
netic memories and transistors.

— Other effects concern the interaction of electron spin with thermoelectrical effect
(spin Seebeck effect) and with plasmons at the surface of conducting layers (spin
plasmonics).

Most of these effects have been primarily detected at very low temperatures, but can
become relevant in quantum wells, realized with very thin, or bidimensional (as for
graphene) layers. At the moment, they are mainly being investigated at the research
laboratory level.

Elementary magnetic gates have been demonstrated with a variety of technol-
ogies and even more complex serial logic chains have been realized with magnetic
cellular automata, in which magnetic nanodots interact via magnetic coupling, on
the same principle of quantum cellular automata based on single electron transis-
tors. The advantage of magnetic quantum automata is in the capability to work at
room temperature, even if external magnetic fields are requested to inject data or to
perform the logic operations [14].

10.10 Conclusions

In spite of its quite recent origins, spintronics has managed the transformation from
basic science to industrial technology, taking profit also from the progress in micro-
electronic technology, which on one side has made possible the mass production of
spintronic devices, and on the other side has allowed the detection and amplification
of the relatively weak spin-related signals. The breakthroughs like the mass introduc-
tion of GMR-based reading heads in hard disk drives, and the commercialization of
the STT MRAM, have given a further push to both basic and industrial research.
Early enthusiasm in this field appears to be premature because no viable alterna-
tives to the MOS transistor have been realized. Proposed circuit solutions are charac-
terized by low fan out and lack of capability for driving long-range interconnections,
which are the ones that are responsible for the greater part of power dissipation in
complex logic circuits. However, on the short and middle term STT MRAM can replace
SRAM and DRAM in the cache levels of processor architectures. Their capability to
be integrated on top of advanced CMOS logic allows introducing non-volatility very
close to logic blocks to reduce static power consumption, and to make use of inno-
vative architectures with memory blocks finely distributed among logic to minimize
the distance that data have to travel. In the longer term, the number of spin-related
effects that are being investigated may make new logic approaches possible. Material
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research and better physical understanding of the phenomena that take place in thin
layers and at their interfaces, coupled to the availability of tools to reliably control
layer deposition at the molecular layer, could open the way to the realization of inno-
vative devices and open new fields of technology.
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Part Ill: Nanotechnology for Industrial Applications






Urszula Narkiewicz
11 Nano-catalysts: research — technology -
industrial applications

11.1 Introduction

The “nanoboom” at the turn of twentieth/ to twenty-first centuries was less crucial for
catalysis than for other fields of research and technology. The first reaction of the cat-
alytic scientific milieu at the appearance of nano was rather cool. Nano has not been
perceived as an important breakthrough, but rather as an evolution, not a revolution,
because catalytic people were always being familiar with nanoscale, or even smaller.
Before the nano era, catalysis was used to apply nanoclusters of noble metals dis-
persed on a carrier, or nanocrystalline metals and alloys, or zeolites with nanochan-
nels, and so on. Francois G. Gault in 1957 demonstrated the influence of platinum
dispersion on the support on the selectivity of the hydrogenolysis of cyclopentanic
hydrocarbons.

It has always been obvious that catalytic performance strongly depended on the
size and shape of catalysis particles at nanoscale (or on the size and shape of nan-
ochannels in catalysts or catalytic carriers), as with increasing surface-to-volume
ratio of particles, the number of exposed active sites for reactants adsorption, and
activation increased, too. The catalytic performance is extremely sensitive to particle
size, as at nano- and subnanoscale surface structure and electronic properties change
dramatically (for better, taking into account the catalytic phenomena). But, even if
scientists in catalysis were (comparing with other fields of science) less excited by the
dramatic increase of nanotechnology importance, the appearance of nano brought a
lot of new insight in catalysis development.

The huge market for nanomaterials opened in many areas, among them for cat-
alysts, sorbents, and sensors. Nanotechnology Products Database [1] created in 2016
reports on 7,819 nanoproducts produced by 1,253 companies in 52 countries. Accord-
ing to the National Science Foundation, the worldwide nanotechnology market sur-
passed $1 trillion in 2015.

What is the impact of nanorevolution on the development of such a well-
established field of science and industry as catalysis is? What are the links between
these two domains, nanotechnology and catalysis?

Catalysis always used to couple this nano (or sub-nano) world, where chemical
reaction occurs, with macroscopic world of reaction engineering, where in industry
sometimes hundreds of tonnes of materials are applied to fill the reactor.

The significance of catalysis for chemical industry is crucial. More than 90%
of processes in chemical industry run with the use of catalysts. The worldwide

https://doi.org/10.1515/9783110547221-011
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market of catalysts is higher than $5 bn. Catalysts enable to accelerate the rate of
chemical reactions, to minimize the volume of side products, and to save energy
(offering the possibility to perform the processes at lower temperatures or under
lower pressures).

Some processes could not be performed without catalysts. For example, synthesis
of ammonia from elements, more than hundred-year-old industrial process, is per-
formed in industry using an iron catalyst, with efficiency of 500-1,000 tonnes or Mg
of ammonia per day. To perform the same process without a catalyst, an appropri-
ate reactor should have the dimensions of our galaxy, and despite that, its efficiency
would be 0.1 g of ammonia per day only, which is a miserable result when comparing
with the performance of the simple and cheap iron catalyst, over hundred year old
and having a nanocrystalline structure.

Recently, there is a growing demand for fine chemical industries and a need
to fulfil increasingly stringent ecological standards. To satisfy these needs, new
technologies are required as well as new, more effective, and more selective cat-
alysts.

The most important issues to address in heterogeneous catalysis are:

1) stability of the active phases in time,

2) reversibility of poisons’ adsorption on the catalyst’s surface,

3) real catalytic reaction, which means that the reaction is exclusively controlled by
kinetics.

How can nanotechnology contribute to the development of the efficient catalysts?

Catalysis did not contribute to the creation of nanotechnologies and nano-
sciences, for example, through important breakthrough catalytic discoveries, but the
movement was in the opposite direction — development of nanotechnology brought a
lot of benefits for catalysis.

The influence of nanotechnology started roughly 50 years ago, but unfortu-
nately at that time scientists were not able to give clear scientific explanations
of that phenomenon. There were no experimental tools and quantum chemistry
was not so developed as it is now. Then we have had to wait until the end of the
twentieth century to explain the influence of particles size on catalytic reaction
and only at this time the “material” aspect of catalysis became as important as the
kinetic one.

In the first half of twentieth century and before, catalytic reactor has been per-
ceived as a magic black box, in which reactants entered and products were obtained,
but nobody knew what really happened at the catalyst surface. The appearance of
surface science techniques in the second half of twentieth century and a development
of modelling and simulation techniques improved the situation, enabling to explain
the mechanism of many catalytic reactions or to confirm the mechanism proposed
before as a hypothesis.
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11.2 Size and Shape of Catalyst Particles
and Structure Sensitivity

At the end of twentieth century, the explosion of nano brought a considerable added
value in material science and in catalysis (both in science and in industrial practice).

Industrial catalysts are often in the form of nanoparticles. The examples of heter-
ogeneous nanocatalysts can be dispersed metal nanoparticles (Au, Pt, Pd, Rh, etc.),
oxide nanoclusters (FeO,, VO,, MoO,, CrO,, CoO,, etc.), and mesoporous molecular
sieves (silicates, zeolites, and nanotubes). In homogeneous catalysis, various metal
complexes, colloidal metals, or enzymes can be applied.

The size and shape of catalyst nanoparticles have been hardly tunable before the
nano era. Recently, the structure sensitivity and the effect of catalyst particle size in
nano and subnano level were successfully addressed in many cases.

Before the nano era, the interesting surface science studies of catalysts were
carried out on monocrystals at ultrahigh vacuum (UHV) conditions, so far away from
real conditions of catalytic processes, carried out at ambient or elevated tempera-
tures, at higher pressures, and using complex catalytic systems. Then, it was a huge
“pressure gap” and “material gap” between surface science studies and real catalytic
processes.

Nevertheless, there was some research bridging the gap, for example the paper
of Dauscher et al. [2], in which the isomerization and hydrocracking reactions of
2-methylpentane and n-hexane and the hydrogenolysis of methylcyclopentane were
investigated on a clean Pt(311) single crystal at 350°C under atmospheric pressure
in an isolation cell housed within an UHV chamber. The Auger electron spectros-
copy was applied to monitor the surface composition before and after the catalytic
reactions. The results were compared with those obtained in the same experimental
conditions on Pt(111), Pt(557), and Pt(119) surfaces, a polycrystalline foil, and two Pt/
AL, catalysts of both low and high dispersion. According to the obtained results,
the reactions were structure sensitive taking into account catalytic activity, selectivity
towards isomers produced, and selectivity as regards mechanisms. On the contrary,
the distribution of cracked products presented no significant structure sensitivity on
“massive” metal surfaces although the highly dispersed alumina-supported platinum
catalysts behave differently. The so-called B; site configuration was responsible for
the bond-shift plus cracking reactions and that the atoms located at the corners and
edges were involved in the cyclic mechanism.

Surface science studies enabled to discover structure sensitivity of some catalytic
reaction — as in the case of the ammonia synthesis, which occurs much more quickly
on Fe(111) face than on other crystalline planes [3-5]. Recently, Wang et al. [6] applied
density functional theory (DFT) calculations in combination with atomistic thermody-
namics to study N, dissociative adsorption on various iron surfaces at different cover-
ages and conditions. Since the Fe(100) surface has 25 times higher activity in ammonia
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synthesis than Fe(110) surface, this surface reconstruction should be of great signifi-
cance in improving activity of ammonia synthesis reaction. It can be done under N, pre-
treatment, when Fe(100) is the most exposed surface. Separate attention should be paid
for iron catalyst with promoters, mainly potassium [7, 8], which significantly alternates
the surface state.

The important discoveries achieved at the end of twentieth century and being a
real breakthrough in catalytic knowledge were done on monocrystals under UHV con-
ditions only and have never been reflected in industrial practice. Together with the
arrival of the nano era, new techniques were developed, enabling to prepare materi-
als with specific crystalline facets exposed and to study the real catalysts under real
work conditions.

In the nanoworld, according to the “bottom-up” approach, it is possible to create
nanomaterials by assembling them from building nanoblocks, so it is possible to
expose a preferred crystalline plane. Then, thanks to nanotechnology, the dream
about catalytic performance improvement using a morphology-induced activity,
through an exposition of the preferred (the most active) crystalline facet, has become
a reality. It became finally possible to change the traditional catalytic approach
“smaller is better” to a “specific morphology is better” one.

One of the crucial goals in catalytic studies nowadays should be to design and
fabricate nanostructures with defined morphology, to obtain high density of active
sites on the surface, and to reach an optimum activity and/or selectivity.

It seems to be difficult to design and fabricate nanocatalysts through atom-
by-atom synthesis and to obtain a volume needed at least for bench-scale testing.
Fortunately, there are also much simple ways to fabricate nanocatalysts without the
use of building nanoblocks. There are more and more studies demonstrating that
the external catalytic morphology is more crucial for catalytic activity than specific
surface area.

Xie and Shen [9] described the importance of the morphology and crystal plane of
Co,0, nanomaterials in CH, combustion and CO oxidation reactions.

Co,0, nanorods [10] were much more active in low-temperature oxidation of CO
than conventional Co,0, nanoparticles. Hu et al. [11] investigated the effect of the mor-
phology and crystal plane effects of Co,0, nanosheets, nanobelts, and nanocubes on
methane combustion. The reaction proceeded about two times faster over the nano-
sheets than on the nanocubes.

Tao et al. [12] thoroughly studied nanocatalysis of two shapes of individual pal-
ladium nanoparticles — cube with (100) facet and octahedron with (111) facet. The
studies were carried out with single-turnover resolution, and the facet-dependent
activities and dynamics were observed. The winner was Pd octahedron, achiev-
ing higher intrinsic catalytic activity per site than Pd nanocube. Studies of this
single-molecule catalysis could deepen the knowledge about catalytic kinetics and
dynamics on different facets and to encourage researchers to design and perform con-
trollable syntheses of nanocatalysts with high activity and stability.
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Crampton et al. [13] proved that a procedure enabling to classify a reaction as
structure sensitive or insensitive must be reexamined and reevaluated for particle
sizes in the nonscalable subnanometre regime. In this regime, surface chemistry
becomes strongly dependent on the precise number of atoms in the catalysing particle.
The authors showed that ethylene hydrogenation is indeed a structure-sensitive reac-
tion in the subnanometre particle size regime of Pt,—Pt,,, with a maximum reactivity
observed for Pt ..

Pt catalyst used for benzene hydrogenation produces both cyclohexene and
cyclohexane on the Pt(111) face, while only cyclohexane is formed if Pt(100) face is
exposed [14, 15].

Truncated triangular, cubic, and near-spherical silver nanoparticles were pro-
duced and their activity in the process of the oxidation of styrene in colloidal solution
was investigated by Xu et al. [15].

Chimentao et al. [16] applied poly(vinylpyrrolidone) as the template to obtain
two different Ag nanoparticle morphologies: silver nanowires and nanopolyhedra,
supported on a-ALO,. The authors stated that most exposed crystal face of the silver
nanowires and nanopolyhedra was (111), which may have a beneficial effect on the
selective oxidation of styrene. Silver nanopolyhedra are more reactive because they
have more edge and corner atoms with a higher coordination number than terrace
atoms with lower coordination number.

Then, the synthesis of shape-controlled silver nanoparticles can have potential
applications for the selective oxidation of olefins.

The process of styrene oxidation was also investigated on very small platinum
clusters [17] supported on titania. Platinum nanoclusters have been synthesized by
reduction of H,PtCl,-6H,O salt with NaBH, in the presence and absence of water-
soluble I-cysteine ligand. The applied method allowed producing a very narrow size
distribution of platinum clusters ~1 nm, supported over anatase titanium dioxide
(Ti0,) by 1% wt/wt. The authors applied the obtained catalyst in the process of styrene
oxidation. The monodisperse clusters showed an extremely high catalytic activity in
oxidation of styrene using H,0, as oxidizing agent with 100% selectivity to benzalde-
hyde selectivity. The conversion and selectivity were better than using oxygen as an
oxidizing agent.

Another example of structure sensitivity of nanoparticles is ceria, which is very
important in exhaust car catalysts because of its well-known oxygen storage capacity.
In this case, even if ceria (111) plane gives larger surface area than (100) and (110)
facets, the latter ones are more active in CO oxidation, so it is better to apply ceria
nanorods instead of the traditional ceria carrier [18].

The size of ceria nanoparticles is of crucial importance in the case of CO oxida-
tion on gold catalyst supported on ceria. Carrettin et al. [19] showed that the activity
of ceria with particle size of 3.3 nm (specific surface area of 180 m?/g) was two orders
of magnitude greater compared with a ceria material having average particle size of
15.9 nm (specific surface area (SSA) of 70 m?/g). Such a result was explained by a
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synergistic effect of nano-Au and nano-ceria, enhancing the formation of highly reac-
tive oxygen species at one-electron defect sites of the support.

As it has been emphasized here above, the most important and specific for nano-
catalysts is their ability to create nanoparticles that present a specific crystal face
to the reaction medium. As a result, significant changes in yield balances between
competing end-products are achieved. Then, the key issue in practical catalysis now-
adays should be to find an appropriate synthesis procedure in order to obtain a pre-
ferred nanocatalyst morphology, leading to an increase in the density of highly active
sites at the surface and inhibition of the exposition of less reactive sites, and/or the
optimum porous structure. All the “wet” preparation techniques seem to be the most
flexible and facile in this end. Both old, traditional solution-based methods (as pre-
cipitation or sol-gel techniques) and new ones (as microwave-aided sonochemical or
solvothermal techniques, or deposition of colloidal systems on supports) can be used.
However, for some purposes the solid-state or gas-phase methods (as atomic layer
deposition) can be recommended as well.

Various bio- and biomimetic techniques are recently more often applied, for
example, synthesis of highly active Pd nanocatalysts using biological buffers (HEPES
and Tris), described by Janairo et al. [20]. The size of the obtained palladium nanopar-
ticles was below 10 nm and they were produced in a one-pot synthesis under ambient
conditions. The catalyst was successfully tested in the reduction of nitroaminophenol
isomers.

Fei et al. [21] used a mussel-inspired approach to design and fabricate a recy-
cling-free nanocatalyst system based on the stabilization of in situ-reduced noble
metal nanoparticles on silicone nanofilaments. The authors prepared the nanocata-
lyst based on Pd nanoparticles and demonstrated its high activity and high selectivity
in single and successive Heck coupling reactions, but the approach can be extended
to other supported noble metals and other reactions.

The fabrication of nanocatalysts can occur in various environments — liquid,
solid, gas, or mixed phases. The interplay of homogeneous and heterogeneous catal-
ysis can be observed, as well as the growing implementation of enzymatic catalysis to
perform complex synthetic transformations.

There are some common bottlenecks in the nanocatalysts fabrication, mainly lack
of reproducibility, agglomeration, sophisticated equipment, high cost, large volume
of additives/solvents, and lack of stability of obtained nanostructures. These key bar-
riers are not specific for nanocatalysts, but common for all nanomaterials and will be
overcome step by step, as a result of combined research in heterogeneous catalysis,
material sciences, and surface sciences studies.

Various capping agents (organic ligands, polymers, surfactants, dendrimers,
cyclodextrins, and polysaccharides) are crucial in nanocatalysis, which was thor-
oughly discussed in the review paper of Campisi et al. [22]. The role of capping agents
is to protect or to functionalize catalytic nanoparticles (e.g. to facilitate the anchor-
ing onto the support resulting in a high metal dispersion) and, as in the standard
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catalysis, they can act in a promoting or poisoning way. The issue of tuning the activ-
ity and accessibility of gold clusters through ligand engineering was addressed by Li
et al. [23].

Despite the significant importance of capping agents in nanocatalysis, there are
also reports [24] about one-pot wet chemical synthesis of nanocatalysts without the
use of capping agents, just by combining nucleation/growth with the dissolution of
crystals in a reaction—diffusion system.

The issue of role of surface oxides in the catalytic oxidation reactions is often
addressed, as in the paper of Lee et al. [25], dealing with surface oxidic motifs of Cu on
Au(111), depending on the oxygen atmosphere and the type of surface defects intro-
duced in the oxidic layer.

There is a crucial need to develop reproducible synthesis methods, resulting in
controllable and tunable properties of nanocatalysts in a reproducible way, giving
always the same size (and size distribution), shape, composition (bulk and surface),
dispersivity, and so on. Despite the catalyst surface morphology, the fabrication of the
appropriate porous nanostructures is an important challenge. The meso- and macrop-
orous materials offer much lower resistance to molecular diffusion than microporous
ones. Then, it is of cardinal importance as to how to better control the shape and size
of the channels and cavities of the final catalyst. However, the microporous materials
have also negative features — severe diffusion resistance and blocking of the entrance
to the pores by side-products. A solution can be the application of hybrid meso-micro
materials, microporous materials with interconnected array of mesopores, serving as
highways for the reactants, and facilitating their access to micropores.

11.3 Nanostructured Noble Metals in Catalysis

Nanocatalysis is based mainly on noble metals, in particular gold. A spectacular
career of gold in catalysis commenced together with development of nanotechnology.
Bulk gold has been perceived before as unreactive until Haruta [26] demonstrated an
exceptional highly selective catalytic activity of gold nanoparticles in the range of
3-5nm in CO oxidation. The discovery opened a new approach to the understanding
of fundamental mechanisms controlling the behaviour of atomic clusters and nano-
particles, which form a bridge between atoms and their bulk counterparts. Then, even
catalytically inactive and inert materials can become active catalysts thanks to the
size, structure, morphology, and support effects at nanoscale [27]. Another important
discovery about gold catalytic properties in the 1980s concerned the prediction that
Au would be best catalyst for ethyne hydrochlorination [28]. Recently, gold has been
shown to be a very versatile redox catalyst [29].

Examples of application of nanoparticulate noble metals in catalysis are shown
in Table 11.1.
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Table 11.1: Noble nanometals in catalysis.

Noble Catalyst Reaction Results Ref.
metal

Au Uniformly sized Au Direct synthesis of Formation rate of H,0, on the [30]
nanoparticles as hydrogen peroxide nanorattle of Au@SiO, was 2-3
the core of the rattle under ambient orders of magnitude higher than
nanoarchitecture conditions that of other Au catalysts
system, composed
from silica sphere and
silica shell

Pd-Au Pd-Au/titania H,0, synthesis Pd,Au catalyst exhibited the [31]

best performance with the H,0,
selectivity of 48.1%

Pd-Au Pd-Au colloid catalyst H,0, synthesis H,0, yield (57%) and H, [32]
in the presence of NaBr conversion of 85%)
and H,PO,

Au Yolk-shell Catalytic aerobic High catalytic efficiency [33]
nanocomposites of Au  oxidation of alcohol in
nanocore encapsulated aqueous solution
in electroactive
polyaniline shell

Au Gold-based Pyrrole Au nanoclusters (2-3 nm) and [34]
unsupported polymerization atomically thin gold nanosheets
nanocomposites — (30-50 nm) incorporated as
nanoreactors active centres in self-assembled

polymers. The activity of the
obtained Au-nanoreactors was
better than that of similar Pt-based
nanoreactor.

Au Self-assembled Nanoreactors For the first time pure atomically [35]
biomimetic produced using thin gold sheets were obtained.
nanoreactors with gold poly(styrene-
active centres alt-maleic acid)

Au Gold nanoparticles Aerobic oxidation of ~ Synergistic effect of Auand Sn on [36]
supported on benzyl, cinnamyl, the CeO, support was evidenced
mesoporous cerium-  and 4-methylbenzyl by catalytic activity results. Au-Cs/
tin mixed oxide alcohol, 2-octanol, Sn (95/5) catalyst showed the best

and geraniol catalytic performance.
Au Naked mesoporous Reduction of Activity of Au-y-Fe,0, — about [37]

Au-y-Fe,0,
nanocrystal clusters
(5-8 nm)

4-nitrophenol by
NaBH,

22 times higher than that of self-
assembled Au-Fe,;0, clusters

(continued)
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Table 11.1: (continued)

Noble  Catalyst Reaction Results Ref.
metal
Au Gold nanowire on Low-temperature DFT calculations, microkinetic [38]
Mg0(100) water-gas shift modelling, and kinetic experiments
reaction combined to investigate the
mechanism of the reaction.
Carboxyl mechanism — the most
energetically favourable; and the
COOH formation — the rate-limiting
step. Avery high barrier (2 eV) to
activate water on the clean Au(111)
surface drops to zero at the
Au/MgO interface.
Au Au (3-5nm) on Reduction of The catalyst exhibited higher [39]
the mesoporous 4-nitrophenol to activity compared with TiO,/Au
Zr0,-TiO, 4-aminophenol by and ZrO,/Au due to mixed oxide
NaBH, synergistic effect
Au-Pd Noble metal Catalytic The reaction kinetics depended on [40]
catalytic nanoalloys-  hydrogenation of the surface atomic coordinations
multifaceted Au—Pd 4-nitrophenol by and the compositional
nanorods ammonia borane stoichiometries
Au, Ag, Au, Ag, and Cu Catalytic reduction Potential catalytic application of the  [41]
Cu nanocrystals on titania of 4-nitrophenol to materials in the investigated reaction.
nanosheets 4-aminophenol The Au cocatalyst was also the most
active in photocatalytic H, evolution.
Pd Narrow distributed Atmospheric The special ionic framework with - [42]
(2-3 nm) and pressure oxidation COOH group — a major role in the
highly dispersed of benzyl alcoholto  formation and stabilization of
Pd nanoparticles benzaldehyde ultrafine Pd nanoparticles. Efficient
encapsulated into and stable catalyst.
mesoporous ionic
copolymer
Pd Fine Pd nanoparticles Heterogeneous 100% conversion [43]
supported on fluorite-  Suzuki coupling in
structured redox water
CeZrO, 4
Au-Pt Core-shell Electrooxidation Au core increased the activity [44]
nanostructures, of sustainable of the Pt shell by up to 55% and

spherical gold core
of8x2nm,anda

3 A atomically thin
platinum shell (24
mol% of Ptand 76
mol% of Au)

fuels (i.e. formic
acid, methanol,
and ethanol),

and selective
hydrogenation of
benzene derivatives

improved catalytic selectivity
compared to pure Pt. Especially
high activity in formic acid
oxidation, 3.5-fold higher than a
commercial Pt nanoparticle catalyst.

(continued)
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Table 11.1: (continued)

Noble Catalyst Reaction Results Ref.
metal

Pt-Co Pt-CoO, nanoparticles CO conversion A complete CO conversion in the [45]
supported on temperature range 120-150°C was
microporous achieved on the catalyst containing
titanosilicate ETS-10 1.4 wt% of nanoparticles.

Pt-Co Bimetallic platinum-  Aqueous-phase Enhanced activity for an aqueous- [46]
cobalt catalysts reforming reaction of phase reforming as well as
supported on ceria— ethylene glycol water-gas shift reaction observed on
zirconia mixed oxide the PtCo/Ce0,-Zr0, at a Co/Pt molar

ratio of 0.5.

Pt-Co Core-shell Hydrogenation of Superior synergy and catalytic [47]
Pt—Co bimetallic nitrobenzene under  activity in the reaction. Thanks to
nanoparticles atmospheric pressure the confinement effect from MOF
encapsulated within of H, and room shell, the catalysts were much more
metal-organic temperature active, selective, and stable than the
frameworks (MOFs) supported PtCo/Ui0-66 material.

(Ui0-66)

Pt Pt nanostructures Organic Role of the protective and [48]
encapsulated in a transformations stimuli-responsive shell - to
polymer shell promote efficient mass transfer

to encapsulated Pt nanoparticles,
to prevent the coalescence of Pt
nanocores, to provide a void space
for organic transformation on

the surface of the ligand-free Pt
nanocluster in a controlled manner.

Pt Pt/large pore zeolites  Toluene Pt/HBEA catalysts were more active  [49]
(acid forms of highly hydrogenation per total adsorbing site than Pt/
siliceous zeolite Y HUSY. The catalytic activity depended
(HUSY) and zeolite beta on the accessible metal, but also on
(HBEA)) with different the total acidity for a given zeolite.
metal/acid ratios

Pt-Ni  Pt-Ni alloy 3-Pentanone Excellent performance and good [50]
nanoparticles hydrogenation stability owing to high dispersion
supported on carbon of Pt—Ni alloy nanoparticles and

electron synergistic effect between
Pt and Ni species.
Rh Rh nanoparticles Asymmetric transfer  Activity in the reaction. [51]
hydrogenation of
carbonyl compounds
Rh Rh in the form of colloid Enantioselective Activity in the reaction. [52]

systems with optically
active stabilizers

hydrogen transfer
hydrogenation

(continued)
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Table 11.1: (continued)

Noble Catalyst Reaction Results Ref.
metal
Rh Rh subnanoclusters Oxidation of carbon A complete CO conversion at 223 K.  [53]
supported on TiO, oxide at cryogenic At least three orders of magnitude
temperatures higher TOF than the best Rh-based

catalysts and comparable to Au/
TiO,. The size range of 0.4-0.8 nm
Rh clusters — critical to the facile
activation of O, over the Rh-TiO,
interface.

ALD of
—_——
NiO

ALD of Pt

Calcination ALD of
B = -~
Reduction Tio,

. Ni/ALO;  Pt/TiO,
Al/Ni-Pt/Ti Al/Ni-Ti Al-P/Ti interface interface

Figure 11.1: Schematic illustration of the procedure for the synthesis of the tandem catalyst with both
Ni/AL,0, and Pt/TiO, interfaces and semi-sectional views of different catalysts for comparison [54].

A very interesting Pt-based tandem nanocatalyst was recently described by Ge et al.
[54] Pt nanoparticles were attached to the inner surface of the outer TiO, nanotube
(Pt/TiO, interface) and Ni nanoparticles were supported on the outer surface of the
inner ALO, nanotube (Ni/ALQ, interface). A schema of the preparation procedure of
such a system is shown in Figure 11.1.
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The catalyst showed exceptionally high catalytic efficiency in nitrobenzene
hydrogenation over Pt/TiO, interface with H, formed in situ by the decomposition of
hydrazine hydrate over Ni/ALQ, interface. The authors ascribed the remarkable activ-
ity to the synergy effect of the two interfaces and the confined nanospace favouring
the instant transfer of intermediates.

11.4 Nanocatalysis as an Answer to Global Societal
Challenges

Nanocatalysis plays a crucial role in the project that can be called “Chemistry for
better life” [55] and can help to answering the needs of the increasing world popu-
lation, foreseen to reach 6.3 billion people in 2050. Among main challenges here are
clean water and air, climate changes, and safe energy issues.

In the field of energy, nanocatalysis can be applied for both energy production
and conversion, for example, new combustion catalysts or nanocatalysts for fuel
cells. In the latter case, the highest theoretical efficiency has been found for quantum
dots, but there are also other convenient nanomaterials, for example quantum wells,
carbon nanotubes, fullerenes and graphene, nanowires and dendrimers. CO, activa-
tion for the preparation of fuels and bulk chemicals from it is the other challenge for
nanocatalysis, which is very important to inhibit climate changes. The concentration
of CO,in the earth atmosphere is continuously increasing, contributing to the green-
house effect and resulting in severe climate changes. On the other hand, CO,can be
treated as a source of carbon and a raw material for production of useful chemicals,
but new catalysts and new processes are necessary to be implemented to achieve this
goal. A solution to decrease concentration of two greenhouse gases, carbon dioxide
and methane, would be a successful implementation of carbon dioxide reforming,
leading to syngas (H, and CO) formation. Recently, the process of carbon reforming is
still at the laboratory scale due to the unfavourable reaction thermodynamics, com-
plexity of the reaction system, and coking effect. Overcoming of these bottlenecks is
one of the most important challenges for nanocatalysis.

Nanocatalysts can be used not only for improvement of selectivity or reactivity of
already known processes but also for new applications. Thanks to nanocatalysts the
use of raw materials and energy will decrease and the environment will be less con-
taminated with gas, solid, and liquid wastes. The latter aim can be reached through
better selectivity of nanocatalysts, which is being more important nowadays than pro-
ductivity. Nanocatalysts can be applied mainly in petroleum, in refinery industry, in
fine chemistry (production of pharmaceuticals, cosmetics), and in protection of envi-
ronment (removal of volatile organic compounds and nitrogen and carbon oxides),
production and purification of new energy sources (mainly hydrogen).

The examples of applications of nanocatalysis for the solution of global chal-
lenges are presented in Table 11.2.
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Table 11.2: Applications of nanocatalysis to environment protection and energy issues.

Area

Process

Details

Ref.

Water
treatment

Inhibiting the
greenhouse
effect

Energy

Photocatalysis

Methane dry
reforming

Carbon
dioxide
hydrogenation

Methane
oxidation

Biomass
gasification

Biodiesel
production

Hydrogen
production

TiO, incorporated into MCM-41 nanostructure for the
photocatalytic degradationof methylene blue.

Controlled thermal treatment, influencing the phase
composition of titania.

Modification of titania with carbon for the enhancement of
the photocatalytic performance.

NiO nanoparticles supported on mesoporous silica.

Core-shell nanocatalyst composed of iron and carbon.
Influence of amount of Fe,0,, Fe.C, in the core and
graphitized carbon in the shell on catalytic activity with
higher selectivity to C,—C, olefins.

Nano-Ru/Ni catalyst with oxide passivation layer on the
surface. A 100% conversion and a high TOF of 940/h at
200°C.

Lean methane oxidation on core-shell-structured
NiO@PdO/AL,0, catalysts.

More than 99% of CH, conversion at 400 °C.

Partial oxidation of CH, to synthesize gas over Ni/CeO,
catalysts (6 wt% of Ni). All the samples reached 98%
conversion with CO selectivity values >95% at 700-800 °C,
under atmospheric pressure and feed gas in molecular
ratio CH,/0, = 2.

New technology of CH, catalytic combustion in small
turbines. A three-stage catalyst package, each step

with different chemical composition, shape, and size of
granules. Excellent results over 99.97% CH, combustion at
470-580°C.

Catalytic steam reforming of bio-tar using toluene as

a model compound of biomass tar. Drastic promoting
effect of Ba addition on the catalytic performance of
Ni/LaAlO,.

The process of biodiesel production carried out

over bifunctional solid nanocatalysts delivered

excellent results in the biodiesel production by
catalysing simultaneously both esterification and
transesterification reactions.

Transition metal carbides (Co,C) synthesized using a facile
one-pot bromide-induced wet chemistry exhibited high
electrocatalytic activity and long-term stability in the H,
evolution reaction.

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

(continued)
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Table 11.2: (continued)

Area Process Details Ref.

Cu catalysts supported on well-shaped nanorod and [68]
nanocube CeO, were applied for photocatalytic water

splitting. Surface “in situ” functionalization of Cu®

nanoparticles resulted in 753 pmol/h/g of hydrogen.

The specific activity of hematite facets in the photocatalytic [69]
splitting of water was found to be in the order {110} > {012}
>>{001} and it was improved dramatically on sensitization

with Cd quantum dots (CdS QDs).

Highly dispersed Ru nanoparticles supported on [70]
graphene, applied in NH, to produce clean hydrogen, free

from CO,. Despite the excellent catalytic activity, a gradual
decrease of performance was observed at 500°C within

20 h, due to the sintering of Ru nanoparticles and to the
methanation of the graphene nanosheets under H,.

Effect of various additives on the activity of Co catalysts [71]
applied in NH, decomposition was investigated. The

highest activity was demonstrated for Co(0) catalyst,

promoted by oxides of Al, Ca, and K.

11.5 Characterization and Simulation Tools
for Nanocatalysis

The development of nanotechnology brought for catalysis an important input in the
field of characterization and simulation tools. It is the question of crucial importance
to deepen a knowledge of how once prepared materials evolve under reaction condi-
tions, and then, the issue of the characterization of chemical, structural, morpholog-
ical, and textural features of catalysts conducted in situ (in the working state under
real reaction conditions) should be still addressed more efficiently.

Computer-aided simulation and modelling complete the experimental tech-
niques, accelerating the research and enabling to save time and money. Modelling
of catalyst synthesis is still an open challenge, because the process often involves
the self-assembly of metastable structures, governed by weak interactions of mol-
ecules in the system. The system is a non-equilibrium one, as a reconstruction of
the as-prepared structures can next occur under reaction conditions. Both weak
interactions and non-equilibrium systems are hardly treated using computational
methods.

Recent spectroscopy techniques provide information on chemical and
physical properties of materials at the atomic scale, not only in two-dimensional,
surface-oriented systems, but also in three-dimensional (3D). The modern 3D
tomography enables to observe the objects with spatial resolution of 1 nm or less.
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Current challenge is to determine a structural determination of chemical com-
position in 3D. Thanks to important improvement of the performance of char-
acterization devices, it is not only possible to better characterize the catalysts
before and after the reaction, but also in real time, during the catalytic process.
New characterization tools enable researchers to monitor and characterize phe-
nomena occurring in the catalytic reactor, which are of crucial importance both
from scientific and practical point of view. It has been already possible to apply
the synchrotron radiation source as well as differential pumping to perform the
x-ray photoelectron spectroscopy measurements of the catalyst surface not under
UHV, but under mbar reaction pressure [72], then much closer to the real reaction
conditions.

There are also sample cells for transmission electron microscopy studies [73],
especially dedicated for observations of catalyst nanoparticles under reaction envi-
ronment (elevated temperatures and mbar pressure).

A novel environmental scanning transmission electron microscope with 0.1 nm
resolution was applied by LaGrow [74] in studies of complex dynamic oxidation and
reduction mechanisms of Cu nanoparticles. It is a very important issue, because in
nanocatalysis the nanoparticles can undergo oxidation or reduction in situ, and thus
the redox species are not what are observed before and after reactions.

Single-molecule fluorescence microscopy [75] was applied to study size-depend-
ent kinetics and dynamics of Pd nanocubes at the single nanoparticle level. It has
been possible to monitor the catalysis of individual nanoparticles in real time with
single-turnover resolution. The same group of researchers investigated Au single-
molecule nanocatalysis [76], and in situ deactivation of Pt/C electrocatalysts during
the hydrogen—oxidation reaction [77], and finally summarized the results of their
studies in a recent feature paper [78].

Nanotechnology can also contribute to the combinatorial catalysis or high-throughput
catalyst testing, improving the miniaturization and accuracy of analysis methods.

Another field of application of nanotechnology is the catalytic reaction engi-
neering for testing. Recently, the attention in this area is focused on microchannel
reactors, but one can imagine nanochannel reactors, enabling to achieve a maximum
reaction selectivity and adapted for specific needs.

11.6 Outlook

The new nanocatalytic processes in the future will be carried out under much softer
conditions and will mimic the nature, for example, nitrogen fixation from ambient air
or CO, transformation into useful products. Another important challenge for nanoca-
talysis is water splitting to obtain hydrogen. This process, if successful and efficient,
will finally solve the problem of the clean energy, climate changes, and decreasing
stocks of fossil fuels.
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Nanotechnology allows designing and producing catalysts with tuned properties
not only from the quantitative point of view (small particles, high surface-to-volume
ratio) but also qualitative — optimum facets and surface atom coordination. Then,
thanks to the nanotechnology, a breakthrough in catalysis is performed - from tra-
ditional size-dependent catalysis to the concept of morphology/plane-dependent
nanocatalysis.

Nanocatalysts enable to efficiently and precisely control reaction pathways.

Thanks to nanocatalysis, industrial processes will be carried out with high selec-
tivity at high yield. The environment will be still better protected using nanocatalysts
applied for the removal or neutralization of contaminants.

The key point of the European strategy is the sustainable development; it means
an intensive economic growth respecting environmental needs. Then, the develop-
ment of nanocatalysis is crucial for European industry and science development and
could become an European competitive strength, as according to the report on catal-
ysis of the World Technology Evaluation Center delivered in 2009, European invest-
ment in catalysis research is higher than that in the USA.
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12 Nanotechnology and catalysis:
Supramolecular templated mesoporous
materials for catalysis

12.1 Introduction

Nanoscience is concerned with the size of matter and is the science of matter that

occurs in systems with at least one dimension on the 1-100 nm scale. Nanostructure

science and technology is a broad and interdisciplinary area of research and devel-
opment activity that has been growing explosively worldwide in the past few years.

Nanoscale materials have much larger surface areas than similar masses of larger-scale

materials. As the surface area per unit mass of a material increases, a greater amount

of the material can come into contact with surrounding materials, thus influencing

reactivity [1-8].

Scientists and engineers typically have approached the synthesis and fabrication
of high surface area nanostructures from one of two directions:

— The “bottom-up” approach in which the nanostructures are built up from indi-
vidual atoms or molecules. This is the basis of most “cluster science” as well as
crystal materials synthesis, usually via chemical means. Both high surface area
particles and micro- and mesoporous crystalline materials with high void volume
(pore volume) are included in this “bottom-up” approach.

— The “top-down” approach in which nanostructures are generated from breaking
up bulk materials. This is the basis for techniques such as mechanical milling,
lithography, post-synthesis procedure such as synthesis of hierarchical meso-
porous materials, precision engineering, and similar techniques that are com-
monly used to fabricate nanoscale materials [1-8].

The noblest pleasure is the joy of understanding — Leonardo da Vinci

Mesoporous materials are cornerstones of nanoscience and nanotechnology [1-8].
The rapid development of nanoscience with mesoporous materials has gained strong
support from chemistry and supramolecular chemistry. Supramolecular chemis-
try and chemical self-assembly provide many ways of forming nanostructures and
mesoporous materials. The field of supramolecular chemistry has become impor-
tant, with Lehn, Cram, and Pedersen winning the Nobel Prize in 1987 The concept
of supramolecular chemistry is that molecules can self-organize into definite struc-
tures, without forming covalent bonds, but rather through weaker interactions such
as hydrogen bonding or hydrophobic interactions. The supramolecular chemistry
helped to highlight such systems, and chemists from Mobil were the first to realize

https://doi.org/10.1515/9783110547221-012
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that supramolecular chemistry could be applied to catalyst design. Whereas initial
approaches to mesoporous materials relied on larger and larger template mole-
cules, Mobil researchers found that they could use supramolecular assemblies of
molecules as templates [9]. These supramolecular-templated mesoporous materials,
known as MCMs (from Mobil composition of matter), can be prepared with a range
of pore sizes. These materials are highly unusual in their textural characteristics:
uniform pore sizes, surface areas in excess of 1,000 m?/g, and long-range ordering
of the packing of pores. The mesoporous materials are derived with supramolecu-
lar assemblies of surfactants, which template the inorganic components during
synthesis. Many researchers have since exploited this technique of supramolecular
templating to produce materials with different compositions, new pore systems, and
novel properties. The discovery of the M41S family [9] of nanostructured mesoporous
molecular sieves, well-defined mesostructures, has attracted a pervasive interest
from academic and industrial researchers due to the huge surface area, uniform
pore size distribution, large pore size, large pore volume, adjustable framework, and
surface properties and large number of current and foreseen applications of these
materials. Applications of these materials include catalysis, environmental chem-
istry, organic synthesis, adsorption, medical imaging, molecular collection, and
storage [10-23]. The field of mesoporous materials offers several advantages that
cannot be found elsewhere. Materials chemistry of responsive mesoporous systems
became a mature discipline with high standards and challenging goals. The success-
ful synergy between sol-gel techniques, self-assembly, polymer synthesis, surface
engineering, and physical chemistry in confinement represents a unique and ver-
satile toolbox to achieve the building up of complex nanosystems with well-defined
physical and chemical properties at several length scales: molecular, supramolecu-
lar, and mesoscopic.

One of the newest areas in the realm of catalysis is that of tailored mesoporous
materials, which find many uses as highly selective catalysts in a range of applications.
A mesoporous material is one that has pores with diameter in the range of 2-50 nm (a
typical chemical bond is of the order of 0.1 nm). In catalysis the key goal is to promote
reactions that have high selectivity with high yield. Catalysts with one, two, or three
spatial dimensions in the nanometer size range exhibit unique (compared to the bulk)
catalytic or chemical activity. Here we discuss recent development of heterogeneous
catalysis in ring opening of methylcyclopentane (MCP) and dry reforming of methane
(DRM) on mesoporous catalysts.

12.2 Conversion of MCP

The worldwide depletion of oil reserves is expected to increase the future demand for
diesel fuel. Concomitantly, environmental constraints necessitate the development of
environmental-friendly refining processes. With increasingly stringent environmental



Nanotechnology and catalysis: Supramolecular templated mesoporous materials for catalysis =——— 187

and economic regulations, the foremost challenge facing in all industries is to find
greener processes with better atom efficiency [24-28]. In particular, the petrochemical
industry has placed a strong research emphasis on the ring opening of naphthenic
molecules over noble metal catalysts [29-34] to improve the cetane number of diesel
fuels and to minimize harmful emissions. Diesel fuels can be improved by selective
ring opening of naphthenic compounds following hydrogenation of aromatic com-
pounds [35]. Taking into account the fact that each dearomatization reaction followed
by a hydrogenation step leads to a cyclopentane, the understanding of MCP chemistry
is very important. In this case, although MCP is not a component of diesel fuel, the ring
opening of MCP must first be understood because it serves as a model molecule and pro-
vides the basis for understanding the behavior of all other molecules. The ring opening
of MCP is one of the most used model reactions for exploring the structural sensitiv-
ity of hydrocarbon conversion catalyzed by noble metals. Excellent works have been
reported concerning the use of noble metals [29-34]. These catalysts have generated
widespread interest, because at low temperatures they exhibit the ability to promote
the ring-opening reactions with atom efficiency and without unwanted side reactions
such as cracking and enlargement. Following a careful analysis of previous studies, we
ascertained that the distribution of these desired ring-opening products is governed by
several factors, including the intrinsic nature of the metal [36], the platinum particle
size [37-39], the interface length between the metal and support [40-42], the presence
of carbonaceous residues [42-44], sulfiding [43], and the reaction conditions [41-42].
The ring-opening reaction of MCP can proceed by different mechanisms, which include
associative [45] and dissociative [46] pathways. For the ring opening and cyclization
of C5, a common adsorbed surface intermediate has been defined [37], which has
sparked myriad discussions. Several structures have been proposed for this interme-
diate, including edgewise or flat geometries with associative or dissociative structures.
The dissociative structure is a function of the degree of dehydrogenation of the surface
intermediate. On Pt catalysts, a flat-lying intermediate with a low degree of dissociation
has been suggested for selective ring opening [41, 47]. This intermediate suggests that
the rupture of the C-C bond in the proximity of the tertiary carbon atom was hindered
[48]. A plausible explanation is based on the assumption that two metal atoms form
the active ensemble. In this case, the chemisorption takes place by the rupture of the
weakest C-H bond on the tertiary carbon atom, followed by C-C rupture on the neigh-
boring metal atom. The presence of chemisorbed hydrogen is also necessary to prevent
excessively deep dissociation. A flat-lying intermediate and an associative mechanism
have also been suggested by Liberman [45], with hydrogen—metal ensembles attacking
the chemisorbed ring without the dehydrogenation of the ensembles’ surface. Gault
et al. [38, 39] identified three different paths for the ring opening of MCP: dicarbene,
pi-adsorbed olefin, and metallocyclobutane intermediates. The dicarbene path occurs
only at the unsubstituted secondary-secondary C-C bond [46]. In this case, the forma-
tion of 2-methylpentane (2-MP) and 3-methylpentane (3-MP) prevails in a nonstatistical
distribution (selective mechanism), and these products were observed on Pt particles



188 —— loana Fechete and Jacques C. Vedrine

larger than 1.8 nm with high coordination numbers [37]. This mechanism also pre-
vails on Ir. The pi-adsorbed olefin and metallocyclobutane paths occur at substituted
C-C bonds, and the formation of 2-MP:3-MP:n-hexane (n-H) occurs with a statistical
distribution of 2:1:2 (nonselective mechanism). The pi-adsorbed olefins require a flat
adsorption of three neighboring carbon atoms, which interact with a single metal site
on the catalyst surface. The formation of metallocyclobutane competes with the dicar-
bene path but exhibits a higher activation energy than that exhibited by the dicarbene
mechanism. Gault found that the relative importance of the selective and nonselec-
tive mechanisms was a function of the size of the Pt particles used. Other researchers,
however, attempted to attribute the nonselective mechanism to the presence of adlin-
eation sites on the metal-support boundary, whereas the selective mechanism was
assigned to pure metallic sites [40, 49]. The influence of particle size has been found
to be different for reactions that involve Ir catalysts, which confirms that the nature of
the ring-opening mechanism also depends on the catalytic metal [43]. Irrespective of
the effects of particle size on Ir catalysts, the selective mechanism (dicarbene path) was
found to prevail. Ir/SiO, catalysts open the ring via a selective mechanism, whereas the
Ir/ALQ, catalyst opens the ring via a nonselective mechanism. In the latter case, the
selectivity was found to be a support effect rather than a particle effect. However, the
conversion of MCP has been studied on Pt/TiO, [50-52]. A widespread view is that non-
stoichiometric TiO, supports provoke a surface migration of reduced TiO, species from
the support to the metallic phase [53-55]. Thereafter, the catalytic behavior changes as
a result of the decreased adsorption capacity of metals, the reduced catalytic activity
and chemisorption capacity, and the changes in the selectivity of the MCP reaction [56].
Unique metal-support interactions between titanium and noble metals were observed
for other reactions [57-58]. When Pt/TiO, was reduced at 500°C, the complete elim-
ination of hydrogen and carbon monoxide chemisorption occurred; this result was
associated with strong metal-support interactions (SMSI). Otherwise, the extent of
chemisorption elimination was strongly correlated with the reducibility of the support.
In this case, the mechanism proposed is explained by increased d-orbital occupancy
of the support, followed by covalent bond formation between support metal ions and
supported metal atoms. Moreover, theoretical studies [59] on surface clusters formed
between Pt and the (TiO,)*- octahedron has indicated that covalent sharing between Pt
and the support surface is indeed likely if one of the oxygen atoms is removed from the
octahedron. The modification of chemisorptive and catalytic properties of dispersed
metals by substrates, observed first by Schwab [60] and Solymosi [61], has found
renewed interest since the discovery by Tauster et al. of so-called SMSI between group
VIII noble metals and TiO,. Thereafter, the SMSI phenomenon was reported for other
support-metal catalysts, including partially reducible oxides other than TiO,.
However, the conversion of MCP has been studied on Pt-Ir/TiO, bimetallic cat-
alysts [62], because the coexistence of two metal sites is expected to modulate the
peculiar behavior of such catalysts for catalytic reactions in a manner different from
that of their two components. These catalysts exhibit high selectivity, activity and
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stability compared to their component pure-metal particles. For the sake of argu-
ment, the bimetallic Pt-Ir particles supported on y-Al,O, exhibited higher selectiv-
ity and a lower tendency for coke formation [63] compared to a Pt catalyst. In the
case of the catalysts that contain two metals, the specific behavior necessary for a
desired catalytic reaction is tailored as a function of the distribution and topology
of the two types of metal particles: (i) the two particles can be made bimetallic with
a homogeneous composition by forming alloys; (ii) the two metals may also exist as
separate phases but in intimate contact via the surface segregation of one metal; in
particular, the metal with the lower melting point, the smaller atomic radius, and
the lower heat of vaporization is typically segregated on the surface [64-66]; and
(iii) metals may segregate into separate islands with each crystallite containing one
of the respective metals.

The conversion of MCP on Pt/TiO,, Ir/TiO, and Pt-Ir/TiO, catalysts, each pre-
pared with low amounts of noble metals (0.5 wt%), was studied for the first time
over the 180-400°C temperature range under hydrogen at atmospheric pressure
[62]. The order of reactivity as a function of the temperature and total conversion
rates were Ir/TiO, at 180°C >Pt-Ir/TiO, at 220°C >Pt/Ti0, at 260°C. All catalysts exhib-
ited the ability to open the ring of MCP with an atom efficiency. For the catalysts, a
change in the reaction temperature provokes an alteration in the selectivity to ring
opening of MCP in favor of selectivity to cracking reactions. The cracking products
were formed in large amounts at high temperatures, with C, compounds as the major
products. Ir/TiO, operates via the selective mechanism at low temperatures and via
the nonselective mechanism at 220°C due to the SMSI phenomenon. Pt/TiO, operates
by the nonselective mechanism, whereas the Pt-Ir catalyst operates by the selec-
tive mechanism and shows Ir-like character. The synergy between Pt-Ir as bimetal-
lic particles was assessed by total conversion of MCP. The MCP ring-opening results
indicated that the reaction takes place on Ir sites, which suggests that the bimetal-
lic catalyst contains separate entities of the two metals. Ring elargement (RE) was
absent on the Ir/TiO, and Pt-Ir/TiO, catalysts and present on Pt/TiO, only at high
temperatures. Taken together, the results [62] revealed that the Ir/TiO, catalyst was
more active and was the most promising catalyst for the ring opening of MCP at low
temperatures.

Despite the effectiveness of supported noble metals, which efficiently catalyze
the conversion of MCP with atom efficiency, the high cost and limited availability of
precious metals restrict their wide application. A practical solution is to find a clean
and efficient heterogeneous catalyst to replace noble metal catalysts. It is cheaper
to employ base-metal oxide catalysts because of the environmental and economic
advantages, good catalytic performance, and the competitiveness with the noble
metals. In this context, mesoporous materials appear to be good candidates for the
conversion of hydrocarbons because of a large internal surface area, high thermal
stability, and surface properties that create new opportunities for heterogeneous
catalysis [9, 67, 68]. However, it is noteworthy that few reports are available on the



190 —— loanaFechete and Jacques C. Vedrine

catalytic properties of mesoporous materials for the conversion of MCP. Although the
discovery of mesoporous materials has brought about the beginning of a new age in
the field of material synthesis, these materials are known to be of limited use as cat-
alysts because the catalytic functionalities are missing. These mesoporous materials
can be functionalized by depositing heteroatoms onto the silica framework [69-71].
A promising approach for the creation of active sites is that of substituting heteroa-
toms for Si by one-pot synthesis, which creates active sites that enhance the activi-
ties of mesoporous solids and allow catalysis [69-71]. The nonnoble metal oxides of
molybdenum, tungsten, and iron appear to be efficient and environmental alterna-
tives to the expensive noble metals. The results showed [71] that the efficiency of the
catalyst is dependent on the density of active sites. Mo, Fe, and Mo-Fe catalysts have
attracted significant interest because of their high efficiency as catalysts in environ-
mentally important processes [72-78]. The efficiency of these catalysts is governed
by the size of their oxide nanoparticles, which can be controlled by the dispersion on
the support. A high dispersion leads to an increased number of catalytically active
sites; however, the presence of strong particle-support interactions often reduces
their activity [72-78]. In contrast, weak interactions with the support favor oxide
particle agglomeration at elevated temperatures. Therefore, the strategy for optimiz-
ing the size of supported oxide nanoparticles to create uniform and well-dispersed
supported transition metal oxides (Mo, Fe, Mo—Fe) for the conversion of MCP is to
use the mesoporous support. The goal is to understand the basic surface chemistry
of these oxides in a reductive environment greatly lags behind that of noble metals.
Iron is of high interest due to its wide range of applications in catalysis [74, 79-81].
However, most studies of redox mesoporous catalysts published thus far dealt with
oxidative environments. Despite the successful development of catalytically active
Fe-containing mesoporous materials, little is known about their behavior in reduc-
tive environment and the influence of isomorphous substitution on their properties.
It is known [82] that the isomorphous substitution of Fe’ in the silicate framework
leads to acid catalysts by creating Si-O-Fe bonds and being the genesis of Brgnsted
acidity. To obtain a gradation of the acidity of the Fe-mesoporous samples, a chal-
lenging controlled-synthesis method was used to substitute iron for silicon atoms to
obtain several Si/Fe ratios. Fe-technische universitat delft (Fe-TUD-1) catalysts with
Si/Fe ratios of 85, 65, and 45 were prepared [83] via hydrothermal one-pot synthesis.
The samples were characterized by X-ray diffraction (XRD), N, physisorption, UV-
vis, and X-ray photoelectron spectroscopy (XPS), which show the incorporation of
Fe* in tetrahedral coordination. The ability of these catalysts was tested by exam-
ining the conversion of the reaction of MCP with hydrogen at atmospheric pressure
and temperatures between 200 and 400°C. The active sites, tetrahedrally coordi-
nated Fe and isolated atomic Fe sites, were responsible for the endocyclic C-C bond
rupture between substituted secondary-tertiary carbon atoms, while the small clus-
ters serve as active sites for the successive C—C bond rupture. The Fe content in the
calcined samples is almost the same as the Fe content in the wet gel. This correlation
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Figure 12.1: Low-angle XRD patterns of the Fe-TUD-1 samples with Si/Fe ratios of 85, 65, and 45 [83].

indicates that most of the Fe was incorporated into the mesoporous TUD-1 by hydro-
thermal one-pot synthesis at 180°C.

The XRD patterns at low angles for the calcined and reduced Fe-TUD-1 samples
with different Si/Fe ratios are shown in Figure 12.1, which clearly shows a single
diffraction peak at low angles of 0.7-0.8°. A significant change was not observed
between the Fe-TUD-1 samples after metal loading and after calcination and reduc-
tion treatment. To identify any nonframework Fe oxide phases, XRD patterns for all
samples were recorded in the wide-angle region (not shown).

The diffractograms do not show any patterns in this region. A diffraction peak
corresponding to the crystalline phase of Fe was not detected. It is deduced that
the added Fe may have been highly dispersed on the TUD-1 samples. These results
were confirmed by the color of the calcined and reduced samples, which were
completely white, indicating that iron was part of the framework of the meso-
porous solid and that no iron oxides are formed [83]. It must also be noted that
the absence of a diffraction peak can be attributed to the low content of Fe when
the particles are small and thus might not be visible in the powder XRD pattern
due to the detection limit of the XRD apparatus. The highly dispersed Fe species
in the silica framework of TUD-1 and the absence of the crystalline phase of Fe
were also confirmed by the transmission electron microscopy (TEM) analysis (not
shown) [83].

The N,-physisorption isotherms [83] of calcined/reduced Fe-TUD-1 samples (not
shown) were all type IV isotherms, according to the Brunauer, Deming, Deming and
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Teller (BDDT) classification [84], and showed a hysteresis loop characteristic of worm-
hole-type disordered mesoporous materials [85]. All samples showed steep increases in
the volume of adsorbed nitrogen at relative pressures of P/P, = 0.6—0.8 due to the onset
of capillary condensation within mesopores [83]. The surface area decreased gradually
with increased metal loading, from 640 m?/g for Si/Fe = 85 to 612 m?/g and 570 m?/g for
Si/Fe = 65 and Si/Fe = 45, respectively. The incorporation of more metal decreases the
pore volume from 0.93 cm3/g for Si/Fe = 85 to 0.91 cm?/g for Si/Fe = 45. Meanwhile, all
Fe-TUD-1 samples exhibit a pore diameter of 6.6 nm, suggesting that pore shrinkage does
not occur with increasing Fe content and that pore diameter is virtually independent of
Fe loading.

For the sake of gaining insight into the Fe-TUD-1 structure and clarifying the
nature/coordination environment of the active sites, UV-vis spectroscopy was
employed [83]. The UV-vis spectra of calcined and reduced Fe-TUD-1 samples with
different Fe contents are shown in Figure 12.2.

The UV-vis spectra of Fe-TUD-1 with Si/Fe ratios of 85 and 65 mainly show one
absorption band between 200 and 280 nm with a maximum centered at ca. 235
nm [83]. This maxima value should be ascribed to Laporte-allowed ligand-to-metal
charge transfer that involves isolated tetrahedrally coordinated Fe3. This means
a t,~>t, and t,~>e transition with Fe’ in an isolated tetrahedral geometry (Fe0O,)
[83, 86, 87]. For low iron content, Si/Fe ratios of 85 and 65, the Fe-O-Si bond of
the isolated tetrahedral iron ions in the silica framework of TUD-1 is dominant,
indicating that Fe was successfully incorporated into the silica TUD-1 network.
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Figure 12.2: UV-vis spectra of Fe-TUD-1 samples with Si/Fe ratios of 85, 65, and 45 [83].
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Moreover, the concentration of tetrahedral species increases with the crystallo-
graphic incorporation of Fe in TUD-1, as observed by the increased intensity of the
absorption band for the sample with a Si/Fe ratio of 65. It is known that the ligand-
to-metal charge transfer transition for isolated Fe** sites gives rise to bands below
300 nm and becomes red-shifted with increasing numbers of coordinating oxygen
ligands [83, 86], reflecting the fact that our samples with Si/Fe ratios of 85 and 65
contained only the isolated sites. Absorption at higher wavelengths is essentially
absent for the samples with Si/Fe ratios of 85 and 65, indicating that these samples
contain predominantly isolated tetrahedral framework Fe* species and that the
formation of the Si-O-Fe bond was not prevented from forming in our experimental
conditions. A characteristic band above 320 nm, typical of octahedral coordination
(Fe**O,), was absent in the samples with Si/Fe ratios of 85 and 65, indicating that
these samples were free of the ferric oxide species. Compared with the samples
with Si/Fe ratios of 85 and 65, a red-shift is observed as the iron content increased
for the sample with a Si/Fe ratio of 45. Nevertheless, the Fe-TUD-1 sample with a
Si/Fe ratio of 45 shows a broad absorption band in the UV region between 260
and 400 nm [83]. The UV-vis spectra of this sample shows three absorption bands
at 255, 290, and 320 nm. The band at 255 nm is typical of dn—pmn charge transfer
between the Fe and O atoms in the framework of TUD-1 and demonstrated the for-
mation of Fe-0-Si bonds and the presence of tetrahedrally coordinated iron atoms.
The d-d transition band at 290 nm indicates the presence of highly dispersed, iso-
lated, octahedrally coordinated Fe entities, which are the prevalent species [83,
88]. The absorption band at 320 nm observed for the Fe-TUD-1 with a Si/Fe ratio of
45 stresses that the Fe-TUD-1 samples contain oligomers of low nuclearity 2d-FeO,
species in low amounts. In Fe-TUD-1 with Si/Fe ratio of 45, some Fe-O-Fe clusters
seem to coexist with isolated Fe sites of Si-O-Fe bonds. However, it is worth noting
that the charge transfer transition bands between 300 and 400 nm are attributed to
octahedral Fe** in small oligomeric Fe O, clusters [86, 88]. No absorption band was
observed between 400 and 600 nm, revealing the absence of bulk iron oxide. The
UV-vis spectra in the wavelength range of 200-800 nm for the samples reduced for
4 h under H, are also displayed in Figure 12.2 [83]. It was observed that the reductive
treatment does not cause a noticeable change in the mode of iron-ion stabilization
and that the charge transfer bands are not essentially shifted. This observation is
in good agreement with the high stability of isolated iron atoms in a reductive envi-
ronment, which suggests that no partial or total breaking of the Si-O-Fe framework
linkages take place. These results agree with those already reported [89], which
show that the isolated tetrahedral sites incorporated into the framework is not
reduced up to 500°C.

Figure 12.3 illustrates the parts of the XPS spectra associated with the Fe 2p,, and
Fe 2p,, binding energy regions for calcined and reduced Fe-TUD-1 samples, with Si/
Fe ratios of 85, 65, and 45. All the spectra are centered at 724.1 and 710.8 eV for Fe 2p,,
and Fe 2p,,, respectively, which are typical values for Fe* [90].
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Figure 12.3: Fe 2p XPS spectra of Fe-TUD-1 samples with Si/Fe ratios of 85, 65, and 45 [83].

The spin orbit separation between the peaks is 13.4 eV and is identical for all the
samples. The Fe 2p,, peaks (Fe 2p,, has a degeneracy of four states) are narrower and
stronger than those of Fe 2p,,, which only has two states, because of the spin-orbit
(j—j) coupling. The intensity of the Fe 2p peaks increases with the Fe content [83]. It
is clearly seen from this result that the surface iron species of the Fe-loaded samples
mainly existed in the form of Fe** species. As shown in Figure 12.3, the XPS signal
is unaffected by the reduction treatment, suggesting that the isolated Fe ions in the
TUD-1 situated in tetrahedral sites are stable under reductive conditions up to 500°C.
The Fe in Fe-TUD-1 cannot be reduced to Fe® up to 500°C, or even to Fe* by one elec-
tron transfer. However, it was observed [91] that isolated Fe atoms in Fe-ZSM-5 mobile
five (MFI) cannot be reduced to Fe?, even up to 800°C. This means that the Si-O-Fe
framework containing the isolated Fe atoms is stable in the reductive environment.
When introduced in the reductive environment at a high temperature, the presence
of Fe* in the catalysts can be due to the nonmobility of Fe ions which are located in
Si-O-Fe framework. It must be noted that for the Fe-TUD-1 sample with Si/Fe = 45,
the UV-vis results stressed the presence of octahedral coordination ions situated on
their surface, but the XPS analysis did not detect Fe*. Fe3* is present in the Fe-TUD-1
with a Si/Fe ratio of 45, but the nature of this oxidation state is unclear [83]. One may
expect the presence of Fe* or Fe°, but it is not detected in the XPS spectra. Thus,
the amount of these species either is below the detection limit or is absent. A slight
but systematic increase in the Si/Fe ratio was observed compared with the chemical
analysis. The spectrum of O 1 s from the XPS spectra of each sample is composed of
a single peak centered at 532.4 eV [83]. Other oxygen peaks attributable to iron oxide
(at approximately 530 eV) and to adsorbed —OH groups (at approximately 531.1 eV)
are very low (Figure 12.3).
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12.2.1 Catalytic Activity in the Conversion of MCP

Isolated tetrahedral Fe* entities appear to be selective sites for n-H, while the small
aggregates serve as active sites for the C, cracking products, as previously pro-
posed for Fe/KIT-6 prepared by a solid—solid method [76, 83]. For completeness, the
reactivity of isolated tetrahedrally/octahedrally coordinated Fe cations and small
aggregates in the Fe-TUD-1 catalysts were evaluated in the conversion of MCP. The
Fe-TUD-1 catalysts with different Si/Fe ratios were investigated for the first time [83],
in this study, with respect to MCP conversion as a function of reaction temperature
and metal loading. The effect of the temperature on the activity was investigated in
the temperature range of 200-400°C for Si/Fe ratios between 85 and 45. Before the
catalytic tests, all samples were reduced for 4 h in hydrogen at 500°C. The potential
products in the conversion of MCP are n-H, 2-MP, and 3-MP, which are formed from a
ring-opening reaction of MCP. Cyclohexane (Ch) and benzene (Bz) can be formed via
ring-enlargement reactions, while methane (C1), ethane (C2), propane (C3), butane
(C4)/i-butane (i-C4), and pentane (C5)/i-pentane (i-C5) can be formed from cracking
reactions. It must be noted that olefins were observed for the Fe-TUD-1 with a Si/Fe
of 45 over the entire range of studied temperatures, but the olefins were present in
small concentrations (<0.02 %).

All catalysts displayed an activity in the conversion of MCP [83]. Increasing the
iron content of TUD-1 significantly enhanced the MCP conversion, suggesting that
iron can function as the active sites in this reaction. For all catalysts, the activity
increased with temperature. If evaluated at the same reaction temperature, the order
of conversion (catalytic performance) of the samples was as follows: Fe-TUD-1, Si/
Fe = 45>Fe-TUD-1, Si/Fe = 65>Fe-TUD-1, Si/Fe = 85. This order is in good agreement
with the sequence of the density of active sites of these catalysts.

12.2.2 Ring-Opening Selectivity

n-H was the only species among the ring-opening products that was formed irrespec-
tive of the reaction temperature or the Fe loading [83]. The ring-opening reaction was
dominant in the samples with Si/Fe ratios of 85 and 65, irrespective of the reaction
temperature. These results suggest that the highly isolated, tetrahedrally coordinated
Fe entities on the samples with Si/Fe ratios of 85 and 65 were responsible for the
rupture of endocyclic C-C bonds in MCP between the substituted secondary—-tertiary
carbon atoms [83]. The results were very interesting because a different behavior was
observed when compared with noble metal catalysts. For example, Pt/Al,0, catalysts
can open the MCP ring by breaking the substituted or the unsubstituted C-C bonds
in MCP [46, 48] to form 2-MP, 3-MP, and n-H. Ir/Al,0, catalysts exhibit the tendency to
break the endocyclic C-C bonds in MCP between unsubstituted secondary—secondary
carbon atoms, which only form 2-MP and 3-MP [46, 48, 92]. However, the ability of
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Ni/ALO, catalysts for the conversion of MCP must be noted [93]. A recent work [94]
reported the selective formation of n-H on noble metal catalysts, but the experimental
conditions were different. The conditions in that work were 10-50 torr under H,. Log-
ically, the 1-6 cyclization is favored under these conditions, as already reported [95].
For high Fe loading on the sample with a Si/Fe ratio of 45, the ring-opening reaction
with the selective formation of n-H prevailed at the low temperature of 200°C. Only
the highly isolated, tetrahedrally coordinated Fe entities are favorable sites for the
endocyclic rupture of C-C bonds at the substituted position. For the other reaction
temperature, the cracking C, product was dominant. Taking into account the UV-vis
results, isolated tetrahedrally/octahedrally coordinated Fe species and small Fe clus-
ters seem to coexist in this sample [83].

This result is consistent with the suggestion that the tetrahedrally coordinated
and atomically isolated sites are responsible for the rupture of endocyclic C-C bonds
between substituted secondary—tertiary carbon atoms. It must be noted that the
ring-opening reaction is dominant but not exclusive, suggesting that only a part of the
Fe ions are involved in the ring-opening reaction and that the mononuclear species of
Fe formed in these cases can be responsible for the successive rupture of C-C bonds
(which will be discussed in the next section). A decrease in the n-H selectivity with the
temperature is a common feature observed in all samples [83]. However, these results
were significantly better than what was observed for W mesoporous catalysts [71],
for which no products derived from ring-opening reactions were observed under the
same conditions or for Fe/KIT-6, Mo/KIT-6, and FeMo/KIT-6 prepared by solid—solid
methods in which the cracking products prevailed [76]. This reaction of ring opening
of MCP, also called “methylcyclopentane hydrogenolysis,” was extensively studied in
the 1970s and was exclusively performed on noble metals, mainly on alumina-sup-
ported platinum catalysts with various mean metallic particle sizes. As a consequence
of such studies, it was noted that in the skeletal rearrangements of hydrocarbons, two
types of isomerization mechanisms occur: the bond shift and the cyclic mechanism.
To distinguish between them, the 3C tracer technique was used (Scheme 1) [46].

Bond shift/l\/\
- /\T/\

Cyclic mechanism ads

Scheme 1[83]

It was noticed that the CM was strongly favored on small Pt aggregates with diameters
<2nm and that three types of hydrogenolysis take place: a nonselective one, occurring
on highly dispersed catalysts and corresponding to an equal chance of breaking any
C-C bond of the ring; a selective one, allowing only the rupture of bisecondary C-C
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bonds; and a “partially selective” mechanism competing with the selective one on
catalysts of low dispersion. For the results that we have only n-H formed, we have to
assume the reaction of a metallocyclobutane intermediate with the exocyclic methyl,
as already suggested [96]. After the metallocyclobutane exocyclic intermediate is
created, the C—C bond rupture of the ring leads to the formation of a carbene-olefin,
which gives a m-adsorbed vinyl group via a 1,2-hydride shift, and n-H is formed. In
addition, using deuterium exchange reactions on Fe films, it was observed that the
vinylic hydrogen is very mobile and is very easily exchanged [97]. Such observations
on Fe catalysts reinforce the proposed mechanism, which may take place on the
Fe-TUD-1, as noticed on Scheme 2. Such a mechanism can explain the predominant
n-H formation, the aromatization, and the extensive cracking reactions when the con-
version or the temperature is increased.

— — — —W\

H-M-H

~-H —ads
Aromatization Cracking reaction
reaction
Scheme 2 [83]

12.2.3 Cracking Selectivity

Regardless of the Fe loading in the TUD-1 and the reaction temperature, the only
major product formed was determined to be C,, indicating that a deep cracking
process occurred with the Fe-TUD-1 catalysts. The high selectivity toward C, is
attributed, most likely, to the hindered desorption of products that are formed, fol-
lowed by the successive C—C bond rupture on the Fe active sites present on the
TUD-1. Compared with the samples with Si/Fe ratios of 85 and 65, impressive values
of selectivity toward cracking reactions were observed for the sample with a Si/
Fe ratio of 45 in the temperature range of 250-400°C, which suggests that octa-
hedral Fe entities/small clusters and high temperatures increase the C, selectivity.
The color of this sample with a Si/Fe ratio of 45 was gray, while the color of the
samples with Si/Fe ratios of 65 and 85 remained white after the catalytic tests [83].
It must be recalled that the color of all reduced samples was white. In other words, a
slight deactivation was observed on the sample with a Si/Fe ratio of 45. A plausible
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explanation could be the agglomeration of small clusters [83]. It seems that these
small clusters are susceptible to easily forming the iron carbide, taking into account
the fact that in the Fe-O-Fe clusters, the binding energy of O-Fe is small compared
with that of C-Fe. When the Fe is isolated and tetrahedrally coordinated in the
Si-O-Fe framework, the binding energy is strong compared with C-Fe and the Fe
carbide cannot be formed, which is supported in this case by the white color after
catalytic tests [83]. Noticeably, for the sample with a Si/Fe ratio of 45 (the point of
the framework partial damage) and a high temperature, the convertibility between
Fe clusters and Fe carbide was observed. These latter moieties are responsible for
the cracking reaction [83].

12.2.4 Ring-Enlargement Selectivity

Benzene was only detected for the sample with a Si/Fe ratio of 45. Enlargement of the
MCP ring was only observed at temperatures of 400°C. This result can be attributed to
thermodynamic phenomena because aromatization is favored at high temperatures [83].
Keeping in the mind that ring-enlargement product formation was hindered at low tem-
peratures and at low Fe contents, this result represents an advantage of Fe catalysts due
to their ability to hinder aromatization. This also holds true for the samples with high Fe
loadings but at low temperatures [83].

12.3 Dry Reforming of Methane

Methane and carbon dioxide are two of the cheapest and most abundant car-
bon-containing molecules. As methane and carbon dioxide are the two major green-
house gases, their conversion into value-added chemicals is of great interest to
reduce global warming. One of these processes is the conversion of carbon dioxide
by reforming with methane, an environmentally friendly process since it utilizes two
major greenhouse gases, in which carbon dioxide and methane produce valuable
syngas. In the past few years, it has been proposed to utilize CO, an oxygen-transfer
agent or a nontraditional oxidant for several reactions [98], but the utilization of CO,
as a source of carbon as not been proposed. In this context, the reforming of methane
with carbon dioxide to produce synthesis gas has received significant attention as
an alternative process to steam reforming of methane. The increasing interest in this
process is based on the lower energy requirements compared to steam reforming.
CO, reforming also allows the production of syngas with a low H,/CO ratio (theo-
retically 1/1; however, the presence of side reactions such as reverse water gas shift
[RWGS] slightly reduces this ratio), which is suitable for the production of numer-
ous chemicals, including methanol, dimethyl ether, Fischer-Tropsch chemicals,
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ammonia, acetic acid, and formic acid [99]. From the perspective of catalytic chem-
istry, the reforming of methane with carbon dioxide to syngas at low temperatures
has been a challenge. Finding an adequate method to activate methane is essential
for the DRM reaction. The reforming of methane with carbon dioxide is a thermo-
dynamically unfavorable reaction. High reaction temperatures are required to shift
the equilibrium to a state favorable for the formation of syngas. The high reaction
temperatures cause the equilibrium conversion of carbon dioxide reforming (highly
endothermic reaction) to be more thermodynamically favorable than side reactions,
such as methane decomposition (CH, > C + 2H,), the Boudouard reaction (2CO >
C + CO,) and the reverse carbon gasification reaction (CO + H, <> C + H,0) [100,
101]. Coke formation at lower temperatures is mainly due to the Boudouard reaction.
However, endothermic decomposition reactions become more significant at higher
temperatures. These side reactions could contribute to the deactivation of the cat-
alyst. DRM is an endothermic reaction, which, even at high temperatures, needs a
suitable catalyst to achieve sufficient conversion. In the presence of a supported
catalyst, such as metal nanoparticles on an oxide, the DRM process proceeds via a
complex mechanism involving multiple reactions with the metal phases responsi-
ble for C—H bond cleavage and the oxide carriers contributing to C—O bond cleav-
age [102]. The stable C-H bonds in CH, (425 kJ/mol) and the stable C-0 bonds in
CO, (396 kJ/mol), along with the highly endothermic nature of the CRM process,
require harsh operating conditions for practical reactant conversion. It is desirable
to develop an efficient catalyst that is catalytically reactive at low temperatures and
stable at elevated temperatures.

Noble metal catalysts have drawn attention for their superior coking resistance
in the dry reforming of methane, higher stability and activity, especially for high-
temperature applications [103-105]. However, noble metals cannot be applied on an
industrial scale due to their high cost. Ni has been the most common metal utilized as
a catalyst in dry reforming chemistries for technical and industrial standpoints due to
its low cost, but the drawbacks to using methane in DRM are the intense formation of
carbonaceous deposits that lead to rapid catalyst deactivation through coke deposi-
tion and the Boudouard reaction, the sintering effect that is caused by high reaction
temperatures and metal oxidation. These drawbacks restrain the practical application
of Ni in industry. For Ni-based catalysts in DRM, two major sources of deactivation
have been identified, namely, carbon deposition at low temperatures and sintering at
high temperatures [106, 107]. Consequently, research efforts related to DRM have been
focused on the development of commercial catalysts able to achieve high and stable
conversions while maintaining resistant to deactivation. To date, only two processes
based on DRM have been industrially implemented: the SPARG process [108, 109] and
the CALCOR process for CO production [110].

Different types of supported metal catalysts have been extensively studied to
minimize the coke deposition problem. Assembling metal nanoparticles into meso-
structured materials is an example where the interplay of the metal/carrier can be
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notably reinforced by the nanoconfinement effect [111]. The surroundings of the metal
nanoparticles with concave internal surfaces of nanosized channels can optimize the
metal/carrier interfaces.

It was reported in the literature that mesoporous catalyst supports, like MCM-41,
were less susceptible to catalyst deactivation due to coke formation than the conven-
tional microporous materials [112]. Ni-MCM-41 samples with various Si/Ni prepared
directly by the conventional hydrothermal [113, 114] were tested in DRM. It have been
observed that the conversion of CH, strongly depends on both reaction temperature
and nickel content [114]. A high initiation temperature of 600°C is required for the
samples with low Ni-loading samples (Ni-MCM-41 Si/Ni = 50) and Ni-MCM-41 (Si/
Ni = 25) but 700°C for Ni-MCM-41 (Si/Ni = 100). An increase in the catalytic conver-
sions with increasing temperature is observed for the lowest nickel content catalyst
Ni—MCM-41(Si/Ni = 100). Ni-MCM-41(Si/Ni = 25) catalyst is found to be the most active
within the temperature range of 650-800°C which show that the catalytic activities
do not constantly increase with increasing Ni content [114]. It is possible that aggre-
gated Ni species may predominate when the Ni content exceeds the dispersion-limit
loading. Although H, and CO are formed simultaneously according to the stoichiome-
try of dry reforming, there is excessive CO with respect to H, at all temperatures inves-
tigated. The CO/H, ratio approaches the stoichiometric value of unity gradually as the
temperature increases regardless of catalysts, which agrees well with the thermody-
namics tendency caused by RWGS side reactions [114]. Slightly higher selectivities of
CO are observed over Ni-MCM-41(Si/Ni = 50) and Ni-MCM-41(Si/Ni = 25) catalysts. At
the optimal reaction temperature of 750°C temperature with high catalytic activity,
moderate CO/H2 ratio, and low energy consumption, the initial catalytic activity of
Ni-MCM-41 catalysts prepared by direct synthesis has the following sequence: Ni-
MCM-41(Si/Ni = 25) > Ni-MCM-41(Si/Ni = 50) > Ni-MCM-41(Si/Ni = 100). The stability
of the catalysts at 750°C shows the following sequence: Ni-MCM-41(25) > Ni-MCM-
41(50), which coincides with the increase of Ni content. This indicates that the pres-
ence of sufficient surface active centers is crucial to maintain both high activity and
long-term stability [113, 114].

When one correlates catalytic stability and carbon deposition, it has been observed
that the Ni-MCM-41(Si/Ni = 50) and Ni-MCM-41(Si/Ni = 25) catalysts show low catalytic
stability but low carbon deposition. For the catalysts with low Ni loading, the density of
active sites on the pore wall surface is relatively deficient and therefore the activation
ability is low and limited [113, 114]. It has been observed that the conversion is dependent
on both the reaction temperature and the method of introducing Ni and the Ni loading
[115]. 4% Ni-TUD-1 catalysts were prepared by post-synthesis grafting (graf), direct
hydrothermal synthesis (DHT), and impregnation (imp) and tested in the carbon dioxide
reforming of methane [114, 115]. The size of Ni particles is different as a function of
method preparation: 8 nm has been observed on Ni-TUD-1-graf, 18 nm on Ni-DHT, and 24
nm on Ni-TUD-1-imp. The small nickel particle size on both Ni-graf and Ni-DHT samples
has been attributed to the strong anchoring effect of TUD-1 support which restricts the
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migration of nickel clusters [114, 115]. Grafted nickel species may provide a better catalyst
synthesis method compared to framework incorporated nickel species as higher disper-
sion and smaller nickel particle size is observed on Ni-graf sample. The large Ni particles
size observed on Ni-imp can be attributed by substantial nucleation and rapid aggrega-
tion during the reduction. Weak interaction between TUD-1 and the surface Ni during
reduction is suggested to be the main reason. CH, conversions at 550°C on Ni-DHT,
Ni-graf, and Ni-imp are 17.9%, 5.4%, and 4.0%, respectively; Ni-DHT exhibits the lowest
initiation temperature followed by Ni-graf and Ni-imp. A higher conversion is observed
for CO, compared to CH,. The presence of RWGS reaction is suggested to be the main
reason contributing to such higher CO, conversion. For all catalyst, H, selectivity
increases exponentially with increasing temperature, in agreement with previous ther-
modynamics studies where high temperature favors the formation of H, through various
reactions such as reforming, WGS reaction, carbon gasification, and methane cracking
[116]. Excess CO is observed (H,/CO ratio less than unity) over the entire range of temper-
ature investigated. CO was found to be in greater excess at low temperature. This can be
due to the occurrence of side reaction such as RWGS and methanation reaction at low
temperature which consumes H, [116]. Both Ni-DHT and Ni-graf exhibit analogous H,
selectivity while Ni-imp shows obviously lower selectivity toward H,. Moreover, Ni-graf
exhibits noticeably lower H,/CO ratio compared to Ni-DHT, implying that less carbon is
formed on Ni-DHT catalyst. Severe sintering occurs on Ni-imp during reaction and active
nickel sites aggregate into large particles that are catalytically less active. Although the
direct synthesized Ni catalyst performed the best during the catalytic activity test, the
grafted catalyst surpassed all other Ni catalysts in the long-term activity and stability
evaluation. Despite the presence of a large amount of carbon deposition, Ni-graf TUD-1
catalyst exhibited high activity and strong resistance against catalyst deactivation due to
the presence of more easily accessible Ni active sites and the nature of the moderate
reactivity of surface carbonaceous species. The catalytic stability of the prepared samples
was investigated at 750°C. Both Ni-graf and Ni-DHT are relatively stable at 750°C for 72 h
of time on stream (TOS) with Ni-graf being more stable than Ni-DHT. The better anchor-
ing effect of grafted nickel compared to framework incorporated nickel can be said to
have contributed to the higher stability in Ni-graf sample. Ni-imp exhibits the poorest
activity and stability, nearly no activity (in terms of CH, conversion) is observed during
stability analysis on Ni-imp sample after 5 h of TOS. The deactivation of Ni-imp catalyst
may be attributed to the metal sintering which is confirmed by the TEM observation. It
can be observed that nickel particle size is a crucial factor affecting activity of the cata-
lyst. Both Ni-graf and Ni-DHT catalysts are able to maintain high H, selectivity and H,/CO
ratio during 72 h of TOS. Ni-imp exhibits moderate H, selectivity and H,/CO ratio which
deteriorate completely after 5 h. A slight decrease in H, selectivity and H,/CO ratio (stabi-
lized after 25 h of TOS) is also observed on Ni-DHT. This decline can be due to the further
nucleation of Ni particle at the reaction condition which is stabilized after 25 h of TOS.
Although carbon deposition can be another reason for the observed decline in H, selec-
tivity, no further decrease in the selectivity is observed despite both CH, and CO,
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conversion maintained above 50% and 60%, respectively. As observed, a decrease in Ni
particle size has resulted in a larger amount of coke formation over Ni-graf and Ni-DHT.
Although a large amount of carbonaceous species formed over these two catalysts, their
catalytic activity and stability are well maintained. This is most likely due to the low
probability of the blocking of the active sites by carbon deposition or the absence of
pore-mouth plugging over these catalysts; noticeably, there are more exposed surface
active sites over Ni-graf catalyst. The smaller particle size is very beneficial for the carbon
dioxide reforming of methane [114, 115]. Graphite peak (from XRD results) was observed
on Ni-DHT and Ni-graf, and not in the Ni-imp catalyst after the stability reaction. This
behavior has been attributed to the low activity of the Ni-imp catalyst 114, 115]. Ni-graf
catalyst with higher activity and stability is found to exhibit a higher intensity of graph-
ite peak, suggesting more carbon is deposited on it compared to Ni-DHT catalyst. Accord-
ing to Raman results, both the amorphous carbon and graphite have been formed during
the reaction [114, 115]. It must be noted that no obvious correlation exists between the
amount of carbon and the catalytic activity in stability test [115]. Although a negligible
amount of carbon is formed on Ni-imp, both the activity and stability are severely poor.
While more carbon was deposited on Ni-DHT and Ni-graf, both catalysts show good
activity and stability, suggesting that higher activity is accompanied by more carbon
deposition [114, 115]. Indeed, most of carbonaceous species, both a-carbon and B-car-
bon, can participate as the reactive intermediates in the production of syngas. For
Ni-imp, the deactivation of this catalyst is not related with carbon formation but due to
the significant sintering of nickel particles, which coincides with the lower metal disper-
sion and larger particle size. The smaller Ni particle is beneficial to the catalytic perfor-
mance (both activity and stability). Similar trend that correlated particle size and cata-
lytic performance has also been reported [117, 118]. The high activity observed on Ni-graf
and Ni-DHT should be caused by the improved dispersion of metal particles under reac-
tion conditions. The large amount of carbon formation can be attributed to the relatively
easier decomposition of CH, over small nickel particles. The facility of CH, decomposi-
tion coupled with carbon gasification is beneficial for the formation of CO and H, via an
alternative reaction pathway [116]. However, when the decomposition of CH, and the
Boudouard reaction proceed faster than carbon gasification, accumulation of carbon on
the catalyst occurs [116]. The decrease in Ni particle size has resulted in a larger amount
of coke formation over Ni-graf and Ni-DHT. Although a large amount of carbonaceous
species formed over these two catalysts, their catalytic activity and stability are well
maintained, especially for the former catalyst. This is most likely due to the low proba-
bility of the blocking of the active sites by carbon deposition or the absence of pore-
mouth plugging over these catalysts; noticeably, there are more exposed surface active
sites over Ni-graf catalyst [114, 115]. However, the 12.5% Ni/SBA-15 catalyst, prepared
using an incipient wetness impregnation method, showed highly stable activity at 800°C
for 600 h [119]. After reaction for 710 h, the conversion of CH, and CO, decreased by about
50% and 25%, respectively. In this case, the coking was the main reason for the deacti-
vation of the Ni/SBA-15 catalysts. At higher reaction temperatures, the mesoporous
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structure of SBA-15 was not destroyed and the pore walls of SBA-15 could prevent the
aggregation of the nickel species. It was reported that mesoporous-alumina-supported
Ni-based catalysts showed good catalytic performance and significantly decreased coke
formation by modification of these catalysts with tungsten [120].

12.4 Conclusions

The conversion of MCP with hydrogen at atmospheric pressure was selected as an
index reaction for Fe-TUD-1. For low iron content, Si/Fe ratios of 85 and 65, the Fe-O-Si
bond of the isolated tetrahedral iron ions in the silica TUD-1 framework is dominant.
For the high iron content, Si/Fe ratio of 45, the isolated Fe sites of Si-O-Fe bonds
coexist with the Fe-O-Fe clusters. It was observed that the reductive treatment does
not cause a noticeable change in the mode of iron ion stabilization in the TUD-1 frame-
work; in this case no partial or total breaking of the Si-O-Fe framework linkages take
place (UV-vis spectroscopy). The catalytic studies indicate that Fe-TUD-1 with various
Si/Fe ratios exhibited outstanding ring-opening selectivity. Among the ring-opening
products, n-H was formed exclusively. The formation of n-H has been explained by the
presence of metallocyclobutane intermediate, followed by the endocyclic C-C bond
rupture of the MCP ring which leads to the formation of a carbene—olefin, and giving
a m-adsorbed vinyl group via a 1,2-hydride shift. The active sites responsible for the
endocyclic C-C bond rupture between substituted secondary-tertiary carbon atoms
seem to be the tetrahedrally coordinated/atomically isolated sites on the mesoporous
support, while the small clusters seem to be responsible for the successive C—C bond
rupture. The selectivity toward the cracking reaction is generally explained by the
difficulty in desorbing products formed on the catalyst surface. The results show that
one atom of the Fe-0O-Si species may react in the MCP conversion, favoring the single
C-C rupture and increasing the selectivity to ring opening of MCP. On these Fe iso-
lated species and tetrahedrally coordinated, the Fe carbide cannot be formed. In con-
trast, two atoms of Fe-O-Fe species may react in the conversion of MCP, favoring the
consecutive reactions and decreasing the selectivity of the ring opening of MCP. On
these species the Fe carbide has been formed. Although the conversion of MCP is rela-
tively low as compared with noble metal catalysts [46, 48, 92], these empirical results
in reductive media for Fe-TUD-1 catalysts are appropriate for generating ring-opening
products at the secondary C—tertiary C with atom efficiency.

The production of syngas from DRM is a sustainable and effective way to cat-
alytically convert methane. Mesoporous materials with nanosized pore diameters
have attracted considerable attention in the syngas production. It has been observed
that a high dispersion of metallic Ni over mesoporous nanostructured supports limits
coke formation and preventing metal particles from sintering. Moreover, the meso-
porous supports can provide catalysts with high performance, due to providing more
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edges and corners. For transition metal oxides, the active phases in mesoporous
nanostructures can localize d-electrons within the thin walls between pores, and
therefore, the materials are endowed with interesting catalytic properties. Numerous
fundamental studies have also shown that the unprecedented activity of metal cat-
alysts is primarily indebted to their particle size, the degree of coordinative unsatu-
ration of the metal atoms, and the collaboration of the metal particles and supports.
Therefore, downsizing the particle size to the nanometer or subnanometer scale is
highly desirable for designing novel catalysts. As observed, the physical, chemical,
and structural characteristics of these mesoporous catalysts and their catalytic reac-
tivity are dependent on their preparation methods. These results on mesoporous cat-
alysts create new challenges for the technology and catalysis.
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13 Highly ordered porous materials

13.1 Introduction: Why Highly Ordered?

Porous materials are of scientific and technological importance due to the presence
of controllable dimensions at nanometer scale. Research efforts in this field have
been driven by the rapidly emerging applications such as biosensors, drug delivery,
gas separation, energy storage and fuel cell technology [1-3]. This research offers
exciting new opportunities for developing new strategies and techniques for the syn-
thesis and applications of these materials. Perfect control of the structure parameters
of porous materials is of fundamental importance in order to tailor and verify their
properties.

In addition to the self-assembly processes of organic materials, which are
mainly based on different wetting properties and thus surface energies, there is a
second large material system in which the self-assembly is based on electrochemical
instabilities. This is the case with the so-called valve metals and some semiconduc-
tors, such as silicon and III-V compound semiconductors [4, 5]. The most studied
systems today are silicon and alumina.

Electrochemical anodization of pure aluminum or silicon enables the growth
of highly ordered nano- and macroporous structures with a controlled morphology.
These porous materials possess perfect ordered arrays of pores with monodisperse
pore diameters and a high aspect ratio. The currently accessible pore diameters
(D,) of nanoporous alumina range from 15 to 400 nm, those of macroporous silicon
from 370 nm up to a few microns as indicated in Figure 13.1. The length of pores can
be varied from a few hundreds of nanometers to a few hundreds of microns. Both
template systems contain highly ordered arrays of straight pores with sharp diameter
distribution (less than 10%) and uniform depth.

Aluminum oxide has been used since the beginning of the last century due
to its chemical and corrosion resistance properties. Mainly in 1995, Masuda et al.
investigated highly ordered arrays of porous alumina initiated by self-organization.
The ordered pore domains are in the micron range only. Furthermore, nanoporous
alumina has the disadvantage that no long-range order is available, and grain
boundaries and point defects occur. Nevertheless, to obtain perfectly straight pores
the anodization is typically done in a two-step process [6, 7]. A one-step anodizing
process is commonly used for manufacturing protective porous alumina layer on
aluminum, whereas the two-step anodizing process results in much more ordered
nanopore arrays. Selectively dissolving of the first oxide layer and subsequently
re-anodizing in a second oxidation process will achieve this. The depth of the pores
is closely related to the duration of anodizing, and defined anodizing times improve
the pore regularity.

https://doi.org/10.1515/9783110547221-013
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Figure 13.1: Overview of the pore diameters (Dp) and lattice constants (D,,) of the currently available
highly ordered templates of nanoporous alumina (grey bars) and macroporous silicon (black bars).

The fabrication of macroporous silicon is based on a classical top-down approach.
Starting from bulk material, regular pore structures are formed in an electrochemical
etching process. The underlying fabrication is a controllable and parallell-processable
method that makes the production of macroporous silicon scalable to large areas and
therefore economically attractive.

The fundamentals of the electrochemical etching process of macroporous silicon
have originated in the 1990s by Lehmann and F6ll [8]. Perfectly ordered pore arrays in
the micrometer range are producible using a photolithographic pre-patterning. These
macropores are perfectly directional and separated pores in contrast to meso- or nan-
opores with a more or less sponge-like structure.

13.2 Macroporous Silicon

Macroporous silicon produced by electrochemical etching of lithographically pre-
structured silicon wafers [8, 9] is a promising material for a variety of novel devices.
Potential applications of macroporous silicon have been proposed in the fields of
microprocessing, gas measurement, photonic crystals, biotechnology and many
others. Examples are short-time optical filters [10], two-dimensional (2D) and three-
dimensional (3D) photonic crystals [11-13] and optical and capacitive sensors [14, 15].

The etching of silicon and therefore the “growth” of pores with a certain diame-
ter covers several orders of magnitude. According to the International Union of Pure
and Applied Chemistry nomenclature for porous materials [16], structures with a pore
width below 2 nm are called microporous. The mesoporous structures range from 2 to
50 nm. Bigger pores are referred to as macropores (Figure 13.2).
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Figure 13.2: Overview of the porous silicon types.

This kind of pores can be obtained under a variety of conditions and with differing
morphologies. The key parameters are the electrolyte type (aqueous, organic, oxidant),
the hydrofluoric acid (HF) concentration, the surfactant, the Si doping type and level
(n, n+, p, p+) and in some cases the illumination (backside or front side illumination).
Detailed reviews about their formation are available, for example, [8, 17].

In this chapter, we focus on electrochemically etched macropores in n-type
silicon.

13.2.1 Introduction to Silicon Electrochemistry

Electrochemical etching of silicon is a very versatile method for the fabrication of
macroporous silicon.

The electrochemical dissolution of silicon is due to the stability of its oxide in
aqueous solutions only possible with acidic solutions of HF. Silicon requires being
anodic biased to dissolve efficiently. Micropore formation in p-type silicon has been
known for about 50 years [18]. It was shown only in 1997 that macropores could be
also generated under the same conditions in p-type silicon [19].

The pore evolution and morphology obtained by electrochemical etching depends
on several factors. On the one hand, the current density and electrode potential deter-
mine the amount of etched silicon but have only a little influence in advance of the pore
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front. That is defined as the etch velocity. On the other hand, factors such as the electro-
lyte concentration, temperature and optional additives affect the etch velocity as well
as the pore shape and limit the practical operation range of the electrical parameters.
Furthermore, the bulk characteristics of the silicon wafer like doping type and density,
crystal orientation and carrier lifetime strongly determine the morphology of the pores
and feasible pore dimensions [20]. It has been found in the porous layer formation
regime that currents through the electrochemical cell have a similar shape to that shown
in Figure 13.3. (the current-voltage profile of an n-type silicon—electrolyte junction).
Two competing mechanisms act on the silicon surface: formation of SiO, and subse-
quent dissolution by HF as well as direct dissolution of silicon. The I/U curve reaches a
local maximum for a defined voltage U, with a corresponding current density /.. The
critical current density J,; marks the transition from divalent to tetravalent dissolution.

In particular, porous silicon formation occurs if the current density is lower than /.
For current densities below J,; divalent dissolution of silicon takes place:

Si + 4HF, + h'— SiF; + 2HF + e~ (13.0)

Thereby two charges per dissolved silicon atom can be measured in the electric circuit:
one defect electron (h*) moving from the silicon to the electrolyte and one electron (e-)
moving in the opposite direction through the interface.

Current densities exceeding the critical value J,5 will involve four minority charge
carriers. A tetravalent dissolution occurs:

Si + 2H,0 + 4h" — Si0, + 4H" (13.2)

The HF electrolyte removes instantaneously the formed silicon dioxide — electropol-
ishing takes place. Both the divalent and the tetravalent reactions lead to a dissolution

&  —

Figure 13.3: I-U characteristic curve of an illuminated reverse-biased Si-HF contact. The critical
current density /. marks the transition from divalent to tetravalent dissolution. The limitation of the
overall current density to values below /5 by illumination from the backside influence directly the
diameter of the pores.
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of silicon, but only the first reaction (13.2) results in pores into silicon due to the strong
dependence on the crystal orientation of the divalent dissolution. The chemical pro-
cesses involved in the dissolution of silicon are quite complex and depend on the
local current intensity and fluoride ion concentration.

More insight on the chemical-physical aspects of silicon dissolution can be found
in the works of Lehmann, Zhang [20] and Kolasinski [21].

The investigation of the physicochemical processes at the silicon/HF interface
plays an important role to understand the pore growth and therefore the local dis-
solution of silicon. These processes depend essentially on the doping of the silicon
wafer and thus on the properties of the space charge region (SCR) at the interface. The
formation of microporous silicon is based on quantum confinement effects [22, 23].
The doping and crystal orientation do not influence the pore growth. Such a layer of
microporous silicon often covers the walls of meso- or macropores. The generation
and properties of an SCR in an electrochemical etching setup is essential during the
mesoporous and macroporous pore growth. Mesopores are formed mainly by tunne-
ling processes within the SCR [24] while macropores are generated resulting in ther-
mionic emission (for p-type doping) [25] or the collection of minority charge carriers
(for n-type doping). The growth direction of meso- and macropores is dependent on
crystal orientation.

The underlying mechanisms of macropore formation in n-type silicon will be
discussed in the following section in more detail.

13.2.2 Electrochemical Macropore Formation in n-Type Silicon

For the release of anodic-poled silicon at the semiconductor electrolyte boundary
layer, the existence of holes is required [9]. In the case of photoelectrochemical etching
the silicon is therefore additionally illuminated from the rear side (i.e., the side facing
away from the electrolyte) in order to produce electron—hole pairs by absorption of
the photons. The generated electrons are directly ‘sucked off’ by the anodic polar-
ity while the holes diffuse through the semiconductor and thus reach the boundary
layer. In addition, the current—voltage characteristic is shifted by the generation of
holes in the illuminated n-type silicon, so that in the case of maximum illumination it
assumes the form of the characteristic curve for p-doped silicon.

The illumination of n-doped silicon also results in a controllable degree of
freedom for the etching process since the current density at the semiconductor—
electrolyte junction can now be regulated independently from the applied voltage via
the illumination intensity. Figure 13.4 shows the structure for photoelectrochemical
etching according to Lehmann et al. [21].

For n-type silicon, the condition J < J, is always obtainable by the choice of the
appropriate illumination intensity independently from the voltage as long as the
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Figure 13.4: (A) Etching of macropores in n-type silicon under backside illumination. The holes
generated by absorption of the light at the wafer backside diffuse through the wafer to the etching
front. There they are consumed at the pore tips for the etching process. (B) Scanning electron
microscope (SEM) picture of a silicon pore bottom. At the lowest region of the pore bottom
electropolishing takes place due to the high hole density while the outer edge of the pore bottoms is
divalent dissolved.

voltage remains in the range U, < U < U, pyq (U, = idling voltage, Uy,,,,,= break-
through voltage). In particular, it is possible that U is selected in the range U, < U <
U hrougns Whereas J < Js remains. In this parameter range, stable growth of macropores
is known for a longer time [9].

In the case of macropores, the development of the space charge zone at the Si/
HF interface must be considered. The (100)-oriented n-type silicon wafer is in contact
with HF at one side. The positive pole of the voltage source is placed on the backside
of the n-type silicon wafer (anode). The negative pole forms the cathode made by
platinum wire in the HF. The back side of the wafer is illuminated with light, thereby
electrons at the wafer backside will raise from the valence band into the conduction
band and generate simultaneously holes in the valence band. The electrons of the
conduction band are extracted to the positive pole of the voltage source while the
holes drift through the wafer to the opposite etching front. The development of SCR of
the Si/HF interface follows the geometry of the pore tips.

The width of this region Wy for the case of a planar silicon interface can be

estimated to
,2&: U
WSCR = P ]\?D (A)
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where ¢ is the dielectric constant of silicon, €, the permittivity of the free space, e
the elementary charge and N, the density of dopants. The voltage U is the difference
between the built-in potential of the silicon-HF contact and the external applied
voltage. Furthermore, the charge carriers generated by the backside illumination limit
the chemical reaction. The SCR almost conforms to the pore shape. It is shown in lit-
erature [20] that with the associated curvature of the SCR in the region of the pore tip
a reduction of the SCR thickness at the pore tips also occurs. Therefore, the electric
field is bigger in the region of the strongly curved pore tips than in the region of the
pore walls. Since the electric field lines are perpendicular to the curved pore surface,
the incoming holes are focused to the pore tip. In case of an overlap of the SCR of two
adjacent pores, the entire pore wall belongs to the SCR. Hence all incoming holes are
focused on the pore tips; no holes can drift between the pores into the pore wall and
the pore wall is thus protected against dissolution (passivated). The pore is further
etched at the tip only. The growth of the pore is perpendicular to the depth along the
(100)-crystal direction.

Although the etching process is not a self-ordering process, it is a self-organizing
one. For a given doping density, applied voltage and backside illumination, an average
porosity and pore diameter will arise.

The growth of macropores in silicon follows a certain short-range order due to the
formation of the SCR between neighbored pores but a long-range order that requires
strict periodicity does not exist. Therefore, the lithography has to match the intrin-
sic material parameters. However, it is possible to initiate pore growth selectively
at defined positions via artificial preparation of suitable ordered nucleation on the
silicon surface. For this purpose, an anisotropic etching solution is used to generate
etching pits in the form of inverted pyramids in the (100) silicon surface (Figure 13.5).

A defined top surface photomask determines the structure and arrangement of
the required pits. For this purpose, first the silicon wafer is coated with a photoresist
(Figure 13.5A, B). Photolithography is used to expose the mask (Figure 13.5C) and to
transfer the structure into the silicon surface (Figure 13.5E). In addition to the peri-
odically ordered trigonal or cubic pore arrangements by specifically omitting certain

(G (B ©
(D) ® (F
Figure 13.5: Macroporous silicon by photoelectrochemical etching: lithography and KOH

pre-structuring. (A) plane Si; (B) photoresist + silicon dioxide; (C) photolithography; (D) HF dip;
(E) KOH etching; (F) final pre-structured wafer surface.
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nuclei, point or line defects can also be produced for the generation of resonant struc-
tures or photonic waveguides.

In 1990, Lehmann and Foll have demonstrated ordered macropore growth in
n-doped (100)-oriented silicon [8] for the first time, and 3 years later Lehmann pub-
lished his phenomenological, macroscopic growth model based on space charge
effects [9]. The predictions derived from that model describe the growth of cylindrical
macropores at steady growth conditions in an excellent manner and enable precise
control of the production.

Starting material is a pre-patterned single crystal silicon wafer as shown in
Figure 13.5. It is brought into contact with the structured front side with HF and
illuminated at the back. In addition, an anodic voltage is applied between silicon
(contacted at the backside) and the electrolyte (contact by means of a platinum
wire). Depending on the intensity, the backlighting generates different electron—
hole pairs. Due to the externally applied anodic voltage and supported by the back
contact, the electrons are immediately sucked off. The generated defect electrons,
driven by the concentration gradient, flow through the entire silicon wafer to the
interface between silicon and HF.

An extensive SCR (see Section 13.2.1) has formed on this boundary surface. This
static electric field is mainly deflected to the pore tips. Therefore, the SCR passivates
the pore walls against the penetration of electronic holes and thus protects them
from electrochemical dissolution. The electrochemical dissolution of the silicon takes
place only at the pore tips according to eqs (13.1) and (13.2). Figure 13.6 shows typical
example of such two-dimensional macropores that can be produced with lattice con-
stants of 0.5-12 pm. They are characterized by a very flat etching front, that is, deep
pores, pores with practically identical diameters, low surface roughness and great
perfection and precision.

The silicon standards available at 6” wafer scale at SmartMembranes are listed in
Table 13.1. The structure parameters have some degrees of freedom, but the maximum
or minimum main values are fixed as listed.

The standard spacings (a = pitch) are currently 1.5, 4.2 and 12 um. Other pitches
are reasonable as well but in needs of a new pre-patterned surface and thus a new
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Figure 13.6: Standard electron microscopic pictures of silicon membranes: (A) anisotropic pore
shape, (B) isotropic pore shape and (C) lifted membrane.
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Table 13.1: Standard pore structure parameters for macroporous silicon — standards available at
SmartMembranes.

Interpore distance 1.5 pm 4.2 pm 12 pm

Pore diameter 1pm 2.5pm 5-6 pm

Possible pore widening Upto 1.2 ym Upto 3.5 um Upto 10 uym

Pore arrangement Trigonal Trigonal Cubic

Porosity 40-60% 20-60% 40-50%
Membrane thickness, 50, 200 pm (liftoff) 50, 200 pm (liftoff) 50, 200 pm (liftoff)
standards 350, 500 pm (flat)
Membrane thickness, custom 15-200 pm 15-500 pm 15-500 pm
Membrane size upto @130 mm upto @130 mm upto @130 mm
Standard tolerance of +10% v v v

lithographic mask. Additional various postprocessing steps are possible, such as sub-
strate liftoff to generate membranes thinner than the bulk material (Figure 13.6A),
anisotropic or isotropic pore shaping (Figure 13.6B, C) and laser dicing in membrane
sizes regarding the customer needs. All processes are applicable on 6” wafer size, but
also scalable in future.

13.3 Nanoporous Alumina

The history of electrochemical oxidation of aluminum has already started in the
beginning of the last century. Anodic treatment of aluminum was developed
to obtain protective and decorative films on its surface [26]. Bengough and
Stuart’s patent in 1923 is being the first patent for protecting Al and its alloys
from corrosion by means of an anodic treatment [27]. In 1936, Caboni invented
the famous coloring method consisting of two sequential processes: anodization
in sulfuric acid, followed by the application of an alternating current in a metal
salt solution [28]. Between 1970 and 1990, studies led by Thompson and Wood
explained the growth mechanisms of aluminum oxide films. A similar publication
by O’Sullivan and Wood is well known for the anodization of aluminum to receive
porous alumina structures [29] in a disordered way as shown in Figure 13.7A.
Based on a two-step anodization process, a self-ordered (or high-ordered) porous
alumina membrane with 100 nm interpore distance was synthesized by Masuda
and Fukuda in 1995 [30]. This discovery was a breakthrough in the preparation of
polydomain nanoporous alumina templates with a very narrow size distribution
and high aspect ratios (Figure 13.7B). Two years later, they combined the alumi-
num anodization method with novel nanoimprint technologies, which allowed for
the first time the preparation of a monodomain pre-structured porous alumina as
shown in Figure 13.7C [31].
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Figure 13.7: Overview of nanoporous alumina structures: (A) disordered, (B) self-ordered
and (C) pre-structured.

Self-ordered nanoporous alumina, which is the main topic of this chapter, is pro-
duced by anodic oxidation of pure aluminum under defined process conditions.
Those high-ordered alumina structures gained importance in the past years because
of their wide range of commercial applications. They are often used for biomimetics
or as templates for novel nanocomposites [32]. Also a fabrication of several types of
devices such as filter modules, catalyst components and biological appliances as well
as electronic, magnetic and optical devices are of more technological interest [33, 34].
The formation of alumina nanostructures (Figure 13.8) is based on a self-organization
in which the pores grow perpendicular to the surface [35]. Pore size, the interpore
distance and the pore length can be defined by a wide range of combinations of dif-
ferent process parameters such as temperature, etching time, applied voltage, current

Figure 13.8: Self-ordered nanoporous alumina
on aluminum support.
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density as well as the concentration and mixture of the electrolyte. To create a two-side
open membrane, the residual aluminum on the bottom has to be selectively dissolved
and a chemical pore bottom etching has to be performed. All those parameters and
additional post-processes make the fabrication very sensitive to changes, especially
in terms of high throughput and size scaling.

13.3.1 Introduction to Alumina Electrochemistry

Depending on several factors, in particular the electrolyte, two types of anodic films
can be produced: barrier-type films can be formed in completely insoluble electro-
Iytes, for example, neutral boric acid, ammonium borate, tartrate and ammonium
tetraborate in ethylene glycol. Porous-type films can be created in slightly soluble
electrolytes such as sulfuric, phosphoric, chromic and oxalic acid [36].

The process takes place in an electrochemical cell, which consists of a two-elec-
trode system, for example, a platinum (Pt) mesh acting as the counter electrode
whereas aluminum is the anode. When voltage is applied, aluminum is being oxidized
and hence the alumina layer is produced at the anode (eq. (13.3)). On the cathode side
hydrogen evolves (eq. (13.4)):

2A1 + 3H,0 — ALO, + 6H" + 6e- (13.3)
6H* + 6e- — 3H, (13.4)

The pore formation [37, 38] can be described in the following four steps (Figure 13.9):

— Step 1: once the voltage is applied, a barrier oxide layer is formed on the surface.

— Step 2: since the barrier oxide layer always shows irregularities due to the surface
roughness of the aluminum foil or sheet used, the electric field focuses locally at
those fluctuations.

—  Step 3: that focus induces a field-enhanced or/and temperature-enhanced disso-
lution in the formed oxide and thus leads to the growth of pores.

— Step 4: pore growth with an equilibrium of field-enhanced oxide dissolution at
the oxide/electrolyte interface and oxide growth.

At the equilibrium (step 4) negatively charged ions (0>/ OH-) from the electrolyte
migrate through the oxide layer to the pore bottoms, whereas AP ions from the
metal drift through the oxide layer into the solution at the oxide/electrolyte interface
[42]. While AP*ions that reach the oxide/electrolyte interface contribute to oxide
formation in case of barrier oxide growth (Figure 13.10), other Al* ions can be lost to
the electrolyte solution [39].

The current density passing across the oxide is described as follows [40]:

J=JatJetJe (13.5)
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Electrode
Electrolyte

ALO;  AP*4 027/OH-§

Aluminum

Figure 13.9: Schematic diagram of the pore formation at the beginning of the anodization: step 1:
formation of barrier oxide on the entire area; step 2: local field distributions caused by surface
fluctuations; step 3: creation of pores by field-enhanced or/and temperature-enhanced dissolution;
step 4: stable pore growth [47, 49].

Al Figure 13.10: lon diffusion at the interfaces
during oxide formation.
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where j,, j. and j, are the anion-contributing, cation-contributing and electron-
contributing current densities. The electronic conductivity in the alumina layer is very
low due to the passivation properties; the ionic current density (j; = j, +j.) on the other
hand contributes mostly to transport the charges. The relationship between the ionic
current, j,, and the electric field, E, can be expressed in terms of the Guntherschultze—
Betz equation [49], whereas 8 and j,are temperature and metal-dependent constants:

Ji=J.exp(BE) (13.6)

For the alumina the electric field E, j, and f are in the range of 106-107 V/cm, 1 x 10
to 3 x 102 mA/cm? and 1 x 107 to 5.1 x 10-°cm/V, [39]. Based on the Guntherschultze—
Betz equation, the rate-limiting steps of the oxide layer formation are determined by
the ionic transport either at the metal/oxide interface, within the bulk oxide or at the
oxide/electrolyte interface [44]. This means that the oxide grows simultaneously at
both interfaces, for example, at the metal/oxide interface by Al* transport and at the
oxide/electrolyte interface by oxygen ion transport [33, 40].

The transient of the potentiostatic current density shows the formation of
barrier-type or porous-type alumina (see Figure 13.11) [41-44]. At the beginning of
the anodization, both transients behave similarly. In case of the barrier film forma-
tion, the current density j, decreases exponentially since the barrier oxide current is
dominated by the ionic current j. For nanoporous alumina growth the current density
profile according to the formation steps mentioned above is observed [45]. In the
beginning, the current density j, decreases as well (step 1 in Figures 13.9 and 13.11).
In step 2 it passes through minimum value. Thereupon it again increases to reach a

Current density ()

Anodization time (t)

Figure 13.11: Schematic diagram of current density curves during the initial growth at constant
voltage. j, indicates the current density for the barrier film and j, for the porous film formation.
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maximum value (step 3). Since some pores begin to stop growing due to competition
among the pores, the current slightly decreases. Finally, a constant current density
remains (step 4). During a long etching time the current density may continuously
decrease. This is due to diffusion limits in the long pore channels [47-49].

13.3.2 Self-Ordered Regimes via Two-Step Anodization

The pore diameter and the interpore distance can be varied by using different
voltages or electrolytes such as oxalic, sulfuric and phosphoric acid [46, 47]. Self-
ordered porous alumina structures can only be obtained under specific conditions.
For example, structures with pore spacing of 65, 105, 125 and 480 nm are fabricated
at 25 V in sulfuric acid, at 40 or 50 V in oxalic acid and at 195 V in phosphoric acid,
respectively [48-50]. The high order of the pores is only created where the voltage is
adapted to the right electrolyte and concentration, as shown in Figure 13.12.

The applied potential Uis one of the most important factors to adjust self-assembly
of porous alumina. The interpore distance, D, , is linearly proportional to the applied
potential with a proportionality constant k of approximately 2.5 < k (nm/V) < 2.8 [33]:

D, =kU (13.7)
500
Phosphoricacid —— =
400 -
§300_
E Oxalic acid
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200
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Figure 13.12: Effect of anodizing potential (U) on the interpore distance (D,,) for high-ordered porous
alumina formed in different acid electrolytes. The known self-ordering regime takes place at the line
where the equilibrium of dissolution and oxide creation exists.
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In addition, the thickness of the barrier layer can be approximately estimated as half
of the interpore distance (D, = 2 t,, where t, is the barrier-layer thickness). Since
the interpore distance, D, is given by the applied voltage, only the pore diameter
can be adjusted to offer a wide range of porosities. In a stable self-ordered etching
process, the resulting pore diameter is similar to the applied voltage, for example, at
25V in sulfuric acid the pore diameter is 25 nm. It is well known that those standard
pore diameters follow the 10% porosity rule [51]. To achieve higher porosities, the
pore diameter can be chemically widened in an additional step while keeping D,
constant [52].

The self-organized arrangement of pores in high-ordered hexagonal arrays can
be explained by a repulsive interaction between the pores during growth due to
volume expansion [53]. As a result, during the first oxidation as explained previously
hexagonally close-packed arrays are obtained at the interface between the porous
alumina layer and the aluminum substrate, whereas the top side remains unordered
(Figure 13.13A and B). On a very rough surface also loss or bifurcation of pores during
the first anodization may occur [54, 55]. Then, the porous alumina film is selectively
dissolved in a wet chemical treatment [56]. Patterns that are replicas of the hexagonal
pore array are preserved on the fresh aluminum surface (Figure 13.13B). This allows
the preparation of pores with a high regularity by a subsequent second anodization
under the same conditions as the first anodization (Figure 13.13C). If needed, the

exi ‘r_é‘ei_l\’l" (C) .2nd anodization

Al

(i) l 1st anodization

\}
G ) fo
(YA SR

Al

(ii) l Oxide removal

W

(iii) l 2nd anodization

Al MPI SEI

Figure 13.13: Two-step anodization procedure for a self-ordered nanoporous structure [55].
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Table 13.2: Nanoporous alumina standard pore structure parameters — available at SmartMembranes.

Pitch/interpore distance 65 nm 125 nm 480 nm

Pore diameter 25 nm 40 nm 180 nm
Possible pore widening Up to 45 nm Up to 90 nm Up to 400 nm
Pore arrangement Trigonal Trigonal Trigonal
Porosity 10-45% 10-50% 10-50%
Membrane thickness, standards 50, 100 pm 50,100 pm 50,100 pm
Membrane thickness, custom 30-120 pm 30-120 pm 30-120 pm
Membrane size Up to A4 Up to A4 Upto @ 150 mm
Standard tolerance of +10% v v v

resulting pores can be isotropically widened by chemical etching to increase the pore
size and porosity at a constant interpore distance.

Since the aluminum used is a multicrystalline metal, the trigonal order of the
self-ordered pores can only be reached in the single grains of the crystal structure.
Those so-called monodomains are emphasized in Figure 13.13D with different colors.

The alumina membranes and templates available in a self-ordered regime at
SmartMembranes are listed in Table 13.2. Besides those parameters, custom develop-
ments are possible for reaching other pitches and porosities depending on the order
needed.

13.4 Potential Applications of Both Porous
Material Systems

Based on SmartMembranes’ experience the membranes have a large application portfolio
in many areas of materials science as well as in nano- and microproduction (Table 13.3).
Nowadays the main focus of our membrane production lies in the needs of
defined market segments — so-called niche market segments (Figure 13.14).
Applications of macroporous silicon have been shown in the fields of microsys-
tem technology, gas sensors, photonic crystals, biotechnology and many others.
Examples include short-pass optical filters, 2D and 3D photonic crystals, optical and
capacitive immunosensors for monitoring immune complex formation. Macroporous
silicon provides a platform for lots of interesting and innovative applications mostly
in biotechnology. Silicon membranes with straight passages of different dimensions
(pore size and length) have been proposed, for instance, for selective bioorganism
detection [57]. Here an initial use of macroporous silicon is the Ratchet membrane
[58], where the pores are characterized with asymmetrically modulated diameter in
depth. This system can be suitable for efficient and selective continuous separation
of sensitive biological materials such as viruses and cell fragments. Miniaturized
biochips with involved high-ordered macroporous silicon arrays have also proved to
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Table 13.3: Application portfolio of high-ordered porous alumina and silicon.

Application

Separation and protection against contamination L
(dust, bacteria, viruses, etc.)

A

Sterile and viral filtration

Solid-state sensors, multifunctional sensors for gases

o)

Lab-on-chip systems, diagnostics

Bioanalysis Il"ll

Microreactors

Catalysis -

Template synthesis for novel composites %ib

SEPARATION TRANSPORT CATALYSIS

DRUG CELL

DELIVERY ~ GROWTH IMPLANTS

CHEMO-

BIOSENSING SENSING

ENERGY  ELECTRONIC
PHOTONICS STORAGE DEVISES FUEL CELLS ~ OPTICAL

SOLAR

MAGNETISM CELLS

Figure 13.14: Application fields of the nano- and macroporous membranes of SmartMembranes.

be advantageous for the use of the detection and recognition of molecular binding
events [59, 60]. All of the above examples utilize several unique features of mac-
roporous silicon, for example, the ability to generate perfect periodic pore arrays
of defined arrangements and high aspect ratio, large area-to-volume ratio and full
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process compatibility with silicon microtechnology. Most applications benefit from
the remarkable periodicity and straightness of macropore arrays which are essentially
3D systems.

In contrast to other state-of-the-art porous materials and processes, nanoporous
alumina structures offer a very high aspect ratio (up to 4,000) while still keeping all
dimensions constant. Due to the precise membrane parameters, the surface area
and also the exact flow rates through the membranes can be exactly calculated and
adjusted on nanometer scale. These are the unique selling points, which lead to
various new markets and applications.

13.4.1 Elected Applications of Macroporous Silicon Membranes
and Templates

One of the innovative application examples is the multifunctional biochip sensor
“TipChip,” which was developed in cooperation with the company Axela Inc. (Canada).
This flow-through chip is based on a lab diagnostic method for the determination of
DNA and protein species. In this case, complex elaboration methods are replaced by
substance-selective separations in the pores (transition from 2D to 3D structures with
defined surface modification of the inner pore walls). The single-use consumable has
been designed for routine and focused multiplex analysis for nucleic acids or proteins.
The TipChip is a disposable device consisting of a 6.5 mm square chip mounted on a
plastic tube. The chip is made of porous silicon with >200,000 microchannels incorpo-
rated in that area. A single capture probe site occupies approximately 70 microchan-
nels. This approach facilitates the interaction between target molecules and immobi-
lized probes, resulting in three to four times faster hybridization of oligonucleotides
or protein binding (Figure 13.15). A highly selective multifunctional biosensor system
could be realized by using an electrosensory measurement technology.

Another interesting application is the collaboration with Neah Power Systems
Inc. (USA) for the development of a direct methanol fuel cell (Figure 13.16). In this
case, the macroporous silicon acts as the electrode material. The 3D microchannel
silicon structure has many beneficial attributes in contrast to the traditional proton
exchange membrane (PEM) cell configuration. The enormous enlargement of the
total surface area, the adjustable porosities and the straight and uniform air pore
channels do not only allow high flow rates without the formation of blockages but
also enable a clear miniaturization with the same or improved performance. The
drawing showing a cross-sectional view of a single cell in Figure 13.16 illustrates
the differences of the two designs. Power generation in the 3D structure of the Neah
electrode design along with the liquid electrolyte coverage of that surface results
in significantly larger surface area available for power generation compared to the
corresponding 2D surface. Since electrical current is produced from the chemical
reactions that occur when the fuel, electrolyte and catalyst interact, the PEM design
has substantially less useable reaction sites.
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Figure 13.16: Side-view comparison of the PEM versus Neah cell designs (not to scale).

Theliquid system drives other differences from a traditional PEM-based design. The gas
diffusion layer needed in PEM systems is not a requirement any longer as the ordered
pore structure of the silicon electrode allows a uniform fuel/electrolyte distribution.
Ultimately, the micro electrochemical systems (MEMS)-based design techniques avail-
able for silicon structures will be capable of more and more functionality to be built
directly into the electrode structure as the technology continues to mature.
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13.4.2 Elected Applications of Nanoporous Alumina Membranes
and Templates

The membranes at SmartMembranes are available either as flow-through membranes
or one side closed templates. The main application of templates is the production of
nanowires or nanorods from metals, metal oxides or polymers [61-63]. Examples for
nanotubes produced from a polymer melt and metal wires achieved by electrodeposi-
tion are shown in Figure 13.17.

Based on those developments a new market has evolved while looking for inverse
moth-eye molds as templates for printing tools in order to achieve antireflective and
adhesive surfaces (Figure 13.18). Hereby the nanopores are created by anodic oxida-
tion of an aluminum cylinder with a low aspect ratio, typically 1 or 2. The pore form
is not straight as usual but rather cone shape having a slope or conical shape which
is generated by a controlled variation of pore etching and widening [65]. The major
advantage in contrast to other commercial solutions, such as interference or e-beam
lithography or nickel shim applications, is the rather convenient production method
at shorter times and favorable pricing. Moreover, this method offers a novel seamless
printing cylinder which is not limited to the length or diameter of the tool [66]. This
cylinder is then being used in printing machines to transfer the structure in either a
resin which is quickly ultraviolet cured after the adoption of the inverse structure or
directly on a melted foil following a cooling procedure.

Nanorods from metals are often used to create novel magnetic materials for mag-
netic memory in three dimensions which can lead to new storage media [67].

Nanoporous alumina membranes with higher aspect ratios can be implemented
in flow-through devices, for example, filtration modules for sterile filtration and sep-
aration or for biosensing applications [68]. They are often found in novel gas sensors,

®

Figure 13.17: Nanowires and nanotubes from polymer melts (A) [64] and metal deposition (B, C)
using the nanoporous membranes as templates; pictures contributed by Prof. Martin Steinhart,
University of Osnabriick, Germany (A); Prof. J6rg Schilling, ZIK SiLi-nano®, MLU Halle, Germany (B);
Institute NEEL, University Grenoble Alpes & CNRS, France (C).
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Figure 13.18: Porous alumina structure on aluminum cylinder for printing purposes on lacquers or foils.

for example, measuring moisture in gases [69, 70], for detecting ammonia [71] or
hydrogen [72]. One of the main topics is using a thin porous oxide film as humid-
ity sensors. Juhasz and Mizsei created a humidity sensor with an integrated heating
inside [73]. SmartMembranes also focuses on a new design as shown in Figure 13.19.
The thin nanoporous alumina layer is prepared on a Si/SiO, standard semiconductor
device with added electrodes for measurement of the capacitive changes. Once water
is absorbed in the porous structure, a significant change in the capacity of the sensor
is caused by the high dielectric constant of water in contrast to the one of air. The pore
size has a direct influence on the sensitivity and the time-related responsive behavior.
Heating is crucial to dry oxide layer and hence eliminate the drift caused by previous
measurements.

The sensitivity of the thin nanoporous layer according to Juhasz and Mizsei is
one magnitude higher than other commercially available sensors due to the high
surface area created by the porosity. Nanoporous alumina hence offers the option for
new developments of miniaturized, highly sensitive devices with strongly improved
performance.
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Electrodes

Porous AAO layer

Substrate

Heating on the backside

Figure 13.19: Schematic prototype of a humidity sensor with an integrated heating using nanoporous
alumina as the active layer.

13.5 Conclusion

A basic introduction to the fabrication as well as applied aspects of macroporous
silicon and nanoporous alumina were presented. Their outstanding material proper-
ties make both systems ideal candidates for great number of applications. The highly
reproducible geometries can be fabricated using an inexpensive and well-controllable
etching process.

The morphology can be tuned over a broad range (2 nm to a few microns) by mod-
ification of the anodization conditions as well as defined material properties.

Characteristics that occur due to the nanostructuring of bulk material, for
example luminescence, dependence of the refractive index on the porosity, biodeg-
radability and bioactivity, render porous silicon and alumina a material that can be
exploited in optics, sensor technology, biomedicine and many more.

The focus of product development in the actual market in recent years is sensing
and biomedical applications (gas sensors, biosensors, tissue engineering, controlled
drug delivery and diagnostics).
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14 Nanotechnology and energy conversion:
A solution using spectrally selective solar
absorbers and thermoelectrics

14.1 Introduction

The world is experiencing a global energy crisis which is deeply affecting most of
the countries in the world and threatening the existence of civilization [1, 2]. Nano-
technologies [3] as key and cross-sectional technologies introduce numerous tech-
nological breakthroughs in energy sectors to provide substantial contribution in
renewable energy supply. The inventions in nanotechnology have paved the way
to move beyond conventional energy generation approaches in a more productive,
sustainable, environment-friendly and cost-effective manner. It should be empha-
sized that nanotechnology has a remarkable possibility to reduce the dependence
on depletable source of conventional energy. Also, nanotechnology can extensively
enhance the efficiency, storage and conservation of the green energy-based systems
[4]. Nanoengineered materials can also play an important role in the development
of high energy density systems, renewable and low-cost Li-ion [5], Li-S [6], Li-air [7]
and other type batteries (e.g., supercapacitors [8] and hydrogen storage materials [9,
10]). The safety of Li-ion batteries can be improved by adopting several approaches
including use of safety vents [11], positive temperature coefficient elements, shut-
down separators [12], less flammable electrolytes [13] and redox shuttles [14]. The
processing and packaging, safety, environmental fallout and so on are next fron-
tiers toward large-scale commercialization of Li-ion batteries [15]. Also, nanotech-
nology-based innovations enable the development of state-of-the-art cost-effective
components as well as systems with outstanding energy efficiency and noteworthy
performance. Recently, nano-enabled coatings are also interesting research topics
for energy applications [16-18]. Such coatings incorporate nanostructured and
nanofunctional materials [19], such as nanoengineered steels [20, 21], nano-en-
hanced lightweight for transport applications [22], nanostructured surfaces and
nanocoatings, nanolubricants [23] and nanosensors [24]. The surface area related
property improvement in nanomaterials is also utilized in other functional appli-
cations, such as nanopores and their morphology control in double-layer superca-
pacitors [25], superhydrophobic surfaces [26] for corrosion mitigation and improving
performance of steam condensers, specificity of nanoparticles along with under-
standing taxonomic and physiological types of microbial species for enhancing
efficiency of conversion of biowaste and biomass to gaseous energy recovery [27].

https://doi.org/10.1515/9783110547221-014
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Catalysts with shell and core material structures with nano-thin coating of noble
metal can contribute in realizing cost-effectiveness of vehicle emission control
systems, fuel cells of electrolyzers and so on [28].

Solar thermal technology, also known as concentrated solar power (CSP) [29],
is an advanced technology that has a great potential to usher in universal energy
access. Such systems have emerged as a significant player in renewable energy
production by focusing solar irradiation using a number of mirrors into a spec-
trally selective absorber to heat up a liquid, solid or gas to several hundreds of
degrees Celsius, is then used in a downstream process for electricity generation
[30]. Recently, thermoelectric materials also have been investigated extensively as
it can directly and reversibly convert the temperature difference to electricity. A
constant source of thermal energy can generate temperature gradient in thermo-
electric legs. Solar thermoelectric generator (STEG) [31] consists of thermoelectric
materials in between a solar absorber and a heat sink to produce a temperature
gradient which in turn generates electricity. STEG systems are achieving significant
interest in both concentrated [32] and nonconcentrated [33, 34] solar power systems
(see Figure 14.1).

Solar collectors that are used in nonconcentrated systems can be stationary,
and tracking mechanism is not required in such systems while a strong optical setup
is needed in concentrated systems to focus solar radiation. It is also important to
mention that in nonconcentrating collectors the temperature reaches from ambient
to 240 °C, whereas the operating temperature for concentrating collector is almost up
to 1,500 °C. The solar selective absorber coatings on collectors in CSP systems generate
heat energy by utilizing the entire solar spectrum whereas photovoltaic cells convert
only a small portion of solar energy into electric power. A lot of research is going on
to combine the CSP and thermoelectric technology. Figure 14.2 shows a schematic
diagram of STEG systems. STEG systems have many advantages compared to other
conventional electrical power generator systems, since it does not require any moving
parts and produce electricity from solar energy. Additionally, STEG technology can
be used for both small- and large-scale applications. However, these hybrid systems
have relatively low conversion efficiencies, so their applications have been usually

TEG & heat sink

Incoming solar radiation . N
integrated in the tube

Thermoelectric

Hot side

Vacuum
Cold side

—» Heat sink
Evacuated flat plate Parabolic trough collector ~ Lens concentrator Parabolic dish collector

Figure 14.1: Thermoelectric generator setup in different solar thermal systems [33].
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Figure 14.2: Conversion of solar energy to electricity using STEGs.

limited to the specific situations where reliability is a major consideration such as in
military applications and aerospace [35].

The methodologies and achievements of nanotechnology make us optimistic
to set our goals high in developing nanostructured thermoelectric materials that
empower energy to be recuperated from waste heat in the form of electricity. The
products based on thermoelectric materials provide next revolution by perceiving
a promise to fabricate cost-effective and pollution-free energy conversion systems.
In parallel, nanocrystalline and nanolayered spectrally selective coatings with high
solar absorptance and low thermal emittance will address the transformation of
the solar energy into more useful form of electrical energy in the promising STEG
systems. In this chapter, the authors have ensured coverage of different classes of
solar selective coatings and thermoelectric materials to demonstrate the impor-
tance of nanomaterials and nanotechnology in renewable energy applications and
economic growth. This chapter also demonstrates the legitimate analysis on issues
pertaining to acknowledge the role of nanotechnology in improving long-term dura-
bility of such systems. In addition, the future directions have also been discussed,
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which can be appreciated and utilized to maximize harnessing of nanotechnologies
for green and renewable energy.

14.2 Solar Thermoelectric Generator

Solar thermal technologies along with thermoelectric devices have been used for
electrical power generation since the nineteenth century. STEGs need a thermoe-
lectric generator, a collector and a heat sink. Incident solar flux on the thermoelec-
tric generator depends on collector options, such as evacuated flat plate, parabolic
troughs, Fresnel lenses and parabolic dishes (Figure 14.1). For an evacuated system,
the maximum efficiency of an STEG can be expressed as follows [36]:

eo(T-T¢)

R ] x [ 16 | (14.1)

MSTEG = [Tgaﬂop -

where 1, a, 1,,, € 0 G(A) and n are the transmittance of the glass enclosure,
absorptance of the selective surface to the solar flux, optical concentration effi-
ciency, effective emittance of the absorber and the envelope, Stephen Boltzmann
constant, the incident solar flux and efficiency of STEG, respectively.

Telkes [31] was the pioneer for using thermoelectric material in solar thermal
technology in 1954. Combination of p-type ZnSb (Sn, Ag, Bi), an n-type 91% Bi +
9% Sb and a double-paned flat plate collector in an STEG with a 70°C tempera-
ture difference provided efficiency of approximately 0.63% [31]. The efficiency
of STEG enhances to 3.35% after using concentrated system with lens for a tem-
perature difference of 523 K. Kraemer et al. [37] used flat panel collector system
inside an evacuated glass chamber which achieved a peak efficiency of 4.6% at
1kW/m2 Amatya et al. [38] developed concentrated STEG system with 3% efficiency.
However, Goldsmid et al. [39], Omer et al. [40] and Suter et al. [41] also developed
concentrated STEG systems, but achieved low system efficiencies. Recently, Arturo
et al. [42] performed an experimental study on a solar concentrating system based
on thermoelectric generators. They have used six serially connected Bi,Te,-based
thermoelectric generators. A solar tracking system with concentrator made of a
mosaic set of mirrors was used. The maximum electric efficiency of the system is
5% with a 50°C temperature difference between hot and cold sides of thermoelec-
tric generator [42].

The efficiency of STEGs can be further enhanced by the use of high-performance
nanostructured thermoelectric materials and highly efficient spectrally selective solar
absorbers. In this chapter, we will discuss about the development of three different
types of spectrally selective absorbers. We will also demonstrate the synthesis of
highly efficient thermoelectric materials.
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14.3 Spectrally Selective Absorber Materials

Spectrally selective absorber coating is one of the key components of all the solar
thermal systems [43]. These coatings should be capable of capturing maximum
amount of solar radiation with a very less infrared emission. Therefore, one should
aim at designing a thin film to have the highest optical absorptance (a > 0.95) in solar
spectrum (0.25-2.5 pm) and a minimum emittance (¢ < 0.05) in the infrared range
(2.5-25 pm) to avoid radiative heat losses [44]. However, the main challenge of the
absorber lies with the performance of the coating in adverse environment and at high
temperature.

14.3.1 Intrinsic Absorbers

As the name suggests, intrinsic absorbers such as V,0, [45], LaB, [46], Fe,0, [47] and
AL, [48], and few ultra-high temperature ceramics such as ZrB, [49], ZtC, TaC, HfC
[50], SiC, ZrB, and HfB, [51] possess selectivity as inherent property. These materials
have been researched as potentially suitable candidates for solar selective applications.
Recently, Chen et al. [52] have investigated the intrinsic selective property of three types
of carbon nanotubes (N-CNT, P-CNT and T-CNT), which were electrophoretically devel-
oped on aluminum using kinetically stable CNT aqueous suspensions. A absorptance
of 0.79 and emittance of 0.14 were achieved by T-CNT absorber. N- and P-CNT absorbers
have a better spectral selectivity, with a = 0.90 and € = 0.14 for N-CNT absorber, a = 0.90
and ¢ = 0.13 for P-CNT absorber. In a different study, the selective properties (a = 0.76—
0.85 and ¢ = 0.05-0.1) of chemically synthesized Fe,0, nanoparticles were explored by
Gonzalez et al. [47], while deposited by dip coating method on Cu substrates. Doping
enhances the intrinsic selectivity by two ways: first, the donor atoms give rise to elec-
tron plasma, and second, these donors act as a scattering center, which enhances the
optical path of solar radiation and leads to maximum absorptance. For example, the
doping of W in VO, matrix (V,_ ,W,0,) makes it suitable as solar thermal absorber [53].

1-x

14.3.2 Multilayer Absorbers

In recent years, the coatings with the magnetron sputtered multilayer structures have
attracted attention in high-temperature applications. A multilayer coating consists of
several layers of transition metal oxides, nitrides, oxynitrides, carbides and/or sili-
cides. For example, Ning et al. [54] have developed Mo/ZrSiN/ZrSiON/SiO, coating by
magnetron sputtering which has a high solar absorptance of 0.94 and a low thermal
emittance of 0.06. The optimized thicknesses of the layers from substrate to surface
were 180, 51, 65 and 110 nm, respectively. The optical properties of the coating were
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stable at 500°C in vacuum for 500 h. Recently, a W/WAIN/WAION/ALQO,-based spec-
trally selective absorber has been developed by our group on stainless steel substrate
by direct current (DC) and radio frequency (RF) magnetron sputtering. Such coating
with a sky blue appearance has a high absorptance of 0.958 and a low emittance of
0.08 [55]. The coating has also a wide angular absorptance up to an incidence angle of
58° [56]. It is worthwhile to mention that the fabrication of a spectrally selective mul-
tilayer coating by magnetron sputtering is extremely challenging while maintaining
thermal stability of the layered structure for prolonged duration. In this coating, W
layer serves the role of diffusion barrier to reduce the emittance while WAIN layer acts
as main absorber layer and WAION as the semiabsorber layer. The top dielectric ALO,
layer with the lowest refractive index (n = 1.65) is used as antireflection layer. The
layer thicknesses were approximately 87, 50, 23 nm, respectively, for WAIN, WAION
and Al O, layers with a total thickness of approximately 160 nm.

Figure 14.3 represents an overview of the spectrally selective properties of the
entire stack. The coating also exhibited an outstanding thermal stability at 500°C in
air for 150 h without any noticeable change in solar absorptance and thermal emit-
tance (a/e = 0.918/0.11). Long-term thermal stability tests confirmed that the expected
service lifetime of the coatings is more than 25 years [57, 58]. Figure 14.4 represents the
spectral performance along with morphological changes as well as chromatic appear-
ance in high temperature. Several other multilayer coatings, such as TiAlSiN/TiAl-
SiON/Si0,[59], NbAIN/NbAION/Si;N, [60], NbMoN/NbMoON/SiO, [61], AlSiN/AISiON/
AlSiO, [62] and TiAlCrN/TiAIN/AISiN [63] have been investigated. The concept of gra-
dation in metallic property and refractive index from substrate to top surface in these
multilayer coatings help to capture maximum sunlight by destructive interference
mechanism [64].

14.3.3 Dielectric/Metal/Dielectric Absorbers

In order to absorb solar radiation, a different approach is adopted to sandwich a
metallic layer (Cr, Mo, Al, Pt, etc.) between two stable nanocrystalline and amorphous
dielectric layers (Cr,0,, MgO, ALQ,, etc.). Such a coating structure is known as dielec-
tric/metal/dielectric absorber and can be employed to improve the absorption by the
use of surface plasmon polaritons.

In response to the growing demand for the industrial use of Cr,0, or black chrome
[65, 66] in the field of solar selective coating, Barshilia et al. [67] first investigated
Cr,0,/Cr/Cr,0;-based coating using asymmetric bipolar-pulsed DC generators. They
observed that Cr,0 /Cr/Cr,0, (28 nm/13 nm/64 nm) has a very high selectivity with an
absorptance of 0.899-0.912 and a low emittance of 0.05-0.06. Nuru et al. [68] devel-
oped MgO/Zr/MgO-based solar-selective coating on Zr-coated stainless steel (SS) sub-
strate. The absorptance and the emittance of the film were 0.92 and 0.09, respectively.
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In a separate study, Tsai et al. [69] demonstrated the optical properties of ALO,
(70 nm)/Ni (20 nm)/ALO, (70 nm) coating, which exhibited highest selectivity with
an absorptance of 0.932 and emittance of 0.038. It is worth mentioning that the
“target power and oxygen flow rate during sputtering also influence the structure,
surface morphology and selective properties of the thin film. The transmission elec-
tron microscopic images in Figure 14.5(A)—(C) indicate the loose and rough coating
morphology, deposited at lower oxygen flow rate (2 sccm), while the coating fabri-
cated at higher oxygen flow rate (8 sccm) appears to be dense with a very smooth
surface. Additionally, an increase in target power from 150 to 250 W provides a film
with looser and rougher surface. The reason behind such morphological changes can
be attributed to the change in Al O, deposition rate as it increases with an increase
in sputtering power and decreases with an increase in oxygen flow rates. It is also
important to note that loose coating with voids exhibits lower transmittance, that is,
higher absorptance than that of dense coating as the voids and loose pattern assist
in enhancing the light absorption (see Figure 14.5(D)). Different types of spectrally
selective coatings along with optical properties and thermal stability have been sum-
marized in Table 14.1.

A(150/2)

Si
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© ] 100
;@ 80
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Figure 14.5: Transmission electron microscopic cross-sectional images of AL,O, coatings deposited
using different DC powers and oxygen flow rates; A (x/y) represents ALO, coating (DC power/oxygen
flow rate) (A) A (150/2), (B) A (250/2) and (C) A (150/8); (D) transmittance spectra of as-deposited

AL O, coatings, fabricated in different deposition conditions [69].
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14.4 Surface Engineering of Superhydrophobic
Coatings for Solar Energy-Harvesting Systems

The superhydrophobic coatings are developed on a wide variety of materials, including
titanium [70-74]. However, these hybrid systems have relatively low conversion efficien-
cies, so their applications have been usually limited to the specific situations where relia-
bility is a major consideration such as in military applications and aerospace chrome moly
steels, [75, 76] glass slides [77] and marine steels [78]. Alumina on ZnO for near-complete
transmission on the optimized coatings is a promising superhydrophobicity surface. The
accumulation of dust and sand on solar power reflectors and photovoltaic cells is one of
the main efficiency drags for solar power plants, capable of reducing reflectivity up to
50%. The cover glass of the solar cell coated with the film becomes superhydrophobic, in
which water rolls off easily from the surface, carrying dirt and grime with it and allowing
more solar energy to be absorbed. Though currently there are several coating techniques
available, most of them are based on vapor deposition that require high vacuum and
are cost intensive. Therefore, low-cost, environmental-friendly coatings based on supe-
rhydrophobicity that is amenable to scale up in addition to providing multifunctional
propertties for solar reflectors is necessary to optimize energy efficiency.

Corrosion Science and Technology Division, IGCAR, has been involved in the
development of lotus effect-based superhydrophobic coatings for the past 7 years.
One of the authors (Baldev Raj and his coauthors) have developed superhydrophobic
surfaces based on ZnO [70, 71] and aluminum oxide [72] coatings on glass substrates
via solution-based approach for solar panel cover glass applications (Figure 14.6).
The fabricated surface was amorphous with an interconnected porous network of
nanoflakes. The static contact angle of the prepared coatings was 161° and exhibited
superior self-cleaning behavior at a tilting angle less than 10°. The interconnected
network of coatings exhibited average transmittance level of 95%.

The photovoltaic performance of commercially available solar cells covered with
uncoated glass substrates and superhydrophobic glass substrates was measured
under various conditions (such as fabricated, artificially contaminated and self-
cleaned conditions) and the results were compared. The uncoated glass substrates
and aluminum oxide-coated superhydrophobic glass substrates recovered the effi-
ciency of sawdust-contaminated solar panels by 67% and 91%, respectively, thereby
enabling the fabricated superhydrophobic glass substrates to be effectively useful for
self-cleaning cover glass applications.

It is believed that the development of transparent, mechanically robust super-
hydrophobic coatings will eventually solve the challenging issues regarding dust
accumulation in near future. Similar strategies can be adopted to self-clean the solar
absorber surfaces for STEG systems. The combination of micro- and nanostructures,
together with a hydrophobic chemistry, generates the phenomenon of superhydro-
phobicity with water droplets on such surfaces exhibiting contact angles above 150°.
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Figure 14.6: (A) Surface morphology of superhydrophobic alumina coating (inset shows water-sur-
face contact angle 161°); (B) fully transparent superhydrophobic alumina surfaces; (C) self-cleaning
nature of superhydrophobic ZnO surface; (D) solar simulation studies on transparent superhydro-
phobic alumina surfaces; the saw dust contaminated uncoated glass substrate recovered only 67%
of efficiency of solar panel after cleaning with water. Aluminum oxide-coated superhydrophobic
surfaces recovered 91% efficiency of solar panel after cleaning with water.

It will be exciting to enhance performance and applications of different types of
absorber coatings evolution in terms of selective property requirements (a and ), reli-
ability of the materials and testing requirements. In particular, the constant demand
on renewable energy can be satisfied with enormous research effort by making the
STEG systems competitive with the conventional power generation. It can be expected
that the combined efforts into the further advancement on fabrication procedures,
structure and material optimization along with performance testing for practical
application of spectrally selective absorbers will have noteworthy impact in develop-
ing superior STEG systems.

14.5 Thermoelectric Materials

Recently, significant interest has grown for energy generation, conversion, storage,
and management due to emerging global need in renewable energy sources. Enrich-
ments to the existing energy supply must emerge from different renewable sources
such as solar, wind, hydropower, biomass and others. Motivated by the requirement
for efficient, clean and sustainable energy sources, thermoelectrics has become an
essential part of the research portfolio seeking to identify new and efficient energy
materials for power generation and cooling. The major share of the energy was con-
sumed after generation by the use of coal, petroleum, natural gas, nuclear and coal.
To run the transportation and industrial sector, combustions of coal, petroleum and
gas are used. Importantly, ~60-65% of the utilized energy is being lost as waste heat.
Thermoelectric materials are the all solid-state converters without any moving part
which can directly and reversibly convert heat energy into electrical energy [85, 86].
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Over the last two decades, there has been an escalated research interest in the field
of thermoelectric materials and devices. The application of thermoelectric materials
in the industrial and defense applications are creating enhanced activity in this field
arising from demands of high-performance low-cost materials. More recently, research
on solar-thermoelectric is gaining attention to utilize the infrared part (heat) of the
solar spectrum, which can be converted to electricity by thermoelectric devices [34].
Novel applications of thermoelectrics are biothermal batteries to power heart pace-
makers, wearable devices, coolers for optoelectronics and devices, durable coolers
for automobiles and batteries and power generation for deep-space mission via radi-
oisotope thermoelectric generators. Significant research has already been devoted to
replace the alternator in cars with a thermoelectric generator. Thermoelectric gener-
ators have been installed in automobiles to capture waste heat from the exhaust and
to transform it into useful electrical energy for automotive electrical systems and for
increased fuel efficiency [85-87]. The deep-space applications of NASA’s Voyager and
Cassini missions are using radioactive thermoelectric generators [88]. Thermoelectric
refrigeration is an environmentally green method of small-scale, infrared detectors,
electronics and optoelectronics, localized cooling in computers and many other appli-
cations. Moreover, the applications include comfort seat coolers in luxury vehicle.
Recently, Peltier coolers are used for the refrigeration of biological specimens [85].
Thus, in future energy management and technology, development of low-temperature
thermoelectric refrigeration devices, as well as for the development of high-temper-
ature materials for waste heat recovery are important and will play a significant role.

14.5.1 Thermoelectric Parameters

Despite great advantage for waste to electricity conversion using the thermoelectric
device, the fundamental challenge of designing high-performance materials has been
to increase thermoelectric figure of merit (ZT), which is defined as

g7 OS T (14.2)
K

Clearly, to have high ZT, the materials need to have either low thermal conductivity
(x), or high power factor (6S?, or both at the same time. As these above-mentioned
transport characteristics are interrelated, a number of parameters need to be opti-
mized to maximize ZT [88-90]. Thermal conductivity, x, is the measure of transfer of
heat through a material by charge carrier and phonons. The thermal conductivity x,.,,
comprises two major components: (i) electronic contribution, carriers transporting
heat (x,) and (ii) lattice contribution, lattice vibrations or phonons carrying the heat
(k) and it can be expressed as x = k, + k... The necessity of low thermal conductivity
is another confliction in thermoelectric material design [88, 91-94].
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14.5.2 Recent State-of-the-Art Thermoelectric Materials

A good thermoelectric material should have high electrical conductivity (property
of metal), large Seebeck (property of semiconductor) and low thermal conductivity
(property of glass). The main challenge lies in the field to decouple the electronic and
phonon transport parts of the ZT [93]. In the following part, we will briefly discuss
about the state-of-the-art recent thermoelectric materials and concept developed
from our group and others.

14.5.2.1 Intrinsic Rattlers

Crystalline solids exhibiting ultralow thermal conductivity are centric to the develop-
ment of thermoelectrics, refractories and thermal barrier coatings for efficient energy
management. Thermal transport is indeed reckoned to be a limiting factor for realiz-
ing efficient thermoelectric materials. Extrinsic strategies such as alloying and nano-
structuring have been proven effective to suppress lattice thermal conductivity (x,,,)
but may also deteriorate electrical mobility. Solids with intrinsically low (k) are,
therefore, practically attractive being capable of offering nearly independent control
over electrical transport. Biswas group has discovered very low lattice thermal con-
ductivity (ca. 0.5 W/mK at 300 K) in Zintl-type AlnTe, compounds (A = Tl*/In*), which
decays to amorphous limit at elevated temperatures [95, 96]. These compounds feature
interlocked rigid anionic and weakly bound cationic substructures. TlInTe, exhibits
ultra-low lattice thermal conductivity, owing to rattling dynamics of weakly bound
Tl cations. Large displacements of Tl cations along the c-axis, driven by electrostatic
repulsion between localized electron clouds on Tl and Te atoms, are akin to those of
rattling guests in caged systems like skutterudites. Heat capacity of TlInTe, exhibits a
broad peak at low temperatures due to contribution from Tl-induced low-frequency
Einstein modes as also evidenced from THz time-domain spectroscopy. First-principles
calculations reveal a strong coupling between large-amplitude coherent optic vibra-
tions of Tl-rattlers along the c-axis, with acoustic phonons which likely cause the low
lattice thermal conductivity in TlInTe,. Jana et al. [95, 96] proposed that large atomic dis-
placement parameter associated with a specific set of atoms (i.e., hierarchical bonding)
besides rightly oriented electron-lone pairs should serve as indicators of low thermal
conductivity, and guide in exploring new materials for thermoelectric applications.

14.5.2.2 Lone Pair-Induced Bond Anharmonicity
Biswas group has discovered a new class of inexpensive Te-free cubic I-V-VI, semicon-

ductors (I = Cu, Ag; V = Sh, Bi; and VI = S, Se) with high thermoelectric performance
due to ultra-low thermal conductivity and enhancement of the electrical conductivity
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by p-type or n-type aliovalent doping [90, 97-102]. The electrostatic repulsion between
the stereochemically active lone pair on group V element and the valence bonding
charge of the chalcogen atom results in strong anharmonicity in the bonding arrange-
ment. We have shown that substitution of p-type and n-type dopants in AgShSe,and
AgBiSe,, respectively, enhances the electrical conductivity significantly. With ultra-
low thermal conductivity and superior electronic transport, promising thermoelectric
properties were achieved in AgShSe, [90, 97, 98]. The electronic transport properties of
AgBiSe, ;. X, ., X = Cl, Br and I) is mainly controlled by temperature-dependent cation
order—disorder phase transition [90]. Important thermoelectric properties with fasci-
nating cation order—disorder transition have been discovered recently in kinetic cubic
phase of AgBiS, and AgBiSeS synthesized by solution chemistry [100-102].

14.5.2.3 Tin Telluride

Pristine tin telluride (SnTe) is a p-type degenerate semiconductor with high p-type
carrier density (~10%/cm?) due to its intrinsic Sn vacancy which results in small Seebeck
coefficient and large electrical conductivity [103]. In SnTe, the energy difference
between light and heavy hole valence bands is ~0.3—-0.4 eV at 300 K, leading to negli-
gible involvement of the heavy hole valence band in electrical transport of SnTe [103].

Significant attention has been given for enhancing the thermoelectric properties
of SnTe via nanostructuring [104] and modifying the electronic structure to create res-
onance levels near the valence band, which indeed enhances the Seebeck coefficient
[105]. High thermoelectric performance has been achieved through enhancement of
the Seebeck coefficient via the synergistic effect of indium and silver co-doping in
SnTe (ZT ~1), where In acts as a resonant dopant and Ag doping enables the valence
band convergence [105, 106].

At room temperature, lattice thermal conductivity (k) of pristine SnTe is to be
~2.88 W/m/K, whereas the minimum lattice thermal conductivity (k) of SnTe is ~0.5
W/m/K [104]. The introduction of second-phase nanoprecipitates or alloy formation
is known to reduce the k, of SnTe moderately [107]. Recent research shows that the
lattice thermal conductivity of SnTe can be reduced near to its theoretical minimum
limit, k,;,, via formation of spontaneous nanodomains of Sb-rich layered intergrowth
Sn,Sb,,Te,,.,. compounds, which are actually natural heterostructures (Figure 14.7)
[104]. This mechanism should provide new guidelines for achieving low lattice thermal
conductivities in SnTe by nanoscale engineering.

14.5.2.4 Germanium Telluride

Germanium telluride (GeTe) and its derivatives have been regarded as potential ther-
moelectric materials since the 1960s and offer significant technological importance.
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Figure 14.7: Low-magnification transmission electron microscopic (TEM) image of sample

(A) Sy 4Sb, o, Te and (B) Sn, 4, Sb, s Te showing nanoscale precipitates, (C) high-resolution TEM
images of Sn, ;. Sb, ,;Te showing the nanodomains of layered intergrowth nanostructures (inset of
(Q)) electron diffraction pattern indexed to the cubic rocksalt parent structure with white circles
indicating superstructure ordering spots at ¥2 (h, k, 1) with h, k,  values of (1, 1, 1). (D) Comparison
of the room temperature k,,, of Sng ;.Sb ,;Te sample with the previously reported high-performance
Sn,_JIn,Te, Hg/Mn/Cd alloyed SnTe and SnTe-AgBiTe, which is very close to theoretical minimum
lattice thermal conductivity of SnTe [104]. Copyright © 2016, Royal Society of Chemistry. Copyright
© 2016, Royal Society of Chemistry.

GeTe undergoes a ferroelectric structural phase transition from paraelectric cubic
phase (B phase, Fm-3m) to ferroelectric thombohedral phase (a phase, R3m) at ~700 K.
Pristine GeTe is less attractive for thermoelectric application because of its high p-type
carrier density (~10%/cm?), which results in high electrical conductivity and a low
Seebeck coefficient [108]. At 300 K, x,, for pristine GeTe is ~3 W/mK whereas theoretical
limit of the minimum lattice thermal conductivity (x_, ) of GeTe is ~0.3 W/mK [109].
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Recently, thermal conductivity of GeTe has been reduced by using different strate-
gies in pseudobinary solid solutions of GeTe-AgShTe, (TAGS-x) [108] and Sh/Bi-doped
GeTe [110, 111]. Recently, Biswas group demonstrates low k,,, (~0.7 W/mK) and an
ultrahigh thermoelectric figure of merit (ZT = 2.1 at 630 K) in the Sb-doped pseudoter-
nary (GeTe), , (GeSe) (GeS), system (Figure 14.8) [109]. Entropy-driven solid solution
point defects rather than enthalpy-driven conventional endotaxial nanostructuring is
mainly responsible for low lattice thermal conductivity in Sh-doped (GeTe), , (GeSe)
(GeS), sample.

14.5.2.5 AgSbTe,

AgSbTe, is a promising thermoelectric material for power generation application in
mid-temperature range (400-700 K) owing to its anomalously low thermal conduc-
tivity (0.6-0.7 W/m/K) [112]. At room temperature, AgSbTe, crystallizes in a rock-salt
structure (space group, Fm-3m). AgShTe, exhibits strong bond anharmonicity due to
the presence of 5s? lone pair on Sh, which leads to low thermal conductivity [113].
Pseudobinary phase diagrams of Sb,Te,—Ag,Te and Sb,Te,-Ag,Te-Te reveals that
AgSbTe, is a metastable compound and slowly decomposes to Ag,Te and Sb,Te, at
630 K [114]. However blocking the formation of Ag,Te impurity is required to optimize
thermoelectric properties of AgSbTe,, due to its n-type conduction and it undergoes
a structural transition at ~425 K. Recently, Biswas group showed that incorporation
of Zn* at Sb* site in AgSbTe, suppresses the inevitable formation of Ag,Te impurity
by enhancing the solubility of Ag,Te in AgShTe, matrix, which indeed increases the

G eO.9SbO.lTe0.9se0.OSSO.OS(SPS)

a8 + GeO,QSbO.lTeO.QSEO.OSSO.OS
-~ GeTe

0.0 4

N\, 300 400 500 600 700
=~ Phonons T ()

Figure 14.8: (A) Phonon scattering by entropically driven solid solution point defects, which is mainly
responsible for low lattice thermal conductivity in (GeTe),_,,(GeSe),(GeS),, (B) temperature-depen-
dent thermoelectric figure of merit (ZT) of GeTe and (GeTe),_, (GeSe),(GeS), (pristine & SPS sample)
[109] Copyright © 2017, American Chemical Society.
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thermal and mechanical stability of AgSbTe,. A maximum ZT of 1.9 at 585 K has been
achieved for p-type AgSb,_,Zn Te,samples, which is one of the highest value obtained
in the lower-medium temperature range (450-600 K) (Figure 14.9) [115].

14.5.3 Topological Crystalline Insulator

Topological crystalline insulators (TCIs) are new classes of topological materials in
which crystal mirror symmetry protects the surface state, whereas for topological insu-
lators time-reversal symmetry protects the surface state [116]. A TCI-like Pb,,Sn,,Te
exhibits poor thermoelectric performance due to its vanishingly small bulk band gap
[117]. Apart from various physical perturbation techniques, chemical doping can also
perturb the local structure thereby the mirror symmetry which may tailor the elec-
tronic structure of TCI. Recently, Biswas group showed that Na (K) as a chemical
dopantin Pb,Sn,, Te breaks the crystal symmetry locally and widens a bulk electronic
band gap, resulting in high thermoelectric figure of merit value (ZT) ~1 at 856 K for
Na (K)-doped Pb,Sn,,Te sample which is considerably higher than that of undoped
Pb,Sn,,Te sample [117, 118]. The primary criteria for good thermoelectrics and top-
ological insulators (TIs) are comparatively similar as both need heavy elements and
narrow bandgap semiconductor. We can use same material either for electronics/spin-
tronics as a topological material or for heat to energy conversion as thermoelectrics.

14.6 A Way Forward

Exploring the excellent properties of STEG systems further is likely to be a very
complex task, which requires the use of both theoretical and experimental knowledge
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in interdisciplinary field. Detailed experimental case studies could also be helpful, as
would deeper understanding on different operational factors with relevant effects on
efficiency. Though improving the system efficiency is a real challenge, one hopes that
this does not prevent the researchers from at least trying different possibilities.

Concerning other functional applications of nanomaterials, the absorption of
solar radiation in entire spectrum can be enhanced by optimizing the size/morphol-
ogy/dimension of the nanoparticles and nanocoatings. Also, the number of layers,
roughness and thickness of individual layer, compositions, optical constants and
so on are the essential components to enhance the solar energy absorption. Hence,
in spectrally selective absorber, nanostructures are introduced to enhance the solar
absorption by minimizing thermal heat loss. Though there are a number of spec-
trally selective absorber coatings, their practical applications in the real field still
remain a challenge and are at risk due to various critical environmental factors.
The pretreatments of the substrates and careful surface engineering of the coating
with a roughness in nanometer scale can satisfy the criterion of self-cleaning. Apart
from operational properties, the mechanical properties, for example, hardness
or scratch resistance, could be modified extremely in the nanoscale region com-
pared with the identical material with coarser microstructural characteristics. A
year-round exposure of these coatings in various climatic conditions is required
to demonstrate the environmental stability of these coatings. It is also expected
that optical simulation and optimization of performance of multilayered coatings
before experimental study can reduce the cost and parameterization time for fabri-
cating spectrally selective coating. As a result, the overall production cost of STEG
systems can also be minimized.

Bulk thermoelectric material-based devices with power output of 20 MW have
efficiencies as low as 0.1% for temperature difference of 1.5 K in low-temperature
domain. In order to compete with current dynamic technologies, there is an urgent
need to reach the ZT value above 3. However, ZT hardly surpasses 2 in case of bulk
engineered materials because of interdependences. Such circumstances obstruct
the commercial applications of thermoelectric devices. A number of investigations
are undergoing to synthesize promising chalcogenides such as PbTe, GeTe,-Zn,Sh,,
skutterudites, clathrates and Zintl phases to achieve higher ZT for utilizing in prac-
tical applications. There are additional difficulties to ensure electrical contact to
the nanowires in a high-density arrangement with minimizing heat leakages. As
alternative materials, the topological insulators and polymer thermoelectric are
also potential competitors for commercial implantation of thermoelectric materials.
Applications have been explored where thermoelectric materials can be used up to
1,000 °C. For high-temperature thermoelectrics, nanocomposites are advantageous
as thermal conductivity in these materials is suppressed by the phonon scattering
without hindering the electrical properties. Such consideration points will help
to explore the vital role of STEG systems in the field of environmental study and
sustainability.
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14.7 Closure

The advancement of cleaner, cost-effective and more efficient energy production
demands an interdisciplinary effort including various scientific domains and techno-
logical fields. Indeed, significant improvement has been achieved in the production
of green energy followed by distribution at an affordable cost. During the last few
decades, nanomaterials and nanotechnology have offered a number of promising and
constructive innovations as well as research possibilities. Not only that, nanotechnol-
ogy has been at the premise of numerous technological advances with lot of modern
devices or applications for sustainable energy development while reducing their man-
ufacturing and electricity production cost. The existing research and development
infrastructure on nanotechnology in universities and industries as well as the modern,
intriguing, encouraging approach of nanotechnology-based research have attracted
bright young students, researchers, industries and policy makers. In order to enhance
the competitiveness and innovation strength as well as to achieve the aspiration of
the world community in the years up to 2025, consequential collaborations between
researchers, manufacturing industry and government will be extremely advantageous.

The combination of solar thermal and/or thermoelectric systems, that is, STEGs are
attractive technologies, which can not only able to generate power but also can serve a
lead role for environmental protection. It can be commented that despite low efficiency
and high cost, research on STEG is gaining a lot of interest in small-scale applications.
Thus, we conclude that STEGs with the spectrally selective absorber coatings and ther-
moelectric materials and other components can be considered as a promising alterna-
tive to traditional renewable energy systems. Taking into account the robust advances
in the fabrication of new and efficient nanostructured solar absorber coating and ther-
moelectric materials, it can be predicted that the efficiency and attractiveness of STEGs
can excel than that of other conventional solar hybrid systems in near future.
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Appendix |

List of symbols

Symbol Definition

Neres Efficiency of solar thermoelectric generator
T, Transmittance

o] Solar absorptance

£ Thermal emittance

Nop Optical concentration efficiency

o Stefan-Boltzmann constant

G() Incident solar radiation

A Wavelength

ya) Thermoelectric figure of merit

K Thermal conductivity

0S? Power factor

T Temperature

Kiat Lattice thermal conductivity

Kq Electronic thermal conductivity
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15 Nanotechnology and transport:
Applications in the automotive industry

15.1 Introduction

Nanotechnology is becoming increasingly economically important worldwide.
Today, numerous products already include nanotechnological components or they
are made using nanotechnologies. Signs for a broad industrial process of transfor-
mation through nanotechnologies have been apparent from a scientific perspective
since the 1980s. Today, a consensus prevails that nanotechnologies will have an
impact on virtually all areas of life, and thus on the economy, in the mid- and long
term. Unlike many other high technologies, nanotechnology has a cross-sectorial
character and therefore possesses a very broad potential of applications in many
areas of economy, including automotive industry [1, 2]. In 2003, different automotive
applications have been forecasted [3], several of them have been well established on
the market today.

Catalysts and air filter systems cause clean air inside and outside the car. Optical
layers for reflection reduction on dashboards or hydrophobic and dirt repellent “easy-
to-clean” surfaces on car mirrors are further examples of applications of nanotech-
nology in automobiles. Nowadays, profits amounting to billions are being generated
using such high-end products. Nanotechnologies are thereby incorporated as compo-
nents into the product or into production technologies.

In the production technology of future automotive engineering, nanotechno-
logical adhesives have an enormous economic potential since they allow energy
savings in assembly processes. An interesting application relates to adhesives that
are modified with magnetic nanoparticles. The coupling of thermal energy in the
form of microwave radiation induces the chemical reaction necessary for the gluing
process.

Through nanoadditives in plastics, clearly improved processing properties in
injection-molding machines can be achieved. Here, energy savings of up to 20% are
possible.

The key topics in automotive industry have evolved from reduction of fuel con-
sumption and emissions, safety, driver information and comfort into electric mobility,
autonomous driving, connectivity and shared mobility (see Figure 15.1). Nanotech-
nology obtains a huge potential for innovations in these fields and is seen as one
of the pacemakers for future automobiles [4] to sustain competitiveness. Nanotech-
nology may also provide substantial improvements in electric and hybrid cars, for
example, regarding energy storage systems, drivetrain components, robust power
device assemblies and thermal management.

https://doi.org/10.1515/9783110547221-015
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Figure 15.1: Megatrends in the automotive industry [5].
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Figure 15.2: Functions enabled by connectivity [6].

Future cars can be regarded as digitized ecosystems, where information handling
and exchange will enable new functions and services, as indicated in Figure 15.2. For
these, connectivity with the environment, the Internet, traffic systems and GPS satel-
lites is indispensible.

This chapter points out some applications of nanotechnology for the automotive
industry and its suppliers that are either already existing or at the research stage.

15.2 Functionalities of Nanotechnology

Nanotechnologies can be applied in almost all industries and technologies because
of their effects and functionalities. Given their cross-sectional capacity, nanotechnol-
ogies are especially important in automotive engineering, for recent reviews see [7, 8].
The functionalities of nanotechnological materials, products and processes discov-
ered so far offer an application-oriented access to nanotechnologies for enterprises.
These phenomena are closely related to the benefit and function of the product and
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thus to customer-oriented demand and provide the connection between nanotechnol-
ogy and automotive engineering. Functionalities relevant for automotive engineering
are presented below.

Table 15.1 gives a short overview of possible application fields of nanotechnologi-
cal functionalities in automotive engineering. In future, we will be able to count on a
number of further innovations that will concern all branches of the automotive indus-
try and its suppliers. Some of the existing or emerging applications are illustrated in
Figure 15.3.

Table 15.1: Current and future applications of nanotechnologies in automobiles.

Effects/ Mechanical Size effects Electronic/ Optical effects Chemical effects
properties  effects High magnetic/thermal  Color, Reactivity,
Hardness, surface- effects transparency  selectivity, surface
friction, to-volume properties
fracture relation
toughness
lﬁ\ Scratch Electrochromic Cleaning and
Exterior resistant or layers, angle- protection, photo-
self-healing dependent catalytic windows,
nano- colors window heating
lacquers,
polymer
windows
é@@é@@m Lightweight/ Novel adhesives Corrosion
Car body composite protection
materials,
carbon fiber
reinforced
elements
@H\O Cover hoods, Nanofilters Energy-independent Antiglare Water- and
Interior panels, sensor networks, mirrors, soil-repellant
reinforced low-cost touchscreens, coatings and
plastic parts, sensors, heating antireflective  textiles, antismell
movable sun- elements, thermal  instrument and antibacterial
shields management, textile panel, thermal filters
electronics management,
interior light
designs,
organic
displays,
flexible
displays,

panel lighting

(continued)
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Table 15.1: (Continued)

< g:%)

Carbon black

Chassisand intires,
tires nanosteel
ﬁ Low-friction  Catalysts,
Combustion €omponents, nanoporous
engineand Wear exhaust
drivetrain  resistant filters
coatings,
advanced
ceramics.
cylinders,
pistons,
valves,
bearings
@ Electronic  New solder
Electrics and Packages,  materials,
electronics ~ contacts, nanosilver
relays, sintering or
connectors  Cu sintering
for die attach
ﬁ@ Gearbox, Super
Electric cars housings,  caps, fuel
lightweight cells, Li-ion
electric batteries
motors,
high-speed
motors

Magnetorheological
damping, energy
recuperating
damping, electronic
body control
systems

Piezoinjectors,
energy harvesting

Catalysts,
catalytic coatings,
fuel additives

Giant
magnetoresistance
(GMR) sensors, solar
cells, memories,
driver health
monitoring, cooling
media, quantum
computing

Optoelectronic
devices,
lighting,
optical
computing
and data
transmission

Magnetic materials,
power devices,
capacitors, battery
cooling, battery
heating, failure
prediction

15.3 Application Areas

In the following, we describe some of the application fields in more detail. Thereby
we follow the sequence of the categories of Table 15.1. In addition, we give a glance
on the needs of automated driving, and how nanotechnology may contribute to safer

and environmentally friendly cars.
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Figure 15.3: Application fields of nanotechnology for automobiles, based on [8].

15.3.1 Car Body Shell

ﬁ Scratch resistant or Electrochromic layers,
® @ .
self-healing nanolacquers, angle-dependent colors

Exterior polymer windows

An unblemished car body shell should be guaranteed even after numerous car washes
and several years of operation. Compared to conventional paint systems, nanovar-
nishes allow for higher scratch resistance and paint brilliance. The basis for this
technological effect is embedded ceramic particles in the final varnish layer in the
nanometer range. Nanoparticles such as Degussa’s AEROSIL R9200 for car varnishes,
which greatly account for the improvement in scratch resistance, are gaining impor-
tance very much. Traditionally, AEROSIL can also be found in other layers of the car
body shell, where it is used for pigment stabilization, rheology control and corrosion
resistance, for example. These are special types of silica that play an important role
in innovative car paints. Their basis are nanostructured powders produced in a gase-
ous-phase synthesis in the flame and are therefore called pyrogenic constitute. Start-
ing with silica tetrachloride, small, spherical single silica parts with a mean diameter
in the range between 7 and 40 nm result from flame hydrolysis [9]. If the paint is
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liquid, these particles are initially randomly distributed in the solution. During the
drying and hardening process they cross-link deeply with the molecular structure of
the paint matrix (Figures 15.4 and 15.5).

The result is a very dense and ordered matrix on the paint surface. Thus the
scratching resistance is tripled and the paint brilliance improves considerably. This

Figure 15.4: Conventional paints consist of binder (orange) and cross-linking agents (red). Right
figure: Nanopaints consist of organic binder with high elasticity (yellow) and inorganic nanoparticles
with high strength (blue). The tightly packed nanoparticles make the paint scratch resistant

[© Daimler AG].

v
.\H.- |

Figure 15.5: Mercedes Benz passenger car painted with nanovarnish [© Daimler AG].
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novel paint system has been developed by Daimler Chrysler. These nanopaints are
being used in series production of Mercedes-Benz cars.

15.3.1.1 Maintenance and Sealing Products for Clean Surfaces

Maintenance and sealing products are being developed and offered for a series
of exterior and interior applications in vehicles. Especially anti-mist and anti-dirt
products are used to tune the surface with water- and fat-repellent nanoparticles.
Applications include panes and mirrors but plastics and textile surfaces too, making
use of the principle of self-organization where nanoscopic components arrange
themselves independently. With the result that an invisible ultra-thin layer in the
nanometer range prohibits bonding of oils, fats, water and dirt with the surface.
Such surface seals consist of nanoparticles that tightly bond with the subsurface
and other components, giving the coating the necessary hardness. The components
responsible for hydrophobic and fat-repellent properties adjust themselves toward
the surface. Most of the surface modifications or coatings against dirt known so far
are hydrophobic, which means water repelling. The wettability is so low on these
surfaces that the water just rolls off the surface when it is inclined in a certain way,
thereby pulling the dirt with it. Many of those surfaces are smooth, others func-
tion on the lotus principle. However, practice has shown that the rain drops rolling
off leave dirt stains on panes that are clearly recognizable as streaks when dried.
Besides, hydrophobic substances tend to produce streaks when used in cleaning
substances. If, however, surfaces are constructed such that water can wet it evenly
and roll off faster, no runs can develop and the surface will stay clean longer. For
this purpose, hydrophilic, which means “water-loving”, nanoparticles can be used.
The nanoparticles are chosen so that they can adhere to glass especially well. The
particles are applied to the surface, where they autonomously form an even, invisi-
ble layer. Their negative charge keeps the neighboring particles at a distance and the
surface becomes “waterloving.”

15.3.1.2 Ultra-Thin Layers for Mirrors and Reflectors

Modern mirrors and headlights with superior optical quality and efficiency are based
on glass and plastic components that are equipped with an ultra-thin reflecting layer
of aluminum oxide. In the last few years, superior coating processes have been devel-
oped for ultra-reflecting layers with thicknesses below 100 nm.

An application field for glasses and mirrors in automotive engineering is being
opened by the possibility to equip surfaces with water, fat and dirt-repellent features.
These so-called hydrophobic and oleophobic layers are being produced using chemi-
cal vapor deposition processes.



Nanotechnology and transport: Applications in the automotive industry =—— 267

15.3.2 Car Body

Cﬁ% Lightweight/composite Novel Corrosion
Car body materials, carbon fiber- adhesives protection
reinforced elements

In nanotechnologies, for forming high-strength steels in the manufacture of body parts,
automotive producers had to make an enormous effort to fulfill increased requirements
for crash and passenger safety. Forming and joining technologies for ultra-high-strength
steel plates are being sought. The recasting of high-strength steel materials in cold
state leads to problems relating to size accuracy and unwanted spring-back effects. An
alternative to recasting special high-strength steel grades while avoiding these disad-
vantages is what is called hot forming, where steel sheets are heated to almost 1,000°C
and formed in the forming tool and cooled discretely. Using this process, parts of the
highest strength and of perfect fit can be produced, for example, for a safety cabin.
For the hardening process, the steel sheet is heated up to a temperature of 950°C and
pressed red hot into the form directly from the furnace until it reaches its final geom-
etry. The hardening takes place by quick and selected cooling to temperatures below
200°C in the form. The coating of the plates, which has to fulfill several functions, is
crucial for the control of such forming processes. The coating has to avoid the impuri-
ties of the unit surface caused by the heat treatment process through oxidation of the
workpiece surface — called scaling. Furthermore, the friction between the workpiece
and the tool has to be reduced and a sustainable corrosion protection assured. Based
on a novel approach of the University of Kassel (Germany), a multifunctional coating
system was developed that is capable of solving the problem of scaling at high temper-
atures. The multifunctional protective coating was realized through a combination of
a nanotechnological approach with the principles of conventional paint technologies.

Since energy saving is a major goal, the implementation of lightweight materials is
a must. Therefore, the search for advanced composite materials and the use of carbon
fiber-reinforced elements will continue, and also improvements of conventional mate-
rial systems, for example Al foam, show advantageous application potential.

15.3.3 Car Interior
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15.3.3.1 Seat Protection

Car seats often come into contact with wet or dirty clothing. When the door is opened,
rainwater or snow can get onto the seats causing water and dirt stains. These unwanted
effects can be minimized or even avoided by using materials for the impregnation of
fabric and leather coverings. Such substances have spread rapidly in the last few years
and are being offered by many producers of accessories in spray cans or fluids. There
are products for tissues, leather and leatherette alternatively that are commercially
offered on inorganic—organic hybrid materials based on aqueous or alcoholic solu-
tions. After a dipping or spraying application, a thin invisible film builds up covering
the fibers. The impregnated layers have a significant hydrophobic and fat repellent
effect. Thus the rate of humidity penetration in case of water and pollutants entering
is reduced. A similar clever effect is exploited to produce specific fragrances on leather
seats. Dispersions with microcapsules that can be sprayed contain scents. Aqueous
microcapsule dispersions offer the possibility to furnish for instance leather with
diverse fragrances. On the one hand, the capsules have to be small enough to penetrate
the leather; on the other hand, they have to be big enough to adhere between the fibers.
After spraying the capsules penetrate the leather reaching different depths. The shell
of the capsule is only a few nanometers thick and made of polycarbamide. The scent is
placed inside. Only when the capsule is stressed mechanically does the nanofilm burst
and release the fragrance. If the seat is unused, the capsules stay intact and the scent
stays enclosed. What is working on leather already can be applied on textiles as well.

15.3.3.2 Lighting and Displays

Lighting and displays are key factors for interior design. Transparent electrodes or
organic light-emitting diode (OLED) electroluminescent foils offer a new degree of
freedom for display geometries, and interior lights, but also for ambient light design
of modern cars. They have already been introduced in production [10]. An automotive
3D effect instrument panel with transparent displays was reported recently as well
[11]. As a possible future feature, haptic feedback displays are enabled by advanced
ceramic substrates integrating electronic structures [12].

Quantum dot displays show higher efficiencies than LCD, and also a higher
number of colors. They can be made out of flexible materials and are available on the
consumer market in televisions since 2015 [13].

Cost-efficient displays may profit from carbon nanotube (CNT) inks for printed
electronics or displays [14].

Rear mirrors are also a broad application field for new multifunctional displays.
Using nanotechnology, it has already been shown to integrate rear view, navigation
and communication functions are being developed [15]. It will also become possible
to integrate the screen of the rear-view camera into the mirror.
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Driver wellness improvement and driver health monitoring are enabled by
nano-enhanced elements like antiallergic or smell filtering, sensors and local flexible
heating elements.

The interior of the car is also the “hub” of the passengers’ individual electronic
devices, so it must provide compatible interfaces to the fast developing telecommuni-
cation market, but operating reliable under the harsh automotive conditions.

15.3.4 Chassis and Tires

m Carbon black in Magnetorheological damping, energy
o tires, nanosteel recuperating damping, electronic body
Chassis and tires control systems

An important role in the properties of tires is played by rubber mixtures. They deter-
mine the performance of the cover of tire that makes contact with the road. Usually,
30% of the cover consists of reinforcing filler which makes possible wanted properties
such as grip, abrasion resistance, resistance against initial tear and tear propagation.
For the optimization of tires, contradictory requirements sometimes have to be
fulfilled. On the one hand, the tire needs good grip while, on the other hand, its
rolling resistance has to be low. Furthermore, it needs to be resistant to abrasion
while being slip-proof, prohibiting the vehicle to slide. The mechanisms behind these
tire properties that partly contradict each other are many highly complex chemical
and physical interactions between the rubber and the filler material. There are three
products that significantly improve the properties of natural rubber: soot, silica and
organosilane. Soot is added to the rubber mixture, whose exact composition is secret,
as are silica, which need organosilica for the chemical bonding with the rubber. After
being produced, the soot and the silica particles have dimensions in the nanometer
range. The size and form of the particles as well as the cross-linking with the natural
rubber molecules play a key role for tire properties.

Soot and silica, which are the two most important reinforcing chemicals in tires,
originally had differing functions: while silica scores higher in passenger cars, espe-
cially on the cover of tire, soot prevails in utility vehicles not only because of its
excellent abrasion resistance [9]. By using nanostructured soot as a filler in tires,
prolonged durability and higher fuel efficiency can be achieved. These novel soot
particles have a coarser surface than those that have been used so far. Due to the
increased surface energy of the nanoparticles, interactions with the natural rubber
molecules increase. This leads to a reduction of inner friction and, consequently, to
better rolling resistance. At the same time, the strain vibrations that occur within the
material at high speeds are reduced. The consequence is a superior traction, espe-
cially on wet roads.
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With regard to driving comfort, nanotechnology enables advanced performance
of damping systems which adjust their parameters depending on the road condition
and driving situation. They make use of magneto- or electrorheological fluids, whose
viscosity can be adjusted by electric or magnetic fields with time constants in the
order of only a few milliseconds. One advantage compared to conventional solutions
is that these systems can be built simple and compact. Since less mechanical parts are
needed, they offer also a weight reduction potential.

15.3.5 Combustion Engine and Drive Train
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Saving fuel and reducing emissions are goals of highest importance. Therefore enormous
activity is devoted to further improved combustion control (e.g., by exhaust sensing and
multiple injection) better filtering, exhaust energy recuperation and reducing of friction.

For the latter, NANOSLIDE® is a technology for coating the cylinder surfaces in
Al engines with an iron-carbon alloy by an arc-spray process allows to replace heavy
cast iron cylinder bushes and to reduce friction losses by 50%. Since under partial
load conditions up to 25% of the power losses in a combustion engine are caused by
friction, fuel efficiency of several percent has been gained by this technology, which
was first implemented in formula 1 racing cars. NANOSLIDE® was ranked under the
top 100 high-tech products in 2014 [16].

Other techniques for tribological surface coatings of highly stressed motor compo-
nents applied today are arc spraying of diamond like carbon (DLC) layers or physical
vapor deposition (PVD) [17]. Also the use of graphene is in discussion, either as oil addi-
tive or as nanoparticle dope [18].

15.3.6 Electrics and Electronics
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Figure 15.6: ADAS systems in the new S-class Mercedes 2017.

Most innovations in cars today are enabled by electronics. An increasing number of
sensors, actuators and information from the environment helps to improve energy
consumption, safety and comfort. Some of these Advanced Driver Assistance System
(ADAS) functions offered by the new S-class Mercedes are indicated in Figure 15.6.
The growing complexity arising from merging these information needs high-speed
data processing which will not become reality without increased packing density and
speed of microprocessors and memories.

15.3.6.1 Electronic Devices and Functions

The eyes of modern cars consist of cameras, radar laser sensors, ultrasonic sensors
and others. Shorter response times, for example, by faster radar microcontrollers, will
enable 360° radio cocooning, better pedestrian recognition and thus higher safety on
the roads [19].

LIDAR (light detection and ranging) is a remote-sensing method that uses pulsed
laser light to measure distances. The first automotive adaptive cruise control systems
used LIDAR sensors. Today, development goes to integrated robust and small systems,
for example using multichannel laser for scanning LIDAR [20].

Silicon technology has shown a steady decrease of structure sizes throughout its
existence, enabling higher integration densities, increased functionality and wide-
spread distribution [21]. This development is generally referred as “Moore’s law.” The
limit of this miniaturization will be limited by physical constraints, environmental
requirements and production cost. As an example, optical photolithography sets
minimum structure limits which to overcome needs patterning processes like extreme
ultra violet (EUV) or electron beam processes. A fascinating approach to give new
momentum to Moore’s law emerges from replacing silicon by germanium on insulator
which could give chips a significant speed boost [22].
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Higher microprocessor performance by shrinking feature size is a still unbroken.
According to Intel, chips with 10 nm technology will enter the market in 2017, with
5 nm following in 2020 [23]. Nanosheet transistors with 5 nm have already been pre-
sented at the very-large-scale integration (VLSI) technology and circuits Symposium
in Kyoto, 2017 by IBM [24]. They were fabricated with EUV lithography. As follow-up
technology for FiNFETSs, they will enable higher computing power and higher effi-
ciency: compared to 10 nm technology, the computing power can be increased by
40%, or the energy consumption can be reduced by 75%.

The future development steps in data processing will be triggered by quantum
computing and optical computing. Many research groups worldwide are active in this
domain.

Electronic transistor structures below 2 nm have been achieved in the project
“single nanometer manufacturing for beyond complementary metal-oxide—
semiconductor (CMOS) devices” funded by the European Commission [22]. They mark
the next step regarding performance and energy consumption.

A basic requirement for quantum computing is ballistic electron transport
without loss of quantum information. Recently, successful ballistic transport of elec-
trons in InAs nanowires on silicon has been reported by IBM [26].

Much research is also performed in the direction of optical computing. This will
open the door to highest computing speeds. On-chip optical data transmission will
completely avoid ohmic losses in Cu interconnections. One approach investigated at
the Jiilich Research Center FZI is to realize optical active elements on Si devices using
Sn-doped SiGe layers [27].

In terms of data storage, magnetic devices like magnetoresistive random-access
memory (MRAMs) are ramping up. They are nonvolatile memory devices, which base
on the influence of magnetic fields on the electrical resistance of conductors. Magnet-
ized stacked thin layers store information and change the resistivity of a sandwiched
conductor layer. MRAMs allow fast reading and writing, high integration density and
a quasi-unlimited number of read/write cycles [28]. The first 1 Gbit MRAM samples
with a DDR4 compatible interface are already available as samples. They are pro-
duced in a 28 nm CMOS technology in a so-called perpendicular magnetic tunnel
junction configuration [29].

Energy-independent sensors can be realized by energy harvesting or by on-chip
integrated Li batteries [30]. They offer simple implementation inside the car and a
new approach to fail-safe function.

Performance improvements of sensors, for example, of temperature sensors with
fast response times, bending sensors or chemical sensors with extreme low-power
consumption are addressed with developments in CNTs [31].

Last but not least, electronics offers advantages for exterior lighting [32], like for
controllable LED headlights, which have already found their way to the market, or in
holographic backlight.
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15.3.6.2 Nanopackaging

Reduced feature size is accompanied by an increased sensitivity against stresses
[33]. This implies that devices developed for the consumer market do not neces-
sarily fulfill the requirements for automotive applications and care must be taken
when using such devices in cars. The ongoing miniaturization trend in microelec-
tronics therefore demands for improved materials and new packages. This includes
plastic packages with tailored thermal expansion coefficient and higher thermal
conductivity (e.g., by CNTs). A further challenge arises from integration of passive
and active devices into printed wiring boards, which may be solved through nano-
technology.

Nanotechnology leads to novel technical challenges for system integration,
through combination of multifunctionality/applications, multitechnologies/scales
and multimaterials/interfaces. The assembly technology must be able to connect
nanoscaled components with macroscopic structures in a reliable manner and to
protect the devices at the same time against the outside stresses.

Actual progress and challenges of nanopackaging are reported in a recent special
section by the IEEE Transactions on Components, Packaging, and Manufacturing
technology [34]. This section includes an overview on nanowires [35] and on the
status of graphene capacitors [36]. Also mechanically flexible interconnections to
mechanically decouple package and chip are investigated [37].

Nanotechnology opens a variety of new opportunities for joining and attaching
different materials. In electronics, assembly processes convert microelectronic and
nonelectronic components into full systems. Assembly processes must not be forgot-
ten since they have decisive impact on functionality, reliability and cost of the systems.

15.3.7 Electric Cars
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Energy storage and electric driving range are the most important fields of action in
electric cars. Reducing the size and the cost of drive batteries is essential for a suc-
cessful market development; the driving range for a given battery depends on the
efficiency of the drivetrain components and on the overall weight. But also saving
electric energy with auxiliary components, computation and air condition is decisive.
So besides the electric drivetrain components, thermal isolation and reduction of
mechanical losses may not be neglected.
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15.3.7.1 Energy Storage

With the spreading of different hybrid drive concepts, systems for the reuse of braking
energy, known as recuperation, are being enhanced. Thereby the moving energy is con-
verted into electrical current via generator during braking and stored in accumulators or
supercaps. This energy is available at the restart for acceleration. Principally, caps can
buffer very quickly and almost without any loss compared to accumulators. Neverthe-
less, so far only caps with a low capacity have been available for the automotive sector.
Using nanotechnology, supercapacitors — short supercaps, ultra-caps or scaps — with
high-energy capacities are currently being developed and realized. Supercaps consist
of a metallic contact foil and of highly porous layer electrodes with nanostructure, elec-
trolytes and a separator foil. In superconductors, there are 10 to several 1,000 Farad in
one package. If a 100-Farad supercap has the size of a match box, this would correspond
to a capacity of 100 million standard capacitors connected in parallel with a capacity
of 1 Farad. Therefore, the supercap is the link between the common capacitor and the
battery. It combines the advantages of a capacitor, which is a quick current supplier,
with those of the battery, which is an appreciable energy storage device. In comparison
to conventional caps, this is a material that conducts ions but no electron is used instead
of nonconducting electrolyte. The charge concentrates on both sides of the boundary
surface on a very thin layer of approximately 1 nm, which leads to a high capacity. On the
other hand, the application of highly porous layer electrodes allows for a large effective
surface, which also contributes to the high capacity. Supercaps feature very high power
densities and low internal resistances and are applicable for short-term maximum
current supply. Therefore, they are flexibly usable high power storage elements with
almost unlimited cycling durability and a solid energy balance and ecobalance.

Even with a 48 V hybrid system, considerable savings in the range of 10 g/km CO,
are possible [38]. Here the use of supercapacitors can be highly beneficial.

Batteries and fuel cell systems can be further improved by carbon nanofiber mate-
rials and nanometer-sized catalysts for increasing energy volumetric density [39].

Li-ion batteries are smaller, less heavy and more powerful than lead-acid or Nick-
el-metal-hydride batteries. In these batteries, ion-permeable polymer membranes
are used as separators between anode and cathode. Based on nanoscaled powders
ceramic coatings could be developed, which provide chemical and thermal stability
while retaining the flexibility of the polymer foils. Also increasing the surface of the
electrodes or an increased ability to incorporate Li ions in the negative electrode will
enable batteries with higher capacities [40].

15.3.7.2 Power Electronics

Power electronics is a fast growing market in automobiles due on the one hand to the
higher extend of electric controllable actuators and control systems, and on the other
hand on the exponential growth of electric-driven cars.
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Nanotechnology in combination with wide bandgap materials such as GaN or
diamond offers new degrees of freedom for electronic and optoelectronic applica-
tions including submillimeter wave generation in GaN-based quantum-well struc-
tures [41]. Recently, by optimization of the deposition process for nanocrystalline
diamond, researchers succeeded to grow n-doped diamond films, which may open a
new chapter in diamond electronics and sensor development [42].

SiC is already used in commercial on-board chargers (as diodes in the power
factor correction circuit), because the reduced switching losses enable increased
efficiencies. In development of DC-DC converters which supply the 12 V power net
from the HV side, SiC metal oxide semiconductor field-effect transistors (MOSFETS)
or GaN devices are under investigation, and there is also the potential to increase the
efficiency and the power density of drive inverters [43, 44].

The possible increased junction temperatures in order to exploit the full benefit
of these materials require robust die attach. Silver sintering as assembly process for
power electronic devices shows much better lifetime performance than soldering [45,
46]. The use of nanosilver compositions allows to reduce processing temperature and
pressure and to make this method compatible with many other applications. Also Cu
nanosintering are under investigation.

15.3.7.3 Passive Devices and Electric Motors

Higher temperature and higher switching speed, and also size constraints lead to a
growing need for improved passive devices like capacitors and inductors and for fil-
tering and DC link energy storage.

Due to their high reliability and their self-healing properties, film capacitors
are generally used as DC link capacitors in hybrid and electric vehicle. But they are
bulky and restrict the maximum operation temperatures [47], so that new solutions
are desired. Nanoparticle filled polymer films could offer increased specific capac-
itance and higher thermal stability [48]. In a project funded by the DoE, capacitors
fabricated with a deposition process have been reported to achieve unprecedented
compactness [49].

The fast switching properties of enhanced power devices arise new challenges in
electromagnetic interference (EMI) filtering. New ferrite materials or filter systems are
needed for an efficient use of these technologies.

In the area of electric motors, new magnet materials could reduce the depend-
ence on rare earth metals. Lightweight rotor parts could enable higher rotational
speeds needed to increase the power density. Lightweight housings for motors and
gearboxes are further fields for employing nano-enhanced materials.
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15.4 Outlook on Autonomous Driving

Autonomous driving is being developed worldwide to increase road safety and drivers’
convenience. Figure 15.7 shows the development steps toward full automated driving.
These functions rely on sensor systems and signal processing to identify the vehicle
situation and its environment.

The data from different sensors, such as cameras, ultrasound and radar, are
intelligently combined and analyzed. Already today, this allows autonomous driving
functions, as realized in the new Mercedes E-Class with DRIVE PILOT (level 2 automa-
tion). The most important functions include semiautonomous driving on motorways,
country roads and even in the city as well as assistance when changing lanes on mul-
tilane roads, for example when overtaking. Furthermore, it is capable in more and
more situations of autonomously braking the vehicle if required and providing active
assistance during evasive maneuvers.

The process from sensing to actuation in a driving situation is depicted in
Figure 15.8. Acquired sensor data must be translated into recognition of the driving
situation and the environment, combined with external information by vehicle-to-X
systems; the local, behavioral and global drive planning has to be performed
(Decision). Control units address the individual actuators. With increasing number
of driving situations to be covered, the amount of data to be processed increases
exponentially, whereas reaction times must be minimalized. At the same time the
safety requirements grow, that is, high requirements on (functional) reliability.
Interaction of the car with the environment and off-board data processing are also
challenging in terms of data security and encryption. Managing the exponentially
increasing complexity of the new features requires new components, architectures
and communication systems. Fundamental work concerning nanotechnology in this
aspect is performed in the EU project 3Ccar (“Integrated Components for Complex-
ity Control in affordable electrified Cars,” ECSEL JU Grant #662192) and transferred
into application demonstrators of different automation levels in the project AutoD-
rive (“Advancing fail-aware, fail-safe, and fail-operational electronic components,
systems, and architectures for highly and fully automated driving to make future
mobhility safer, more efficient, affordable, and end-user acceptable,” ECSEL JU Grant
#737469 ).

Making autonomous driving of higher levels become reality, it needs faster and
more precise sensors, sophisticated systems for obstacle detection and faster deci-
sion-making and probable self-learning capabilities. The requirements are much
higher than in conventional ADAS systems, so reliable high-speed devices, net-
worked sensors, fail-safe system design and extended (predictive) self-diagnosis
have to be developed. Especially the combination of automated driving with electric
propulsion leads to new challenges concerning reliability and fail-safe functional-
ity. In order to perform the automated real-time solutions properly, increasing com-
puting performance on board or in the cloud are required, which calls for extreme
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data security, or deep learning chip ICs, see for example, proceedings of the ISSCC
2016 [51]. In consequence, energy-efficient computing becomes an urgent issue,
since computing power will affect the vehicles driving range. External information
or data processing relies on car-to-car communication or other cloud functionali-
ties (cf. Figure 15.3). This field is extremely dynamic and offers a huge platform for
innovations.

15.5 Benefits Offered by Nanotechnology
in the Automobile Industry

Nanotechnology will inevitably be a pacemaker for automobile industry on all levels

of the supply chain. Besides enabling progressive designs, higher comfort and inno-

vative communication systems in affordable manner, most applications will offer
directly or indirectly environmental benefits and improve the ecologic footprint of
transport systems in general. The main implications in that respect are:

a) Saving energy by better combustion processes, higher efficiency and higher level
of control by more mechatronics solutions, and lightweight materials.

b) Reducing emissions by improved combustion engines, exhaust filtering and cat-
alysts, vehicle control, energy harvesting and energy recuperation, and energy-
optimized navigation including traffic situation as well as route and topographic
data.

c) Eliminating local emissions by affordable and versatile electric vehicles with
increased range. Not to forget the indirect impact on green electricity generation
taking benefit from efficient systems developed for automotive.

d) Reducing the number of accidents by improved traffic surveillance and driver
assistance systems, and enabling the performance needed for higher levels of
automated driving.

Some of these enabling technologies and applications have been described in earlier
chapters.

15.6 Outlook

The properties of nanomaterials, products and processes bear a multitude of oppor-
tunities to improve or replace existing solutions in automobiles and enable new
functionalities giving higher customer values. In this chapter, some fundamental
effects and possible applications are sketched highlighting the high dynamics of
developments in transportation in general. Automotive industry is especially facing a
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major change toward electrification and automated driving. The great breakthroughs
in these areas will not be possible without nanotechnology, for example, providing
the necessary energy storage and electric drive systems, advanced environmental
sensing, computing power and securing high-speed communication. Mass market
introduction of networked vehicles may start in the early 2020s, of level 4 automated
driving before 2025, of electric cars around 2025. Fully autonomous cars may gain
maturity not before 2030. In the future, an increasing utilization of these functions
will have also a substantial impact in the supplier industry. But, as usual, market
introduction will depend strongly on the price—performance ratio, where nanotech-
nology will also play an important role.

Acknowledgments: The authors like to thank Mr. Martin Dendaluce-Jahnke from
Tecnalia Research and Innovation (Spain) for discussion on requirements for
autonomous driving and providing Figure 15.8.
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16 Nanotechnology and diamond: From basic
properties to applications

16.1 Introduction

Diamond combines numerous extreme properties, such as high hardness, chemical
inertness and exceptional mechanical and other physical properties, including elec-
trical and thermal conductivity [1]. Table 16.1 provides an overview of several material
properties in monocrystalline diamond.

This combination of different extreme properties lends itself to a series of applica-
tions, for example, in radiation detection, biosensor technology and chemical analy-
sis [3] as well as heat management of high power transistors [4].

However, because of the difficulty in producing monocrystalline diamond in
sufficient size and desired shapes it is not suited for a wider range of applications.
In contrast, by using hot filament chemical vapor deposition (HFCVD), for example,
it is possible to synthesize large-area polycrystalline diamond layers on various sub-
strates to serve as the basis for varied applications.

The capability for depositing diamond on heat-resistant substrates (e.g., Si, Ti
and WC [5]) also opens prospects for hybrid products, such as hybrid silicon-dia-
mond technology. The latter leverages well-developed methods for processing silicon
(lithography-based microstructuring, etc.) in combination with diamond technology
for added or optimized functionalities [6, 7].

By varying the parameters of diamond layering (e.g., substrate temperature, pres-
sure, process gas composition), diamond layers with differing micro- and nanostruc-
ture can be produced. Selecting specific process parameters chiefly enables changing
the grain size, which allows producing both microcrystalline layers and nanocrystal-
line diamond layers.

As a result of conditions of growth, microcrystalline diamond layers generally
exhibit a pronounced fiber texture. The typically large crystal facets consequently lead
to a high roughness of the layer surface coupled with a high defect density between
the individual cellular crystallites. Nano- and ultra-nanocrystalline diamond layers,
on the other hand, consist of very small, unimodal and virtually equiaxed grains with
grain diameters ranging from ca. 4 (ultra-nanocrystalline) to ca. 20 nm (nanocrys-
talline). This leads simultaneously to very smooth surfaces with a roughness in the
grain size range and uniquely through this allows developing new applications and
potential products [8, 9].

Nanocrystalline materials in general exhibit changed properties compared to their
conventional large-crystal variants. This relates to the small grain sizes and consequent
large grain boundary ratios with a disordered atomic structure of reduced density.

https://doi.org/10.1515/9783110547221-016
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Table 16.1: Material properties of monocrystalline diamond [1, 10, 11].

Single-crystalline diamond

Elasticity modulus (GPa) 1,050-1,210
Microhardness (GPa) 50-110

Mass density (g/cm?3) 3.52

Tensile strength (GPa) 93-97 (theoretical)
Thermal conductivity (W/mK) 1,000-2,500
Thermal expansion coefficient (K™?) 0.8 x107¢

Electron band gap (eV) 5.5

Disruptive strength E (V/cm) 5x10°

These special physical and chemical features resulting from the material’s nanostruc-
ture can be customized and further optimized by deliberately varying the grain size.
This offers prospects for fine-tuning the material properties of nanocrystalline diamond
layers to the requirements of the desired application.

16.2 Basics

The first reproducible process for making synthetic diamonds was developed in 1955
by General Electric, for which it employed high pressures and high temperatures anal-
ogous to natural conditions [12]. The first successful experiments to deposit diamond
under low pressure had already been made in 1952 [13] and were patented by Union
Carbide in 1962 [14-16].

Basically, to achieve this, methane under low gas pressure was piped over
heated, already existing diamond crystals. The methane then would react with the
hot diamond surface to grow diamond homoepitaxially on the crystallites [14]. In
the process, growth is limited by the simultaneous production of graphitic carbon.
Refinements made to this method today let us grow diamond layers continuously.
Key to this is the targeted seeding with nanodiamond particles and the subsequent
growth on these heterogeneous nucleation centers. To achieve the highest possible
nucleation density, a nanodiamond suspension is used, which is decomposed by
being exposed to ultrasound and an enhanced bias tension between filaments and
substrates. This procedure achieves nucleation densities of ca. 10" cm?.

An appropriate suitable chemical environment created with monocarbon built up
from the carbon transport gas (mostly methane) results in diamond layers growing on
the nanocrystallites [17-19]. Substrate temperatures during diamond growth are kept
between 700 and 7,500°C to create the optimum conditions for diamond growth and
suppression of graphite layers [18].

This, therefore, makes the process suitable for scaling up a multiplicity of prof-
fered substrates and other surfaces to industrial manufacturing standards. The



Nanotechnology and diamond: From basic properties to applications = 285

HFCVD process also makes it possible to produce three-dimensional layers, some-
thing that is only feasible to a limited extent using plasma-aided CVD processes.

16.3 Physical Properties of Nanocrystalline Diamond

Because diamond, unlike metallic alloys and other ceramic substances, combines
extreme properties, it finds numerous potential applications in high energy physics,
such as in heat spreaders or radiation detectors [20]. But diamond can provide an
innovative further development of traditional silicon technology [21-23] even for
mechanical [6, 7] and microelectromechanical components.

16.3.1 Mechanical Properties
16.3.1.1 Elasticity

The high elasticity modulus of diamond plays a role in many applications, for example,
in manufacturing parts requiring a high rigidity combined with low weight. Accord-
ingly, diamond films are also used for tips in atomic force microscopes (AFM) [24]
in which high hardness and chemical stability yield advantages. Given the reduced
bonding strength of grain boundary atoms, a progressive reduction in grain size and
the concomitant increase in grain boundary volume lead to a reduction in the elas-
ticity modulus. Figure 16.1 depicts the measurements of the elasticity modulus as a
function of grain size. The values were obtained from measurements using nanoin-
dentation and beam deflection using a nanoindentation setup [9, 25].

16.3.1.2 Hardness

Hardness measures the resistance of a material against intrusion by another body.
Several hardness scales are available, depending on the measurement procedure
used. In Figure 16.1, values measured with the so-called Martens hardness scale are
indicated for diamond films by grain sizes. These values were also obtained using
nanoindentation.

16.3.1.3 Tensile Strength

As grain size decreases, the critical tensile strength, the point at which catastrophic
crack propagation occurs, markedly increases. The values shown in Figure 16.1 were
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recorded from microbeam deflectors that were deflected in a nanoindenter setup until
a break occurred. Clearly, because of the profusion of grain boundaries, nanocrys-
talline diamond layers exhibit strongly improved cracking characteristics. This is
probably caused by the large number of grain boundaries permitting alternative defor-
mation mechanisms — in the form of grain boundaries resembling superplasticity —
and thereby improving ductility and cracking behavior that differs diametrically from
catastrophic crack propagation in brittle ceramics.

This makes nanocrystalline diamond layers suitable candidates for applica-
tions in micromechanics, for example, for membranes in pressure sensors and in the
microelectromechanical systems (MEMS) area. The heightened chemical inertness of
(nanocrystalline) diamond layers across a wide temperature range offers an added
advantage over silicon.

16.3.1.4 Coefficient of Friction

Diamond is known for its exceptional tribological properties, such as a low coeffi-
cient of friction and very high wear resistance [26, 27]. This is often explained chem-
ically as resulting from the carbon atoms on the surface actually being terminated
and therefore passivated by oxygen, hydrogen or gases in the environment [26].
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Simulations of the abrasion process between two polycrystalline diamonds may point
to the formation of an amorphous carbon layer on the surfaces [27, 28]. Analyses of
the coefficient of friction under different environmental conditions revealed that it
is higher in air than in water, which is explained by the liquid’s passivating effect
[29, 30]. Here, the coefficient of friction depends on the pH value of the liquid [29].

Examples of wear experiments on nanocrystalline diamond films are pictured
below.

Figure 16.2 shows a “ball on disk” tribometer schematically. A diamond film-
coated Si;N, ball is pressed with a force of 1 N onto a silicon wafer coated with the
same diamond film as the ball. With a ball diameter of 1 mm, the contact pressure can
be estimated as roughly 0.64 GPa.

In Figure 16.3, “ball on disk” measurements on three different diamond films are
indicative of different average grain sizes and the resultant differing surface rough-
nesses. At the start of the wear experiments, a slight abrasion is observed (coefficient
of friction 0.06—0.1 — steel on steel ca. 0.3), which then progressively diminishes until
it stops at a very low stationary value between 0.01 and 0.02. As shown in Figure 16.3,
the break-in process duration varies, wherein it scales with the average grain size <D>
or, rather, the surface roughness indicated by root mean square (RMS).

Fy

Figure 16.2: Schematic drawing of a “ball on disk”
tribometer.

<D>=60nm, Rrms=41nm
—— <D>=16 nm, Rrms=20 nm
—— <D>=9 nm, Rrms=18 nm

Coefficient of friction

T T T T T T T T T
0 500 1,000 1,500 2,000 2,500
Revolutions

Figure 16.3: Coefficient of friction over time at different surface roughnesses.



288 —— Hans-Jorg Fecht

The break-in process probably results from the erosion of the roughness of both sur-
faces. The smoother the surface at the start of the wear experiment, the faster the
removal process ends and the steady state is reached [31].

The rate of wear for the experiments illustrated in Figure 16.3 ranges between
108 and 145 x 108 mm?3/N/m and so is even smaller than the wear rates that appear for
different diamond like coatings (DLC) layers [32].

As shown here, the material’s mechanical properties (elasticity modulus, hard-
ness, tensile strength, coefficient of friction) can be adapted to broad areas by varying
the grain sizes.

16.3.2 Electrical Conductivity

Diamond has an electron gap band of 5.5 eV [10], making it a good insulator. For elec-
tronic components, theoretical calculations predict beneficial electrical properties
through appropriate doping: high mobility, high disruptive strength and low leakage
current [10]. However, doping diamond is relatively difficult [33].

Reproducible, controllable conductivities can be achieved with p-type boron
doping. Nevertheless, the boron acceptor in diamond has an activation energy of
0.37 eV and therefore is not fully activated at room temperature. However, by increas-
ing the doping concentration, the activation energy can be lowered [34].

By contrast, an n-type conductivity could be achieved in ultra-nanocrystalline
diamond films [35-39]. This offers the simple possibility of creating electrically con-
ductive diamond layers without precursor gases (such as diborane for boron doping)
that are harmful to health. Because of the small grain sizes, here the charge carrier
mobility is drastically reduced (u = 0.3-40 cm?/V/s) [40].

However, conductivity ranging from insulating to “low metallic conductivity” can
be set across a wide spectrum by varying the conditions of growth. Another important
finding consists of the fact that a piezoresistive effect with a gauge factor up to ca.
k = 10 could be demonstrated in this material [41]. The gauge factor is defined as the
relative change in resistance AR/R to the mechanical strain & = Al/l:

k=§1=1+2v+——
R ¢ €
Besides the geometrical effect resulting from the material’s Poisson number, a change
in the specific resistance p for semiconductor materials occurs, meaning that a gauge
factor exceeding k = 1 + 2v can be achieved because of it.

The piezoresistive effect in ultra-nanocrystalline diamond layers makes this
material suitable for sensor technology, particularly at high temperatures and in envi-
ronments for which other materials are not suited or where they are subject to exces-
sive degradation due to environmental influences (e.g., hydrogen and strong acids/
bases).
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Figure 16.4: Thermal conductivity (at room temperature) as a function of grain size. Values from
literature [43-51], plus own measurements [42] by the 3w method.

16.3.3 Thermal Conductivity

Nanostructuring the diamond layers also changes other material properties. Because
of decreased free paths of the phonons through scattering at the large number of
grain boundaries and resistance to heat migration between the individual grains, the
thermal conductivity properties of nanocrystalline diamond layers are significantly
lower than those of monocrystalline diamond [42].

Figure 16.4 shows values from the literature and own measurements of thermal
conductivity using the 3w method with respect to grain size. It emerges clearly that
the grain size is determinative for thermal conductivity, which is reduced in nanocrys-
talline diamond layers by two or three orders of magnitude compared with mono- or
polycrystalline diamond.

16.4 Applications of Nanocrystalline Diamond
and Hybrids

16.4.1 Microcomponents for Micromechanical Systems

The low coefficient of friction together with the high wear resistance of nanocrys-
talline diamond layers is an optimal prerequisite for being used in micromechanical
components and systems. Of special interest here are, for example, mechanical watch
movements in which precision, reliability and long-term stability are important fea-
tures. Because of the low, approximately 1% coefficient of friction of diamond-coated
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surfaces, they allow making lubricant-free watch movements that avoid the draw-
backs of using oil-based lubricants (fouling, oil aging).

Figure 16.5, as an example, shows a partial view of a mechanical watch move-
ment’s escapement made of nanodiamond-coated silicon components. The nanodia-
mond layer has an average grain size of about 10 nm and a typical thickness of about
10 pm with an average surface roughness of 10 nm.

In order to investigate the long-term stability and performance of such nanocrys-
talline escapement parts, the escapement was assembled in an ETA 2892A2 watch
movement and characterized repetitively by a dedicated chronoscope. The parts
operate under the absence of any lubrication. The chronoscope measures the noise
of the escapement by a microphone. The noise signal is then Fourier transformed.
The accuracy and amplitude of the oscillator are calculated under the knowledge of
the anchors lift angle. The observed run-in-phase at the beginning is induced by the
residual nanometer-scale surface roughness of contact zones and can be directly cor-
related to the curves of Figure 16.3. As seen from Figure 16.6, the movement shows
an excellent long-term stability meanwhile for more than 7 years. The test is ongoing.
Intermediate standard electron microscopic investigations of the escapement contact
zones do not show any indication of wear of the nanodiamond coating.

16.4.2 Nanodiamond-Based Cutting Tools

The high degree of hardness and high wear resistance of nanocrystalline diamond
layers can also be utilized in the manufacture of durable, sharp cutting tools. Figure 16.7
pictures a diamond-coated carbide blade that was sharpened after diamond layering by
an additional plasma sharpening process.

Using a hybrid diamond-silicon technology, structures suitable for use in cutting
tools equipped with ultra-sharp diamond blades and rounded cutting edges with
radii of only a few nanometers can be fabricated. Shown in Figure 16.7 is an example:
a scalpel dedicated to medical use, for instance in eye (cataract) surgery.
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Figure 16.6: Long-term stability of a nonlubricated silicon-based escapement with a nanodiamond
thin and ultrasmooth coating. The upper curve exhibits the measured average amplitude (degrees)
while the curve below the corresponding average accuracy (seconds per day) over a time period of
ca. 2,600 days. The curves show an excellent long-term stability meanwhile for more than 7 years

without any visible degradation.

Figure 16.7: Diamond-silicon scalpel with
an ultrasharp nanocrystalline diamond tip
for medical use.

16.4.3 Piezoresistive Pressure Sensors

Sensors designed to withstand harsh environments pose new challenges for sensor
materials, which silicon cannot always or durably meet [20]. One option is to rely on
the established silicon sensor technology and shield instruments from the environ-
ment through an additional protective coating. In some cases, such as for membrane



292 —— Hans-Jorg Fecht

pressure sensors, this leads to reduced measurement accuracy and requires a compli-
cated, expensive setup [20].

Diamond’s chemical inertness and stability, by contrast, makes it an exceptional
alternative. In the past, methods of fabricating diamond-based pressure sensors
existed yet turned out to be unrewarding because of mechanical inadequacies, but,
above all, due to the unreproducible properties of highly faceted microcrystalline
diamond layers. This contrasts with the distinctly higher stability and reproducibility
of nanocrystalline diamond, as well as its markedly elevated, critical tensile strength.
Figure 16.8 shows a first prototype of a hybrid membrane pressure sensor made of
silicon and nanocrystalline diamond [21].

The basic structure is shown in Figure 16.9. Located on a silicon substrate (Si) is
a nanocrystalline diamond membrane (NCD), onto which the piezoresistive, ultra-na-
nocrystalline diamond (UNCD) resistors are introduced and fabricated using photo-
lithographic processes.

This first prototype showed that a sensor of this type could, in principle, function
durably [21]. Further efforts are being made toward developing and realizing a sensor
combining optimized design and improved structural and connection technology to
satisfy industrial norms also in the high-temperature regime.

Figure 16.8: Prototype of a hybrid
silicon—diamond membrane
pressure sensor.

Figure 16.9: Schematic structure of the hybrid silicon-diamond membrane pressure sensor made of
Si, nonconductive NCD, conductive UNCD and a gold metallization.
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16.5 Summary and Perspectives

As demonstrated, application areas exist for which diamond (and, specifically, nano-
crystalline diamond layers) is highly adapted for hybrid technologies, because of
its outstanding, customizable properties. The advantages of nanocrystalline when
compared with microcrystalline diamond above all reside in the distinctly lower
roughness and five times higher tensile strength. These characteristics open the way
to producing low-friction, low-wear microcomponents.

As further described, ultra-nanocrystalline diamond layers possess electron con-
ductivity combined with a pronounced piezoresistive effect. This makes the material
advantageous to use in sensor technology (e.g., in pressure-sensing equipment).
Diamond’s exceptional thermal conductivity predestines it for use in heat manage-
ment of high-performance components. In this connection, important questions
include how the diamond layer is deposited on the active structural element, since
the synthesis of the diamond coating directly on the component is complicated by the
high substrate temperatures during synthesis.

In summary, it can be stated that the physical material properties can be exten-
sively specified and controlled over a broad spectrum through the growth environ-
ment and the resulting nanostructures. In the process, nanocrystalline diamond
layers can be optimized to meet the requirements of a variety of applications.
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17 Nanocrystalline diamond films

17.1 Introduction

Diamond possesses outstanding material properties. It is well known to be the hardest
material on earth. It has the highest thermal conductivity, which exceeds that of
copper by a factor of 5. It is optically transparent from the near infrared to the far ultra-
violet. Intrinsic diamond is highly insulating and shows a high electrical breakdown
field strength, but it can also be doped and shows at very high doping concentrations
also a metal-like electrical conductivity. Diamond is chemically inert and biocompat-
ible [1]. It is also well known that diamond surfaces exhibit a very low coefficient
of friction in the absence of any supplemental lubrication. No other material shows
equivalent combinations of such extreme properties. Therefore, diamond is consid-
ered to be an ideal material for mechanical, thermal and electrical applications [2-4].

Unfortunately, diamond is expensive and due to its extreme material properties
diamond cannot be machined in a conventional way. With the exploration of chem-
ical vapour deposition (CVD) diamond during the last 30 years, big natural or syn-
thetic diamond crystals can now be substituted by the deposition of thin diamond
layers. This enables the utilization of diamond in industrial applications on a larger
scale such as diamond cutting blades and tools, micromechanical parts, diamond
spheres for metrology and scalpel blades for microsurgery. Especially the develop-
ment of nanocrystalline diamond (NCD) films can be considered as a quantum jump
for the industrialization of this innovative material [5-7].

17.2 Nanocrystalline Diamond

17.2.1 Diamond Deposition

In this section we are discussing the utilization of NCD films, which are deposited
by the hot filament CVD technique [8, 9]. As thin films in the micrometre range are
typically not self-sustaining, a suitable substrate has to be chosen carefully in order
to provide the best possible support. Today, there are multiple suited substrates
available, as cemented carbides (Co <10 vol%), silicon, silicon-based ceramics (e.g.,
Si,N, and SiC), refractory metals such as W, Nb and Mo and most of their alloys
and their carbides. Unfortunately, all the above-mentioned substrates are difficult
to machine and in consequence expensive in contrast to steel. The most common
substrates are cemented carbides for tools and silicon for micromechanical parts,
electronics and scalpels.

https://doi.org/10.1515/9783110547221-017
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This lack of cheap and easy to machine substrates is still a barrier for a larger
commercial use of diamond films in industrial applications.

In case of cemented carbide substrates, a delicate pre-treatment procedure is nec-
essary to deplete the cobalt concentration at the substrate surface, as diamond does
not grow on cobalt [10]. After cleaning and nucleation, the substrates are placed in
the reactor vacuum chamber close to the filaments. Methane (CH,) serves as carbon
source. By heating the filaments up to a temperature of 1,900-2,200°C the methane is
dissociated and CH, radicals are generated. At the substrate surface the carbon “con-
denses” as strong bound carbon (sp?, diamond) and/or weak bound carbon (sp?, “gra-
phitic” carbon). The undesired sp? bound carbon fraction has to be removed. This
is achieved simultaneously during the deposition process by adding a significant
amount of hydrogen to the gas phase (typically 1-5% CH, in 99-95% H,). The atomic
hydrogen is dissociated accordingly when passing the filaments and is searching for
a partner. It reacts with the sp>-bound carbon molecule to a CH, radical and returns
back to the gas phase. Thus, there is a dynamic equilibrium of etching and depo-
sition of sp? and sp® hybridized carbon and if the corresponding rates are adjusted
correctly, a phase pure diamond film will grow. This equilibrium is controlled by the
process parameters. In contrast to physical vapour deposition (PVD, sputtering), no
ion bombardment is needed to form the strong sp? bond and the diamond film shows
therefore a very homogeneous morphology. Furthermore, atomic hydrogen is not able
to recombine in the absence of a collision partner. Thus, the atomic hydrogen is able
to diffuse deeply into the deposition region and enables therefore highly isotropic
diamond coatings even on complex-shaped substrate bodies.

In the following section, we are focussing on NCD films with a thickness of typi-
cally 630 pm and an average grain size of approximately 10 nm. These films show a
very low surface roughness (approximately 10-20 nm) and a very high fracture tough-
ness of up to 5 GPa [11].

The hot-filament diamond CVD process is scalable. Biggest commercial reactors
exceed already a power consumption of 100 kW and a deposition area of more than
0.5 m2[12]. It is conceivable that the reactor design and upscaling processes have
rather started and thus we expect for the near future larger and more efficient reac-
tors, capable to coat surfaces in the mutli-m? range.

17.3.2 Properties and Morphology

Table 17.1 shows the material properties of diamond in comparison to other common
materials. The diamond column shows in fact a range of values, which is correlated
mainly to the morphology of the material. Since diamond has the smallest lattice con-
stant of all materials, there’s no foreign substrate suited for diamond epitaxy. In con-
sequence, the CVD of diamond on a foreign substrate yields always to a polycrystalline
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Table 17.1: Material properties of diamond versus other commonly used materials.

Property Diamond Cemented carbide Si Steel Ti
Young’s modulus E,, (GPa) 700-1,143 430-600 110-190 190-250 115
Fracture strength o, (GPa) 2-10.3 0.8-2.2 0.3-1.4 0.4-1.1 -
Indentation hardness HiT (GPa) 68-105 - 11-13 - 2-3
Density (g/cm?) 3.2-3.5 6-15 2,321 6-8 4.5
Thermal expansion coeff. 10¢/K 1 5-8 2.6 12 8.6

structure. As the CVD exhibits typically substrate temperatures of 600°C [10], a careful
selection of the substrate is necessary to consider a low thermal expansion coefficient
(typically below 5 ppm/K), the temperature stability and the unwanted solubility of
carbon at elevated temperatures, as well as the desirable forming of a stable carbide
at the interface for adhesion purposes. For mechanically stressed applications, it is
furthermore advantageous to utilize substrates having an adapted Young’s modulus
in order to prevent interfacial stress and delamination of the diamond film.

The diamond column of Table 17.1 shows a rather wide range of values for each
property, which corresponds to the fact that the diamond structure can be single
crystal or polycrystalline (oriented/statistically oriented). Grain size and texture have
a strong influence on the material properties of CVD diamond [13]. This fact, however,
allows on the other hand for engineering the diamond film properties towards the
application and the substrate characteristics. Especially NCD having grain sizes
below 20 nm shows very interesting mechanical properties related to the substrate
properties, for example, a decreased and “adapted” Young’s modulus and a very high
and isotropic fracture toughness [11].

A columnar grain boundary structure is, among others, responsible for a low
residual fracture strength. It can be efficiently supressed by the reduction of the
average grain size below approximately 20 nm as shown in Figure 17.1.

Figure 17.2A shows a cross-sectional scanning electron microscope (SEM) picture
of the as-deposited NCD film on cemented carbide. Figure 17.2B shows the surface
roughness of an NCD film deposited on a polished silicon wafer surface. The growth
side surface roughness is around rms = 20 nm, measured by atomic force microscopy
(Figure 17.2).

17.3 Applications

In this section, we will focus on three applications of great industrial relevance:
— Plasma sharpened diamond (PSD) blades for roll to roll conversion

—  PSD tools for machining of carbon fibre-reinforced plastics (FRP)

— Diamond-coated spheres for metrology
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Figure 17.1: Schematic morphology of poly- and nanocrystalline diamond films (left). Scanning
electron microscope cross sections of poly- and nanocrystalline diamond films (right).
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Figure 17.2: Cross section of a nanocrystalline CVD diamond film on a carbide blade (scanning
electron microscopy picture) (A) and roughness analysis of a nanocrystalline CVD diamond film
deposited on a very smooth surface by atomic force microscopy (B).

17.3.1 Plasma Sharpened Nanocrystalline Diamond Blades
(PSD Blades)

Slitting is mainly seen as an insignificant part of web handling and changing blades
permanently is a necessary evil. Blades with a coated finish are often regarded as being
not sharp enough to fulfil the quality requirements. A new approach to overcome this
dilemma is the use of CVD NCD coated, PSD blades. For cutting blades, this process is
meanwhile well established and industrialized. First, prototypes entered in 2003 into
the market. These types of blades typically exceed the lifetime of an uncoated steel
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(ceramic/carbide) blade by a factor of 800-1,000 (20—-40) times [7]. This enables for
the first time a very high and constant cutting quality in combination with a very low
maintenance effort.

In almost all industrial applications, cutting is an important process in the pro-
duction chain. For the converting industry, for example, sheeting or sizing of plastic
foils, paper, fibre, cloth, the cutting procedure is realized by slitting machines using
circular and slotted blades. Since there’s a strong tendency towards tougher and
more robust materials, the cutting performance and the lifetime of standard steel and
ceramic/cemented carbide blades often reach their limit.

The most important parameters determining the performance of a cutting
blade are:

a) The sharpness, better described as cutting ability

This property includes many parameters, like the radius of curvature r. at the cutting
edge, the friction properties, the blade geometry, for example, the wedge angle, the
blade thickness, the surface roughness and many others. In the following, we concen-
trate on the most important parameter, the radius of curvature r,, that determines the
separation of the material at the cutting edge at a microscopic scale.

b) The durability or lifetime, better described as edge-holding property

This property includes also many parameters, like the hardness of the blade material
or the microgeometry. But it is also influenced by the cutting process itself like the
cutting speed, friction and temperature.

A blade fails, if the cutting quality falls below the pegged requirements. This cor-
responds to a cutting ability failure. Standard wear is the fundamental mechanism
that “dulls” steel blades by increasing the radius of curvature r.. The blade has to
be exchanged if a certain maximum radius of curvature r_,, is exceeded. The harder
the blade material, the lower the wear propagation and therefore, the higher the
edge-holding property. The hardness of the blade can be increased by applying a thin
hard coating (e.g., by PVD) like TiN or CrN on the blade surface of a finished steel
blade, for example. However, this approach reduces automatically the cutting ability,
since the radius of curvature r, is increased by the superposed hard coating layer.
From many experiments in industrial environment, a maximum lifetime increase by
a factor of 5 can be expected by the hard coating in contrast to an uncoated standard
steel blade. Another approach is the substitution of the blade material, for example,
by cemented carbide (also called solid carbide, tungsten carbide (TC)) or ceramics
(typically ZrO). The production of these hard blade materials requires diamond grind-
ing tools, and the fabrication process is therefore more expensive.

Such blades exhibit the lifetime of a standard steel blade typically by a factor of
20-40.

Here, we report on the utilization of the hardest possible coating — diamond. The
NCD film thickness is in comparison to PVD hard coatings rather thick (12-18 um) and
needs therefore to be resharpened after coating.
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The cutting ability (small r,) is typically achieved by mechanical grinding and
polishing. Even standard razor blades are fabricated this way. Another sophisticated
approach is to utilize wet chemical etching in order to form a pointed cutting edge
applied for instance for the fabrication of scalpel blades. This procedure is, however,
not easy to control. In this chapter we will report on a nonmechanical procedure to
sharpen blades based on the utilization of a plasma sharpening process.

17.3.1.1 Diamond Blade Fabrication

As substrate we use a cemented carbide blade. These blades are state of the art and
available in different qualities on the market. Related to the granular structure of
cemented carbide, the cutting edges of such blades are always less regular and are
containing much more micro-chipouts than that of ductile standard steel blades.
In consequence, the radius of curvature of an as-ground TC-blade exceeds signifi-
cantly that of steel blades and is typically measured in the range of r.= 1-3 pm. The TC
grains having a typical size of 0.5—2 pm and in consequence the minimum radius of
curvature is in the range of the grain size. Figure 17.3 shows a nicely machined cutting
edge of a cemented carbide blade.

In contrast to thin hard PVD coatings, we are using a thick (12-18 um) thick NCD
film. Thus, the cutting ability is fully lost after the diamond deposition. Furthermore,
as mentioned already in section 17.2.1, it is inevitable to pre-treat the cemented carbide
in order to deplete the surficial Co-concentration prior to the diamond film deposi-
tion. This process will lead to a significant increase of r.. After the pre-treatment, the
nanocrystalline CVD diamond film forms a highly isotropic coating around the cutting
edge. In consequence, the radius of curvature after diamond coating will significantly
exceed the film thickness. Figure 17.3 shows SEM photographs of the as-ground
cemented carbide blade and after diamond coating at the same magnification. The
radius of curvature r, is significantly increased after diamond coating. Such an
as-coated blade has lost its cutting ability completely.

The high coating thickness fulfils several requirements:

— It stabilizes the substrate diamond interface mechanically and
— allows for a high residual wear volume after plasma sharpening.

In order to reduce the radius of curvature r. we apply a plasma process. In contrast
to the diamond deposition, this process takes advantage from a directed ion bom-
bardment and thus, a high anisotropy. Activated ions and radicals are accelerated
under a small angle towards the cutting edge. This results in an anisotropic removal
of the NCD film. The angle of ion bombardment can be adjusted in such a way that
approximately 75% of the initial diamond thickness at the cutting edge remain unaf-
fected. On the bevel planes, however, the removed thickness is higher and can exceed
50% of the initial coating thickness. This process can be considered similar to “sand-
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Figure 17.3: SEM micrograph of the cutting edge of the cemented carbide substrate. Left: as-ground;
right: after CVD diamond coating (same magnification). The increase of the radius of curvature r. is
clearly visible.

blasting”, however, supported by a reactive oxydizing component and having the
smallest possible “blasting powder” with grain sizes in the range of atoms. The ion
energy can be adjusted very precisely allowing for a controlled impact of the ions and
therefore a highly reproducible removal rate in the range of several microns per hour.
This slow but reproducible process allows for a precise fine adjustment of the micro-
geometry of the cutting edge in the nanometre scale.

The cross-sectional SEM photographs of blades (Figure 17.4) show clearly the
sharpening effect resulting in a visible reduction of the radius of curvature r, from

Cemented carbide blade Diamond coating

Cemented carbide substrate blade Diamond coated cemented carbide bade Plasma sharpened diamond blade

Figure 17.4: Cross sections taken by SEM of uncoated carbide blade (left); as-coated carbide blade
(middle) and a diamond coated and plasma sharpened tungsten carbide blade (right).
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several micrometres to less than 200 nm. Figure 17.5 shows a top view of the cutting
edge before and after plasma sharpening.

The intensity of the plasma sharpening process and in consequence the resulting
r. is well controllable by the exposed time in the plasma. This means, the radius of
curvature r, can be adjusted to the application and thus the customer’s needs.

Figure 17.6 shows the extreme case of a plasma sharpened diamond razor blade
for shaving purposes at different magnifications. The radius of curvature could be
successfully reduced to a level below 50 nm.

Acc.V  Spot Magn Det WD — 20 pm Acc.V_ Spot Magn Det WD k

(V) (B)

Figure 17.5: SEM top view of the cutting edge of as-coated (A) and plasma sharpened diamond blade
(B). The right picture was taken at a higher magnification in order to see the microgeometry of the
cutting edge.
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Figure 17.6: Cross-sectional SEM photograph of a diamond-coated plasma sharpened diamond
razor blade. Middle and right: high-resolution SEM. The radius of curvature r, could successfully be
reduced below 50 nm.
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17.3.1.2 Determining the Cutting Ability of a Blade

In order to characterize the cutting ability for cutting blades, a string cutting test has
been established. Here, the cutting edge of a blade is driven perpendicular against
a mechanically biased (F,) polymer string. The cutting force F, is measured during
the displacement process resulting in a force versus dislocation curve F, = f(s). The
maximum force is used to characterize the cutting ability (indirect characterization
of r) of the blades. This test is not suited for large wedge angles as applied for milling
or drilling tools. Figure 17.7 shows the experimental setup, Figure 17.8 shows schemat-
ically the measurement process.
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Computer controlled
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Figure 17.7: Photo of the experimental setup of the string cutting test.
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Figure 17.8: Measurement of the cutting ability. Schematic setup of the string cutting test and
experimental measurement result.
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17.3.1.3 Performance of PSD Blades and Comparison to Other Blades

In order to prove the influence of the process time on the cutting ability, a blade
with 15° cutting angle was sharpened successively. Before depositing the NCD film
the cutting ability of the uncoated blade was characterized to F,,, = 100-800 mN.
The strong variation of maximum force readings is originated from the inhomoge-
neous grinding process of the cutting edge (see also Figure 17.3). Due to the high
isotropy of the diamond coating process and the high anisotropy of the plasma sharp-
ening process, smaller chip outs and irregularities of the initial as-ground cutting
edge can be smoothened out efficiently. This means in consequence that the cutting
edge quality of the substrate blades is of minor importance as for uncoated cemented
carbide blades.

The sharpening process was interrupted after certain process steps and the blade
was characterized utilizing the string cutting test, respectively. Figure 17.9 shows the
effect of the plasma sharpening process. This graph demonstrates that the sharpness
can be adjusted towards the application and the customer’s needs.

In order to compare the cutting ability of industrial available blades, the string
cutting test was applied to different commercially available blades. Figure 17.10 shows
the corresponding results.

Finally, different blade geometries were fabricated and tested in industrial envi-
ronments. In order to compare the results, TC and ceramic blades were also added
to the test. Statistically relevant data points were achieved by testing a total of 150
blades. The test material was a 0.2 mm thick plastic foil with TiO additive. Figure
17.11 shows the test results. The TC and ceramic knifes showed practically the same
low cutting edge holding property of approx. 1.5-2 days. The PSD-blades, however,
showed a significantly increased lifespan of approximately 36 days. In comparison to
carbide blades, this corresponds to a lifetime increase of 24 times.
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Blade Max. cutting force in mN

Kitchen knife Approx.2,000
Industrial steel blade 469

g Industrial WC blade 446

% Diamaze PSD blade (normal sharpness) 427

% Industrial steel blade with TiN 178

E Diamaze PSD blade (extra sharp) 150
Ceramic blade (best blade ever seen 20°) 126

" 3 whole razor blade (standard) 51

i; 3 whole razor blade (best) 46

g Razor blade from cartrige 38

= Diamaze PSD razor blade 16

Figure 17.10: Maximum force readings of commercially available cutting blades. Different sharpness
degrees of PSD blades (in green). The plasma sharpening process allows for a precise control of the
microgeometry and therefore a sharpness adjustment.
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Figure 17.11: Comparison of the cutting edge holding property of tungsten carbide, ceramic and PSD
blades.
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17.3.2 Plasma Sharpened, Nanocrystalline Diamond Tools
(PSD Tools)

Diamond-coated cemented carbide tools are state of the art for drills and milling
operations for nonferrous materials such as graphite, aluminium/silicon alloys, FRP
and ceramics. However, as explained above, the diamond coating increases the edge
radius r, of the tool significantly and limits thus the field of application. The microge-
ometry is especially for FRP materials of high importance, since the machining of FRP
materials is not subject of chip formation but rather of fibre breaking. A key indus-
try for these kinds of tools is the aircraft industry, utilizing carbon fibre reinforced
plastics (CFRP) as a lightweight and mechanically stable alternative for aluminium.
As an example for the economical relevance, the leading European Aircraft Company
Airbus is expecting a need more than 50 Mio Drilling operations in CFRP for the year
2020 [14].

In order to overcome the existing limitations of the state-of-the-art tools, we recently
developed a process to adapt the “quasi-planar” plasma sharpening process applied
for blades to index tools to complex-shaped shaft tools, for example helix-shaped drill-
ing and milling tools. This enables for the first time to combine the hardness of the NCD
coating, the optimized substrate geometry of cemented carbide tools with a sharp and
complex formed diamond cutting edge. These tools show a better cutting quality and a
significantly improved life span in contrast to unsharpened CVD diamond tools.

17.3.2.1 PSD Tool Fabrication

As plasma sharpening is a slow but a very precise and highly reproducible process,
it allows for a precise adjustment of the microgeometry also of tools. Furthermore,
it is possible to apply the process from the cutting surface as well as from the clear-
ance surface or both. Figure 1712 shows the theoretical and practical results of
diamond-coated tool cutting edges after different plasma sharpening treatments
applied from the cutting surface. The cutting edge configuration is best described by
referring to the remaining diamond thickness after the sharpening process for the two
planes (S = cutting surface and F = clearance surface) instead of defining the removed
diamond thickness. For example, SI00F50 means that the cutting surface has not
been affected at all and 50% of the diamond film remains on the clearance surface.

17.3.2.2 Performance of PSD Tools and Comparison to As-Coated Tools

The cutting ability and edge-holding property of plasma sharpened CVD diamond-
coated tools was determined using a drilling tool with a shaft diameter of 4.76 mm
for the machining of CFRP stacks. This composite material is well established in the
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Figure 17.12: Comparison of the theory and results of plasma sharpened cutting edges (wedge angle
85°). Top: schematic cross section of the theoretical microgeometry (green: diamond coating).
Bottom: SEM photographs at 5k magnification of the cutting edge. The sharpness degree is
increased from the left to right picture.

aircraft industry and it is well known to be extremely abrasive. The material consists
of a 5 mm thick layer of CFRP followed by a 5 mm thick layer of aluminium. Thus, only
sharp solid cemented carbide and diamond tools can be used to machine this delicate
and expensive material. Since the carbon fibres have a diameter of only approx. 6 pm,
it is essential to utilize a tool having a sharp cutting edge. Otherwise, the composite
material cannot be machined in an adequate quality. In order to compare the per-
formance of an as-coated NCD tool with a plasma sharpened tool, drills of identical
geometry were pre-treated, nucleated and CVD diamond coated in the same process
run. The geometry of this tool is shown in Figure 17.13.
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Figure 17.13: Drill for CFRP stack
performance test. Tool diameter: 4.76 mm;
number of cutting edges: 2; point angle:
100°; wedge angle: 70°; twist angle: 30°
(courtesy: IFW Stuttgart).

As coated

diamond film
Cemented carbide

<«—cutting edge

diamond film

Cemented carbide

Plasma sharpened S100/F50

Figure 17.14: SEM photographs of the cutting edge of the as coated drills (top) and the plasma
sharpened drills (bottom). A schematic cross section of the cutting edge configuration is shown on
the right side. The cutting edge formation on the PSD tool is clearly visible.

Thus, the morphology, the thickness, the mechanical properties, etc. of the applied
NCD film is identical for all tools. Here, we have chosen an initial coating thickness of
19.5 pm. Half of the tools were plasma sharpened respectively to a sharpness degree
of S100F50 (see Figure 17.14), corresponding to a residual diamond film thickness of
approx. 10 pm at the clearance face.

The industrial machining test was performed at the IFW Stuttgart, University of
Stuttgart, utilizing a 5-axis CNC machine tool, type Maka PE 170. The drilling opera-
tions were performed at a cutting speed of v, = 36 m/min and a feed velocity of v, = 289
mm/min (see Figure 17.15).

The abrasive wear propagation was investigated using a SEM after 10, 600, 800,
1,200 and 1,600 operations. The diameter of the holes was measured regularly and the
quality of the holes was determined by using an evaluation procedure developed by the
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Figure 17.16: Tolerance field and measured bore diameters vs. the number of operations. Orange:
as-coated tool; blue: PSD tool (courtesy: IFW Stuttgart).

Technical University Vienna, which allows to quantify the machining quality of CFRP
[15]. In order to compare the influence of the plasma sharpening process, an as-coated
tool from the same batch was added to the test as reference. This tool failed due to
insufficient bore quality already after 600 operations when machining a less abrasive
CFRP stack material (satin weave fabric) of identical thicknesses. From the subsequent
SEM investigations of this reference tool, we measured a critical land-wear dimension
of approximately 60 um at the intersection of the main to the minor cutting edge. The
same tool, however, plasma sharpened to SI00F50, survived 1,600 operations at a land-
wear dimension of still less than 41 pm. Furthermore, by analyzing the bore quality
according to the evaluation procedure we could determine a significant improvement
of the quality index by 25%. In addition, we discovered a highly improved tolerance
field for the bore diameter (see Figure 17.16), thus, enabling a higher process stability.
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Figure 17.17: Land-wear propagation of the as-coated (orange) and PSD tool. The wear propagation
of the PSD tool is approximately linear.

Figure 1717 shows the propagation of land-mark dimension as a function of the
number of holes. In contrast to the conventional square root law for an abrasive wear
out of the cutting edge in woodworking as shown by Fischer for TC tools [16], an almost
linear wear propagation was observed for the PSD tool. This can be explained, by con-
sidering the ultra-hard NCD coating as the predominant component concerning the
weat. In this case, the wear rate of the diamond film is constant in time. The wear rate
of the cemented carbide volume underneath is of minor importance. The function of
the buried cemented carbide substrate serves therefore rather as shaping support for
the diamond coating. However, the functionality and wear behaviour of the tool are
fully determined by the thin NCD coating. A linear fit indicates that the lifetime end
of this tool will be approximately 2,300 operations. This corresponds to a lifetime
increase of approximately 4.

17.3.3 High Precision Diamond Spheres

Spheres from hard materials are used in many industrial applications such as ball
bearings, ball valves and metrology.

Besides steel, spheres made out of ceramics like Si,N,, Si, ZrO, Ruby and cemented
carbide are the state of the art. Since a few years, there are also spheres made out of
single crystal diamond available. However, these products are extremely expensive
and the maximum available diameter is limited up to approximately 3 mm due to the
lack and the cost of large single crystal diamond substrates as well as the correlated
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machining costs of diamond. Although their performance is outstanding the factors
of cost and size are the main entry barriers for these products preventing mass appli-
cations like ball bearings. In consequence, diamond spheres are rarely used in high
price niche markets as for instance the metrology market. Here, diamond spheres,
mounted on a cemented carbide shaft (so-called styli) are used as measurement tips
for coordinate measurement machine (CMM) systems. These tips are enabling the
CMM to perform scanning operations in contrast to point to point measurements. The
hardness of diamond serves here as enabling factor to prevent an inacceptable wear
propagation or material built-up correlated with a loss of accuracy e.g. when scan-
ning soft materials like aluminium.

In order to overcome these limitations we present in this section a novel approach
by utilizing thin NCD coatings on foreign substrate spheres for styli applications.

17.3.3.1 Fabrication of Nanocrystalline Diamond Coated Spheres

As substrate material we are recommending a Si-based ceramic such as Si,N, or SiC.
As already explained in Section 17.3.1.3, the diamond deposition is highly isotropic and
therefore it smoothens out smaller irregularities of the substrate surface. Figure 17.18
shows the schematic structure and a SEM image of a coated sphere.

The substrate surface quality is therefore also of minor importance. Ceramic
spheres of high-quality grades are commercially available. As they are used in
mass markets manly for ball bearing applications, these spheres are not expensive.
Although the CVD diamond coating process is highly isotropic, it will never end up in
a perfect homogeneous film thickness all over the substrate sphere. Thus, a post treat-
ment is necessary in order to obtain the desired sphericity and surface roughness.

According to DIN [17], there is a classification of sphere qualities in grades (G)
according to Table 17.2. Precision spheres for CMM applications typically exceed
G10, thus, a tolerance of sphericity of less than 250 nm and maximum peak to valley
surface roughness r, of less than 20 nm are required.

NCD coating  Substrate

Ny

Figure 17.18: Schematic structure (left) and SEM photograph with partially removed diamond film
(right).
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Table 17.2: Grade of spheres and the correlated specification according to DIN [17].

Grade Deviation of sphere Max. surface
radius (nm) roughness r, (nm)
G3 <80 10
G5 <130 14
G10 <250 20
G16 <400 25
G20 <500 32
G200 <5,000 150

Figure 17.19: Diamond spheres of different diameters after CMP processing. The diameter ranges
actually from 0.6-8 mm. It is expected that larger and smaller diameters can be produced in the
near future.

The thickness of the diamond film is of minor importance and should costwise be
kept as low as possible. In order to guarantee a sufficient mechanical support for the
post treatment process, we have chosen a diamond film thickness of approximately
25 pm. After coating, the relative uniformity of the coating thickness measured over
the entire sphere surface is less than 10%. In consequence a minimum film thick-
ness removal of 2.5 pm is required in order to achieve the desired sphericity. Such a
shaping process, a chemical mechanical polishing (CMP), is adapted from metal and
ceramic spheres.

Figure 17.20 shows SEM pictures of the as-grown diamond surface resulting in a
typical surface roughness of approximately rms = 20 nm. After the CMP the surface
roughness is significantly reduced. The surface roughness is measured by AFM to be
less than rms < 2 nm (measured value rms = 1.4 nm) and a maximum peak to valley
roughness of r, = 10 nm. The sphericity of the sphere is determined to be 60 nm
(class G3), which corresponds to the resolution limit of the tactile roundness meas-
urement set up. For CMP of diamond spheres, it is necessary to enhance the removal
rate by chemical additives and to adjust the polishing speed in order to keep the pol-
ishing times reasonably low. The utilization of a batch treatment is a necessary evil
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After polishing 100 nm

Figure 17.20: High-resolution SEM micrographs (magnification 100kx) of the diamond surface as
grown rms = 20 nm (left) and after CMP rms <2 nm (right).

RONt = 0,06 pm

Figure 17.21: Surface roughness and sphericity analysis of a diamond-coated sphere after CMP. The
grade according to Table 17.2 of this sphere is G3.

for the CMP process in order to keep the production costs reasonably low. This batch
process is highly efficient, but there is on the other hand a latently risk of losing the
entire batch in case the diamond film of one single sphere even partially peels off
the substrate. In this case, the delaminated diamond shell will cause a catastrophic
chain reaction and destroy all other spheres of the batch. Thus, the diamond coating
process and the material properties of the NCD film have to be chosen very carefully
in order to enable the best possible adhesion of the diamond film on the substrate
and a sufficient mechanical stability to survive the applied forces of CMP. In contrast
to polycrystalline diamond films, the reduced surface roughness of as-coated spheres,
the lower Young’s modulus and the higher fracture toughness of the NCD film are sup-
porting the efficient CMP of spheres and allow therefore for a significantly reduced
diamond coating thickness and process time.

Finally, as the desired grade is achieved, the precision sphere is brazed on a
cemented carbide shaft (see Figure 17.22) and is ready to be used in the CCM.
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Due to their hardnesses, diamond spheres are enabling the scanning operation
mode of CMM, thus enhancing the possibilities of the machine significantly. Single
crystal spheres are, however, extremely expensive and very limited in size. The NCD-
coated sphere overcomes both limitations and may yield in a change of the marketing
model by merging the CMM and the stylus market towards a service measurement
sales model according to smart manufacturing. The actual production process was
designed for mass fabrication and the development is currently focussed on upscal-
ing of the above-described fabrication methods. In consequence, it will be feasible
that mass markets like diamond ball bearings can be addressed in the near future.
This, however, requires further optimization towards thinner diamond coating thick-
nesses and CMP processes of higher efficiency.

17.4 Summary

Diamond, especially NCD films, can be utilized in many industrial applications. In
contrast to single crystal diamond or coarse-grained polycrystalline diamond mate-
rial, the mechanical properties of NCD films can be engineered towards the substrates
and the applications needs, thus enabling an improved adhesion on foreign sub-
strates. If applied correctly, the buried substrate serves rather as shaping support for
the functional coating. Functionality and wear propagation are fully determined by
the thin and cost-effective NCD coating.

We have demonstrated this working principle in different applications such as
diamond-coated industrial cutting blades, innovative and complex-shaped cutting
tools for CFRP machining and finally for precision spheres in CMM applications.
For the sake of completeness, it should be mentioned that there are many other
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applications such as micromechanical watch parts or scalpels for microsurgery,
showing the industrial capability of this intersectoral cross-sectional technology.

During the last 20 years, the CVD diamond technology emerged tremendously
and it is conceivable that the availability of large-scale diamond reactors, enabling
coating surfaces in the m? — range, will be probable in the near future. This continu-
ous scale-up process will lead to a further reduction of the production cost of diamond
films and will lead to decrease the main entry barriers for the utilization of diamond
in mass applications such as ball bearings.

The parallel development and industrialization of innovative and efficient
diamond machining technologies, like plasma sharpening, is contributing towards
an efficient and cost-effective precision post-processing and finishing of the hardest
material on earth.

The combination of this innovative toolbox allows for the successful application
of this technology in emerging markets such as CFRP machining, for example for aero-
space industry, and contributes therefore indirectly in the energy and resource-saving
progress of key industrial sectors. It can be considered to be an enabling factor for the
industrialization of lightweight construction and the application of novel materials
such as CFRP stacks.

We have shown that one single PSD diamond blade replaces approximately 2-40
TC blades, accompanied by a significant reduced production yield loss and increased
productivity. Thus, a thin NCD film enables a remarkable conservation potential of
resources besides the substrate materials such as tungsten and cobalt.

We therefore expect a rapid growth of this technology in different markets and
applications.
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18 Nanomaterials in occupational health
and safety

18.1 Introduction

Nanomaterials have had a firm place at the workplace for many years and are used
in manufacturing, processing and disposal or recycling. The volume and type of
nanomaterials used has increased continuously during the course of the years and
in many cases they are not even recognized as nanomaterials. They are deployed in
workplaces encompassing laboratories, the production and processing of the nano-
materials, the user and finally the disposal firm.

There is a general consensus that nanotechnologies are technologies that use
structures within the range of approximately 1-100 nm. There are many attempts to
establish a clear definition for this complex field, all of which more or less aim to
narrow down the topic [1]. In order to determine and assess risks and derive protective
measures, it has been proven useful to generously expand the upper limit towards
the micrometre range (many measuring devices detect the range up to 1,000 nm) as
the properties of the materials do not abruptly alter at 100 nm. In addition, larger
secondary particles such as agglomerates and aggregates also play a significant role
at the workplace. Although primary particles in the range of 1-100 nm will seldom be
encountered at many workplaces, secondary particles made up of these primary par-
ticles do occur, which may disintegrate into the primary particles again in the body.
The application of strict limits would simply mask a significant part of this problem.

Nanomaterials occur more rarely than free, unbonded nano-objects (nanofilms and
nanoplates, nanotubes, nanorods or nanowires, as well as spherical nanoparticles).
Alongside agglomerates and aggregates, composite materials are often used, for
example nanoparticles or nanotubes, which are integrated in a polymer matrix. This
categorization in accordance with the definition of the ISO Technical Committee 229 is
helpful for occupational health and safety [2].

Furthermore, two types of material with nanoscale structures occur at the work-
place (a third type would be ultrafine dusts from natural sources). Ultrafine aerosols
are differentiated from the nanomaterials that are generally understood to be nano-
materials and are consciously and intentionally manufactured or used as such, as
although they can share the same properties in principle, they can also be created
unintentionally and cause exposure. Both types are to be considered equally for occu-
pational health and safety measures. The ultrafine aerosols can be released by nano-
materials, although these are often created through process and processing steps on
coarser materials. Although we will mainly discuss nanomaterials in the following,
in most cases the statements made can be applied to ultrafine aerosols, too, although

https://doi.org/10.1515/9783110547221-018
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the characterization of the dusts for risk assessment can be difficult due to the con-
siderable time and effort involved. Assumptions about the nature and concentration
of ultrafine dusts emitted during working procedures like milling, grinding or laser
ablation can be made but may be wrong. If no detailed guidelines for the safe process-
ing are available, expert judgement is needed. In most cases available technologies
for an efficient exposure control will minimize the exposure to ultrafine dusts also,
as long as filtered air is not blown back into the working area or this air is filtered
properly (very efficient filters are available). Processing materials on the benchtop
without further exposure control measures are possible according to expert judge-
ment or measurement at least of the particle number concentration in comparison
with the background concentration.

The assessment and evaluation of the risks are hindered by the large number
of nanomaterials and remaining gaps in our knowledge of the effects. The emergent
properties of many nanomaterials also make this task difficult, as conclusions drawn
on the characteristics of the nanomaterial on the basis of the properties of the coarser
material can be misleading. For instance, nanoscale dusts from metals can be far
more ignitable — in some cases even auto-ignitable — than their dusts in the micro-
metre range and of course the compact material. If this is not taken into account,
explosions or even detonations can lead to serious consequences for people and the
environment as well as severe material damage.

The European Commission explains how nanoscale fractions in coarser materials
are to be taken into consideration: “A natural, incidental or manufactured material
containing particles, in an unbound state or as an aggregate or as an agglomerate
and where, for 50% or more of the particles in the number size distribution, one or
more external dimensions is in the size range 1-100 nm. In specific cases and where
warranted by concerns for the environment, health, safety or competitiveness the
number size distribution threshold of 50% may be replaced by a threshold between
1 and 50%. By derogation from the above, fullerenes, graphene flakes and single wall
carbon nanotubes with one or more external dimensions below 1 nm should be con-
sidered as nanomaterials” [3]. It will certainly be necessary to also consider other
large molecules within this sub-1 nm range, C,, e.g.

The primary particles have a tendency to congregate quickly to the less tightly
bound aggregates or the polyvalent and very tightly bound aggregates. These may
disintegrate under physiological conditions releasing smaller or primary particles
again, depending on the forces between the primary particles and the mechanisms
of energy transfer (mechanical energy on gloves or the skin e.g.) or biological and
chemical effects (separating and coating the smaller particles with proteins e.g.).
So it is necessary to take these aggregates and agglomerates into account too.
They may also function as carriers for molecules transporting them into biological
structures.

Although many studies on effects of nanomaterials in humans have been pub-
lished, it is absolutely necessary to keep in mind that there is no common behaviour
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of all nanomaterials, that there is no phenotypical nanoparticle or nanomaterial.
So these results have to be interpreted with expert knowledge to yield a useful picture
near to the truth.

18.2 Strategy for Accident and Illness Prevention

The focus of occupational health and safety is to minimize risks but not necessarily to
eliminate them entirely, as this is often not possible. In this context, the risk is often
described as the product of the probability of occurrence of damage and its sever-
ity. The probability of occurrence is directly dependent on the exposure, which can
now be determined — albeit with some effort. In order to determine risks, however,
the severity of the damage resulting from the respective scenario also needs to be
quantified. This is considerably more problematic, as we are not fully aware of the
mechanisms of possible nanospecific effects (insofar that these are relevant) and
their effects on the organism. As such, if no sufficiently sound data are available on
the effect, the risk level can only be controlled by limiting the extent of exposure. The
categorization in four in its respective current version can provide assistance here.

There is a harmonized European Union law for occupational health and safety
with regard to substances and materials. This is supplemented by national imple-
mentations and additions, which can contain further details on working safely with
nanomaterials and on protection from ultrafine aerosols. For instance, specific infor-
mation is provided by the Announcement on Hazardous Substances 527 [4] or the
laboratory guidelines “Working Safely in Laboratories” [5] with the complementary
publication on “Nanomaterials in the Laboratory” [6]. Further publications are avail-
able in various countries [7-17]. The procedures described here are similar, but differ
occasionally in detail.

Performing a risk assessment is a common and proven strategy for handling haz-
ardous substances. This requires the compilation of various kinds of information in
order to at least make a qualitative assessment of the risks or, better still, perform a
reliable estimation of the risks. Appropriate measures can then be derived from this
and put in place.

The currently used nanomaterials are — with regard to the used quantities — pre-
dominantly substances that have been known for a long time, for example carbon,
silicon dioxide or titanium dioxide. However, because the number of available types
of nanomaterial is much larger, and the number of those that can be manufactured in
theory so enormous, there will be applications involving the handling of nanomateri-
als about which we know very little.

For this purpose, information will be required on various parameters. Some, but
unfortunately not all, of this information can be found in the safety data sheets and
technical data sheets (product specifications) if these are informative and complete.
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With regard to nanomaterials or solid materials that contain a relevant proportion of

nanomaterials, some gaps sadly remain. When handling these substances, the raw

and auxiliary materials, solvents and reagents also have to be assessed. This includes
in particular information and data on the following:

—  Size distribution and shape

— Fire and explosion behaviour, auto-ignitability

— Additions, coating, soiling, enclosures, adsorbates, “foreign atoms” incorporated
through chemical bonds (e.g. metal atoms from the growth process)

— Chemical and physical-chemical properties, such as catalytic effects, reactivi-
ties, radical formation, surface activity, specific surface, { potential, absorptivity,
kinetics of the agglomeration or aggregation, dustiness behaviour, solubilities,
ageing and stability

— Toxicology

— Exposure possibilities and levels (inhalation, dermal and oral)

At times it can be difficult to recognize whether a product contains nanomaterials
and whether such nanomaterials are released or created during (intended) use. Not
all safety data sheets contain information on this; in case of doubt, the manufacturer
or supplier should be consulted. The use of nanotechnology is occasionally adver-
tised in products, in particular for the downstream user and consumer segment, even
though it is of no significant relevance in the product itself. This is done simply for the
reason that the label “nano” carries positive connotations, especially in some techni-
cally savvy markets. However, there are also cases where the contrary applies. This
can make it much more difficult to gather information.

18.3 Controlling Risks Posed by Nanomaterials

The toxicology of nanomaterials is not always analysed sufficiently: in some cases
there are considerable data gaps that need to be circumvented as a precautionary
measure. If a precautionary renunciation of certain materials or applications is not
possible in a socioeconomic context, because this would deprive society of significant
advantages, for example in the therapy of illnesses, or the prevention of improve-
ments in drinking water supply in water-scarce countries would be hard to justify in
an ethical sense; prudent compromises must be made on the basis of a risk assessment
with sensible and justifiable assumptions always keeping in mind that our knowledge
is limited and there may be risks being not properly addressed, especially when it
comes to new materials with new properties emerging from the (self) organization on
nanomaterials. At the moment such materials are used only in small quantities or are
still in research and development stage.

If no usable and plausible data are available from the manufacturer or supplier
or, if applicable, no dedicated examinations are available, the categorization as per
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Table 18.1: Categories of nanomaterials according to BekGS 527.

Cat. | Soluble nanomaterials without specific toxic properties (solubility at least 100 mg/L
water at room temperature): e.g. many inorganic salts like sodium chloride

Cat. Il Soluble nanomaterials with specific toxic properties, e.g. quantum dots, inorganic
salts like heavy metal compounds, dendrimers and lipid shells carrying toxic atoms
or molecules inside

Cat. 1l Granular biopersistent dusts without specific toxic properties, e.g. silicon dioxide
Cat. IV Fibrous nanomaterials, e.g. carbon nanotubes

the Announcement on Hazardous Substances 527 (BekGS 527) 4 represents a possible
procedure for taking toxicology into account. This divides nanomaterials into four
categories with regard to the toxic properties (Table 18.1).

If no conclusive data about a material are provided by a manufacturer or supplier,
it can be allocated to one of the categories with some expert knowledge. The associated
measures are categorized according to time and effort involved. Category I materials
require no special measures above and beyond the general protective and hygienic meas-
ures. Materials of categories II and III often have threshold values which must be adhered
to. Category IV materials can be handled in the same manner as materials from one of the
three previous categories if it has been proven - for instance by the manufacturer — that
these do not possess any asbestos-like properties. HARN belong to category IV".

The physical and chemical properties are often not sufficiently perceived and
taken into consideration as causes of possible risks, with the focus instead predomi-
nantly being on the toxic properties. These deficits in the assessment of risks can nev-
ertheless cause immense damage to people, the environment and assets. The large
specific surface areas of nanomaterials often cause higher reactivities and reaction
speeds, meaning that flammable materials in the nanoscale range can have signif-
icantly lower minimum ignition energies than coarser material or can even take on
self-igniting properties (Figure 18.1) [18].

18.4 Occupational Health and Safety with
Nanomaterials in Practice

18.4.1 Risk Assessment

One problem with the manufacturing and use of nanomaterials as well as the
production of ultrafine aerosols is the often insufficient data situation for assessing

* HARN: high aspect ratio nanomaterial: WHO fibre with at least one dimension between 1 and
100 nm.
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Figure 18.1: Strategy for nanomaterials (NM) with good data (material safety data sheet,
plausible and complete), NM with data gaps, that can be matched to one of the categories I-IV
(Table 18.1), and new NM, to be handled like all other possibly toxic and combustible substances
(in laboratories). Measures to be taken are described in Section 18.4.

the risks. An important factor is the early acquisition or generation of data, at the
latest when materials outside of the field of research are to enter the market. Exten-
sive data often already exists for nanomaterials that are manufactured and used on a
larger scale. Measurements can be performed easily for some properties, but can be
difficult for others.

The source of knowledge for operational use is primarily the product informa-
tion material provided by the manufacturer or supplier, i.e. the safety data sheets
and technical information sheets. Enquiries to the manufacturer or supplier can help
to close information gaps in the documentation. Sometimes it is necessary to show
some perseverance when making enquiries to this end. All available information is
not always provided immediately, but the reminder of a possible partial legal respon-
sibility or at least a voluntary obligation within the scope of responsible care can be
very helpful here. Manufacturers have to gather information elsewhere, as of course
they cannot simply refer to safety data sheets, but rather have to draw these up in
full themselves. After all, it also has to be possible to determine the level of risk for
internal use (Figure 18.2). Classification into one of the categories by four must be
possible, otherwise the most dangerous properties must be assumed in each instance.
This is often the case in research and development work, as there is frequently no
data available. Here, however, is where the protective measures in laboratories come
into play, which are also effective for other potentially very dangerous substances and
have proven their worth over many years. These also include strategies for assessing
exposure, for example measuring options.

The risk assessment must be performed prior to commencing the work, as other-
wise risks may be recognized too late. Even if no damage occurs, costly retrofitting or a
delay to pending work is often necessary. When setting up production facilities and, if
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Figure 18.2: Risk correlating to quantity of the nanomaterial, the duration of handling and the
dustiness of the material, reaching from green for a lower risk level to red for comparably higher risks.

applicable, also laboratory and technical rooms, it is necessary to provide the technical
and organizational prerequisites for safe working. When setting up a production facility,
such planning errors can even lead to the cancellation of a project. In a laboratory that
was set up for a specific purpose and where, for example, supply and exhaust air capac-
ities were reduced for cost-related or other operational reasons (e.g. as the implemen-
tation of such reductions was deemed possible following an assessment of risks and
specification of measures sufficient in this specific case), work on manufacturing nano-
materials will often not be possible without significant retrofitting of the ventilation
technology. It may even be discerned that it is not possible to perform this retrofitting as,
for example, no further supply or exhaust air capacity is available in the building and
cannot be expanded, and procedures cannot be adapted to the extent that supply and
exhaust air technology can be replaced by alternative exposure minimization methods.
As a result, this would mean that the planned work — at least in this room or building —
cannot be performed. If the work is still carried out, for example due to economic con-
siderations or in order to avoid endangering research results, serious — and even legal —
consequences may be the result. The careful and thorough compilation of the risk
assessment — or the prospective risk assessment, depending on the planning stage —
and, where required, the immediate adaptation to changed operational conditions such
as the use of new chemicals with a risk potential that was previously not existent in this
form and therefore not taken into account, therefore sit at the heart of occupational
health and safety. Of course, regulatory provisions also have to be observed.

All exposure routes are to be taken into account for determining the exposure sit-
uation and checking the effectiveness of the measures taken. The process of assessing
the risks (Figure 18.3) may seem to be difficult and arduous, and this actually may be
true in some cases. However, in many countries this is not only a legal requirement
but also a prudent strategy to avoid damage and woe.
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All possible exposure routes — inhalation, dermal, oral — must be taken into account
for determining the exposure situation and checking the effectiveness of the measures
taken. In particular, oral exposure to hazardous substances is often underestimated,
as it is generally correctly assumed that hazardous substances are not intentionally or
accidentally eaten or drunk. Due to hygienic deficiencies at the workplace, however,
dermal and oral exposure can still occur, for instance if substances are transported
to the face by touching hand rails that have been contaminated by soiled gloves with
the bare hand and from there get into the eyes or mouth, for example by sweating.

The work procedure and the dustiness behaviour of the material are significant
for assessing skin contact. Nanomaterials that are chemically very similar can differ
greatly in terms of their dustiness behaviour. For example, in the case of two iron
oxides with similarly sized primary particles, one of them released large amounts of
nanoscale particles when decanting and the other very little. If the documentation
contains no details on the dustiness behaviour and enquiries to the manufacturer or
supplier do not yield the desired information, it is recommended to identify this data
prior to their introduction into production at the latest. Standardized procedures are
available for this.

With the data obtained in this manner and the exact knowledge of the work pro-
cedure and equipment to be used, it can be determined whether a relevant release of
nano-objects will occur at all during the (intended) processes. Even if a nanomate-
rial does not release relevant amounts of nano-objects, this can still take place as a
result of the work procedure, for example through mechanical or thermal influences
that destroy the matrix or split aggregates and agglomerates again. Even the drying
of a solution or suspension can lead to nano-objects being released into the air from
the dry residues. For some work procedures, further investigation is unnecessary: if
a high-performance mill, which creates nano-objects out of larger material through
intensive milling within the scope of a top-down process, is opened in a room after
the milling process without any additional protective measures having been taken,
one would generally determine that enormous quantities of nano-objects have been
released.

As well as defining the technical (and other) measures, knowledge of the dust
formation also allows the contamination risk to the skin presented by the deposit of
released nano-objects to be assessed. Although in line with current knowledge it is
believed that human skin provides a reliable barrier to nanomaterials when in good
condition, this must not result in work being performed with unprotected hands, arms
or even unprotected facial skin due to the existing data gaps in this area, unless this
has already been proven for the specific nanomaterial processed. It is necessary to
wear protective gloves (in the case of disposable gloves it is generally recommended
to wear two pairs on top of each other as a precaution), regularly check them for con-
tamination and damage and change them regularly.

The collection of dust can also lead to deposits on the surfaces of work equip-
ment and devices, surfaces in the room and on clothing. These deposits can then
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be released back into the air in an uncontrolled manner at a later stage and cause
exposure by inhalation, which can occur at a different place and time to the release
of material that caused it. Because it is particularly difficult to detect such exposure,
it is essential that this dispersal of contamination is avoided by taking technical
measures. Swipe samples or direct reading measurements of manual resuspensions
can provide clarity here [19].

The risk assessment process also involves documenting the effectiveness of the
measures taken. This can be the ventilation test of the supply and exhaust air unit or
regular checks by the supervisors that the employees have understood the specified
measures and implement them reliably. The risk assessment also documents scopes
of responsibility.

Quantifying the risks can be difficult for risks caused by toxicological effects
due to a lack of data. Minimization of the exposure will minimized the risks too (for
self-organizing or self-reproducing materials this may be different). Risks of fires and
explosions are addressed as for other combustible substances. The costs of the mate-
rials that can be very high or the amount that can be collected can be a problem for
some standard procedures in need of large amounts of sample material, using a 20 L
or a 1 m? explosion pressure test system, for example. The safety of the personnel car-
rying out these works has to be guaranteed also, cleaning the testing apparatus and
its surrounding area from rests of the material and its reaction products.

18.4.2 Measuring Strategies for the Workplace

Measurements of nanomaterials can be very costly and time-consuming, which
impedes broader application. A staggered approach has therefore proven useful for
assessing exposure by inhalation. In a first step it should be determined whether
relevant exposure has occurred or can even be hypothesized. In an enclosed system
operated in a vacuum, releases would not be expected as long as the system is sealed
and monitored. The critical operating states in this case would be the extraction of the
products, depending on how the filling process takes place, and in particular leaks
and accidents as well as cleaning and maintenance work. For these, the exposure
would have to be assessed separately across all exposure routes.

The measuring strategy contains a basic exposure assessment, which can be per-
formed at all workplaces with limited effort, expenditure and basic skills for handling
the measuring equipment. The results of this assessment must then be compared
with the background concentration that is to be determined in parallel. Of course,
comparability must be ensured and it must be known whether the same nanomateri-
als in the air are being compared. Due to factory traffic, engine emissions can release
large quantities of nanomaterials into the air in which comparative measurements
are made, resulting in a background level that is very high but is not comparable
to the nanomaterials to be measured at the workplace. Hand-held devices are used
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Figure 18.4: Particle concentrations measured inside and outside of a fume hood while handling
nanoscaled TiO,.

as measuring equipment here. If the nano-objects deviate too significantly from the
spherical shape, no useful measuring results are generally obtained. Further informa-
tion can be found in [20, 21].

An example for measuring the emission from a fume hood is shown in Figure 18.4.
While handling nanoscale TiO, in a fume hood (filling several g from one bottle to
another and back) the particle concentration in the air inside of the fume hood and
outside at the researchers position a high amount of TiO, nanoparticles was released,
but no increase of the background concentration in the air of the laboratory is
detected. The particle size was detected in a range between about 1 nm up to about
1,000 nm covering agglomerates and aggregates too. To test the experimental set-up
air from the inside of the fume hood was blown out waving a sheet of paper to give
a short and small peak [22]. Precondition is the proper use of a well-maintained and
tested fume hood (in this case according to EN 14175 [23]) without air draughts in the
laboratory atmosphere disturbing the air flows in the fume hood.

The technical expenditure is disproportionately higher within the scope of the
expert exposure judgement, and is therefore accompanied by high requirements on
the people carrying out the measurements. This approach should be employed if it
was not possible to achieve a sufficient level of certainty in the first stage. One scale
for such measurements is provided by the Organization for Economic Cooperation
and Development’s tiered approach [24]. The mostly limited resources for carrying out
such measurements can be better adapted to the level of difficulty of the enquiry and
the scale of the problem in this way. These measurements allow reliable documenta-
tion of conditions at the workplace in accordance with present knowledge, and it is
possible to define measures appropriate to the scale of the problem.
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There are few limit values for exposure to nanomaterials, and none based on
health. However, several assessment values can be used as a basis for the assess-
ment [25, 26]: although mass concentrations are traditionally used for assessment
in the context of protection from hazardous substances, number concentrations and
surface concentration are probably more meaningful for nanomaterials. For criteria
for assessment of the effectiveness of protective measures, see [27].

As it often cannot be ruled out that in particular the less tightly bound aggregates of
primary particles or fibrous nano-objects can be split open again in the body, the scale
of dimensions to be considered should not be limited to 1-100 nm, but rather also extend
into the higher range, i.e. up to the micrometre range. Many measuring devices automat-
ically detect these sizes. In normal breathable air, nano-objects usually occur in close
proximity to the place from which they were released and are almost exclusively gath-
ered in aggregates or agglomerates having been attracted towards other coarser dust
particles or droplets [28]. In a low-particle atmosphere, on the other hand, the nano-
objects primarily agglomerate together due to a lack of other bodies to collide with.

18.4.3 Measures at the Workplace

Typical work procedures that can lead to exposure to nanomaterials are:

— Manufacturing of primary particles and their agglomerates and aggregates

— Processing into products for the market

— Processing of coarser nanomaterials while releasing nano-objects (clogged
nano-objects or nano-objects that have been removed from the matrix during pro-
cessing, e.g. nanodroplets from polymers) or compound structures made up of
nano-objects and matrix (e.g. carbon nanotubes that protrude from such polymer
nanodroplets)

— Waste disposal

— Cleaning of systems, devices and rooms (e.g. to repair a reactor)

— Accidents and leaks

It is advantageous to take the protective measures in the following order (Figure 18.5):

Figure 18.6 demonstrates the differences between the preparations of a nanoma-
terial, sun blocking TiO, in this case. TiO, embedded in a matrix of water and oils
as a sunscreen does not release any particles, the TiO, isolated from the sunscreen
by incineration in a crucible is agglomerated and does not release particles, as long
it is not milled. Nanomaterials embedded in matrices are relatively safe to handle,
since exposure via inhalation is not possible as long the material does not become
dry or is not sprayed. Although exposure can occur through the skin or oral (hygiene),
agglomerates and aggregates of primary nanoparticles may pose a danger when they
are separated into smaller particles.

When handling other (hazardous) substances, field-tested and effective protec-
tive measures are available that also offer a high level of protection when working
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different nanomaterials that result in
similar product properties

chemical modifications of the
nanomaterial that lead to lower toxicity
or ignitability

use of master batches or suspensions
instead of pure nanomaterials

use of modifications of the
nanomaterial resulting in less formation
of dust (e.g. through a coating)

Technical measures, e.g.

using closed apparatuses and systems,
working in the vacuum range, instead
of (partially) opened systems

cleaning systems before opening them
by fitting cleaning devices

ventilation measures, measuring at the
point of emission so that the breathing
zone is not contaminated and no
deposits occur at the workplace and in
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staff training (see e. g.)

spending as little time as possible in
contaminated areas

minimize the number of people in these
areas

taking particular groups of people into
account, e.g. young people

hygiene policy for avoiding dispersal of
contamination

Personal protective measures, e.g.
single-use protective suits, closed work
clothes or laboratory coats that cover
the body well

protective gloves (with long cuffs if
necessary)

sleeve guards

respiratory protection (not a

permanent measure)

Figure 18.5: Strategy of minimizing the exposure; starting point of the process is the replacement
of the material as far as it is reasonable.

with nanomaterials. A possible risk can thus also be reduced by minimizing exposure.
Therefore, it is usually not necessary to develop completely new protective measures,
but rather to search the existing toolbox for the appropriate measures and apply these
as intended. As such, technical ventilation measures not only help against toxic gases
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Figure 18.6: (A) Typical sun screen (factor 50) with nano-TiO,; (B) residue in the crucible after
incineration; and (C) milled TiO,,.

and dusts, but also with nanomaterials, and their effectiveness always depends on
whether they have been designed, built and applied correctly. Sufficient protective
measures can be specified using the available information from safety data sheets,
other manufacturers’ information, existing literature or by contacting the manufac-
turer to make specific enquiries. The categories in four can provide assistance here in
the event of data gaps, but if necessary experts have to be consulted.

On the basis of several points it is possible to gain a first impression as to whether
it is necessary to go into more detail in the risk assessment (see also [29, 30]).

18.4.3.1 Structural Prerequisites

Appropriate construction, infrastructure and fixtures and fittings of buildings and
working areas with thorough planning documents, systems and apparatuses built
and operated in accordance with the state of the art.

18.4.3.2 Operational Organization

Operation of buildings and systems with precise definition of responsibilities, in par-
ticular in the case of facilities where different (legally separate) parties are responsi-
ble for ownership, technical operation and utilization, supporting communication
and control structures.

18.4.3.3 Occupational Health and Safety

Specification and awareness of responsibilities across all levels of the operational
organization, expert safety and occupational medical advice available internally or
externally, inclusion of employees in matters relating to occupational health and



Nanomaterials in occupational health and safety =—— 335

safety (e.g. in the risk assessment or in the selection and suitability test of personal
protective equipment).

18.4.3.4 Agency Workers and Persons from Outside the Company or Laboratory

Include cleaning staff, service technicians, manual workers and others in the risk
assessment, instruction and monitoring of these persons by internal staff.

18.4.3.5 Gathering Data for the Nanomaterial

Plausible and complete information not only on toxicity but also on burning and
explosion behaviour, dangerous reactions (is it apparent that information is missing?),
at least to a sufficient level to categorize the material in accordance with four. This
includes the up-to-date safety data sheet for the nanomaterial in question, not for
similar products from other manufacturers or suppliers.

18.4.3.6 Informative Labelling of the System Parts and Containers
In particular, exact designation of the nanomaterial, pictograms, H-phrases and

P-phrases as per the GHS are necessary, and simplified labelling for own storage
bottles in the laboratory is possible (Figure 18.7) [31].

‘KohlenstofT-Nanoro
BAYTUBES € 1501

Figure 18.7: Example for a simplified labelling of a storage bottle with pictogram and short phrase.



336 =—— Thomas H. Brock

18.4.3.7 Measures Against Fires and Explosions

Inertization, vacuum, constructional explosion protection or avoidance of ignition
sources, fire alarm systems and firefighting (even small quantities can lead to incipi-
ent fires or cause severe explosions when mixed with air).

18.4.3.8 Chemical Properties

For example, catalytic activity or auto-ignitability of the nanomaterial (when mixed
with other substances there can be a risk of a severe reaction or explosion; large sur-
faces can lead to accelerated reaction or self-ignition).

18.4.3.9 Protection Against Dust Formation

If possible, enquire about or investigate (or commission an investigation of) the dust-
iness behaviour and specify protective measures in accordance with this (significant
quantities of dust can be formed, particularly when filling and decanting the nanoma-
terial, but this is not necessarily the case). If nanomaterials are handled openly during
the activity, substance release and contamination of the working area are possible and
there may be a risk of ignition. If suspensions nebulize there is a risk of inhalation of
the aerosol as well as of deposits on skin and mucous membranes and on the surfaces
in the working area. This may also present a risk of ignition. Powders can give off dust
more or less easily and can be blown away easily. Filling processes can take place in
a practically exposure-free manner in (semi-)automatic weighing chambers for sacks,
barrels and other containers while extracting and separating escaping air contami-
nated with nanomaterials. If necessary, manual weighing processes can be performed
in specially vacuumed and low-vortex exhaust booths, in sealed automatic scales
or through reweighing of sealed containers that are only opened in the fume hood
(glove box, etc.). A multitude of further, in some cases, very simple technical solutions
or minor but effective modifications to the workflow can be applied here. Dust can
escape from unstable containers such as bags during handling. When compressed,
air escapes with dust (this may even escape in the vacuum lock). You should there-
fore use solid, sealable containers, which should not be too large. Machines that can
release nanomaterials (e.g. mills) must have a closed design or they must be enclosed
and vacuumed. The extracted air can be cleaned well using high-performance filters.

18.4.3.10 Apparatuses and Systems

These have to be engineered or designed in such a way that they have to be opened
rarely and as little as possible (e.g. this can be achieved using automatic metering,
filling or cleaning devices).
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18.4.3.11 Avoiding Dust During Work

Dust formation, nebulization or dried-up leaks can be the result when performing
work (dried-up substances may result in dust-generating solids); depending on the
risk level, additional technical measures are to be taken. Contaminated auxiliary
material for removing leaks can in turn release nanomaterials again, e.g. damp cloths
when drying. Contaminated auxiliary material must therefore be packed in a sealed
container prior to this.

18.4.3.12 Air Flows in the Working Area

For example from supply or exhaust air units, or unintentional flows caused by
draughts in the room. These must not carry the nanomaterials away and distribute
or deposit them in suction channels or in the room. Some nanomaterials give off dust
so easily that they need to be protected from air flows (e.g. in a glove box or with a
decanting pipe from inert gas laboratory technique [32]) during handling. Flow condi-
tions can be determined and assessed using battery-operated fog generators or larger
mains-operated equipment for larger rooms, but test setups in fume hoods or systems
in rooms with targeted ventilation can also be employed. Apparatuses and systems
can block air flows or cause vortexes, and as a result unexpected exposure can occur.

18.4.3.13 Protection from Dermal Exposure

Wear protective gloves if there is a risk of contact with the solid or suspended nano-
material, or a danger of suspensions dripping down, splashing and nebulizing.

18.4.3.14 Processing Materials and Nanomaterials

Nanoscale aerosols can be created out of coarser or composite materials through
milling, grinding, cutting, laser ablation, etc. These can release free nanomaterials
or nanomaterials completely or partially enclosed in a matrix. Nanomaterials can be
formed and released from materials without nanostructures too.

18.4.3.15 Cleaning

Preclean contaminated equipment so that it can be cleaned by auxiliary staff without
any danger. Systems such as reactors must be cleaned sufficiently that staff can also
access them from the inside without any risk. Adhering nanomaterials can contam-
inate the surroundings and put people at risk. A release of dusts from contaminated
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equipment must be avoided until it is cleaned. The cleaning should therefore take
place without delay. Until then, the containers must be sealed or placed in a clean
enclosure.

18.4.3.16 Hygienic Measures

These are personal measures for avoiding dispersal of contamination. Contaminated
equipment and work tools, e.g. writing equipment or contaminated gloves, must not
be removed from the possibly contaminated area (e.g. the fume hood) before being
cleaned (or being packed ready for disposal). Hand rails should be used but not
touched with gloves. Sleeve guards can prevent nanomaterials clinging to the arms
when working in the fume hood. Contaminated protective, work and everyday clothes
are to be packed in dust-free containers and given to the specialist cleaning company
or disposed of. Used protective gloves must be disposed of if they cannot be cleaned.
The dispersal of contamination can also be prevented by the appropriate design of
workplaces, processes and experiments. Do not interrupt work in the contaminated
area unnecessarily, do not remove contaminated objects (e.g. gloves) from the area,
ensure that special attention is paid to hygiene when leaving the area.

18.4.3.17 Other Substances

The other reagents, products, solvents and auxiliary materials are to be taken into
account in the risk assessment. The risks associated with these materials must also be
taken into account, e.g. handling in particle-filtered circulation operation is critical if
gases or vapours also occur, or when an extraction box with absorption or adsorption
filters is used and an opening cannot be detected in time.

18.4.3.18 Disposal

Collect and seal waste in suitable and labelled containers and dispose of it at appro-
priate intervals. The larger the container, the more dust can be released from it. The
potential risk increases with the amount of waste stored, and in addition dangerous
mixtures or ageing processes can lead to gases and vapours being released, which in
turn can cause fires or explosions.

18.4.3.19 Personal Protective Equipment

Alongside work clothes or laboratory coats, protective goggles and suitable shoes are
to be worn. Protective gloves with low porosity — which also have to be resistant to
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the other hazardous substances they may come into contact with — protect against
contamination. If there is a risk that the face, head or body can become contaminated
with nanomaterials, a protective screen, hood or disposable suit (preferably made of
closed textiles without seams or hollows) must be worn (define hygiene measures and
disposal procedures).

18.4.3.20 Briefing and Instruction

The properties of and risks posed by nanomaterials are not universally known and
must be explained; staff must be familiarized with and trained in safe work processes
and protective measures.

Further properties are to be taken into account in order to assess the risk, in par-
ticular the ignition and burning behaviour, ageing and decay and the catalytic effect.
Please take into consideration that people with disabilities at workplaces may need
special equipment and assistance. An example: Contamination may be of greater
concern for a person in a wheelchair sitting at a bench or fume hood when traces of
nanomaterials may be collected on the sleeves of the lab coat touching the benchtop.

The following guidelines assign protective measures to the nanomaterials for ori-
entation purposes; the risk assessment can provide a different result in specific cases
(Table 18.2).

The measures required in the individual case must be specified precisely within
the scope of the risk assessment. Measures for avoiding unwanted contamination of
work areas may also be necessary without a direct risk being established. Measures

Table 18.2: Categories of nanomaterials according to four and assignment of typical protective
measures.

Cat. Measures

| Basic protective and hygiene measures, avoidance of all unnecessary releases and exposure
1 See measures of cat. IV.

1 In addition to the measures for category |, in particular protective measures against
exposure by inhalation are to be taken (effectively vacuumed enclosures, dust-free handling
in fume hood, safety cabinet*; glove box or closed apparatus or systems also possible)

v - In addition to the measures for category |, in particular protective measures for avoiding
inhalative, dermal and oral exposure are to be taken (closed systems, effectively
vacuumed housings, dust-free handling in the tested fume hood, safety cabinet*, glove
box, closed apparatus or system, preferably clean-in-place or wash-in-place in the case
of a closed apparatus or system), personal protective equipment must be used, but
respiratory protection is only necessary in exceptional cases

- If it is proven that there are no asbestos-like properties, measures of the other categories
are possible depending on the material

* If no protection from gases and vapours or from fragments or splashes propelled around the room is required.
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are also related to other hazardous substances used in the process (e.g. reactants,
solvents, auxiliary materials), equipment or systems.

Particle-filtering respiratory masks offer high filtration efficiency for nano-objects
and are particularly effective in the range below approximately 200 nm. However,
respiratory protection measures should be used with care. The wearing of additional
equipment can be a burden for employees, and it should be considered that, in con-
trast to volatile gases and vapours, a long-lasting contamination in the area of the
workplace is possible, even at greater distances depending on the air flow conditions.
Deposits can occur along the entire length of exhaust channels, particularly in places
with little flow or where vortexes can form. This can be prevented through special
structural design and expert construction.

Special care should be taken when handling nanotubes. They too can have a car-
cinogenic effect on humans if they have certain geometries, length—diameter ratios
and a rigid structure [33]. They often form tangled structures with individual nano-
tube ends protruding from them and can also cause inflammatory reactions. When
handled, these sometimes release no nanotubes at all, although it is unclear whether
this is also the case under physiological conditions. In this case, safe work can be per-
formed using closed apparatuses, tested enclosures and extractions, tested laboratory
fume cupboards or glove boxes. The exhaust air can only be released into the work area
after special cleaning. Overviews of this can be found in Refs. [34, 35], for example.

Until now, the measures and effectiveness checks focused on nanomaterials of
the first two generations, and also on the third generation to a limited extent [36].
Many nanotechnological applications in the pharmaceutical industry are to be clas-
sified as passive (first-generation) or active (second-generation) structures. These are
characterized by the fact that they behave like normal substances with regard to quan-
tities, concentration and dose. The systems begin to resemble biological systems to
the extent that a multiplication that is actively controlled from the outside to an ever
smaller extent can occur. Up to a point this is already the case with the self-organizing
processes of the third generation. However, whether multiplication mechanisms of
the fourth generation can establish themselves outside of real biological systems is
the subject of much debate, but it is not unthinkable. As NY City College’s and NY City
University’s famous physicist Michio Kaku states: “it is very dangerous to bet against
the future” [37]. In these cases one would expect an independent increase in parti-
cle numbers, quantities, concentrations and doses, as is usual in nature. However,
concepts for protective measures against such substances already exist; indeed, the
methods are also available for safe handling of organisms and DNA. And like every
self-reproducing system, unlimited multiplication is inconceivable as all systems of
this kind reach the boundaries regarding available space, nourishment (reagents)
and room for waste. With technological adjustments, this should therefore also make
it possible to safely control nanomaterials of future developments [19].

Following these prudent practices and proven measures it can be assumed that
risks from handling nanomaterials are minimized.
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18.5 Further Needs

Continued safety research is required in the future, not only in toxicology but also for
combustible materials and testing methods for smaller quantities. The efficiency of
ventilation systems should be improved to reduce the risk of wrong usage (very often
the wrong positioning), the costs for installing such systems and also the need of
energy for running the systems (electric energy for the electric motors or heating and
cooling for the treatment of the fresh air).

One of the key components are materials for the information of workers and
managers in small and medium enterprises, researchers and all people who have to
start handling nanomaterials without sufficient experience and knowledge about the
safety procedures. It is also necessary to create the needed level of awareness that
there might be risks associated with the planned work caused by nanomaterials (and
ultrafine dusts).

This kind of information has to be in practical and concrete terms detailed
enough to enable the reader to choose safety measures that are known to be effec-
tive and appropriate for the concrete work to be carried out. At the moment most
publications deal with the theory of nanomaterials and general principles of pre-
vention, but the gap between this theoretical level and the needs of most users is
too wide for them to be bridged by themselves. Here a lot of practical and actionable
information is needed. This includes print material with concentrated information
(otherwise people will not read it due to the common lack of time), useable also for
training purposes. It has been shown that a combination of printed background
information and a separate short concentrate from it in key phrases easily to be
memorized are quite effective. The concentrated paper can be a folded leaflet to be
carried in a pocket of the working clothes or the lab coat. An example is shown in
Figure 18.8.

Especially people in research and development and younger people are addressed
much easier by modern information technologies, tablet and personal computers,
apps and Internet portals. This is quite costly but catches the interest and transports
the right kind and level of information. An example is shown in Figure 18.9 [38].

18.6 Conclusion

Since there is no such thing as a one-for-all type “nanomaterial”, the typical nanoef-
fect or a specific nanotoxicology one has to assess the hazards of the specific material
using data from safety data sheets, publications, guidelines and analogies. This looks
more complicated than it actually is, at least in the majority of cases, since the mate-
rials widely used very often have properties that can be estimated by interpolation
from data of coarser fractions and of single molecules or crystal units. For example,
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Figure 18.9: Web-based virtual laboratory for nanomaterials running in standard browsers which
allows the user to walk around and investigate the different positions with information windows
popping up and links to further reading material.
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the increase of the surface area per gram ratio is no surprise but well known for all
kinds of solid matter. Also the penetration of particles being small enough through
biological structures is not a new finding. Adverse effects in the human body may be
caused by such particles, but not as a general principle. Problems correlated with the
toxicology of the substance per se or the problems caused by overload effects with
dusts are known. However, in some cases one detects new properties emerging from
the nanoscale, quantum effects in small portions of matter, for example. Whether
these may be a problem is not always known. So toxic quantum dots (many are based
on cadmium compounds) will show toxic effects due to the cadmium, and quantum
effects could be responsible for the catalysis of chemical reactions. On the other hand,
iron oxide nanoparticles (“nanomagnets”) are useful tools in cancer therapy, even if
there might be still also some unknown effect on the body. But it would be not rea-
sonable, maybe even ethically unjustifiable to withhold a cancer treatment due to this
(distant) possibility.

Were we to face nanomaterials with self-reproducing properties in the future,
we would have to take into account these “biological properties” too. But exposure
control for microorganisms is well-established practice already and should not be too
difficult to adapt to such nanomaterials.

Minimizing the risks by exposure control apparently is the right strategy in most
cases. The toolbox for exposure control is well equipped with strategies and technical
solutions for controlling the risks with all kinds of substances, even the ones to be
well known for their very dangerous properties. Laboratories in research and devel-
opment have taught us to cope with very toxic chemicals and new substances without
data at all by using proper exposure control strategies — from the appropriate aware-
ness of possible risks to the correct use of all protective measures. Decades of experi-
ence have shown that following these strategies the risks of accidents are comparably
low to other workplaces. This leads to the conclusion that based on the actual state
of knowledge it is possible to work safely with nanomaterials and does not have to be
no more complicated than working with other substances. But the implementation of
the appropriate measures in all relevant businesses and workplaces is condition sine
qua non.

18.7 Summary

While the great expectations of a revolution through nanotechnologies have receded
and have been replaced in many areas by a more realistic assessment of an evolution-
ary development, a large number of nanomaterials can still be found at workplaces.
The established protective measures are generally well suited to reducing the possible
risks to a responsibly low degree by minimizing exposure. Following these prudent
practices and bestowing the appropriate care one would not expect risks correlated
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with nanomaterials to be higher compared to other risks at workplaces. However,
there is no such thing as zero risk. So further research is needed, but also a suitable
measure of attention and conscientiousness on the part of all involved.
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PartV: Outlook






Marcel Van de Voorde
19 Conclusions and outlook

The book gives an overview of the breakthroughs in nanotechnology in multiple fields
for the coming decades. It spans topics from health care to electronics to advanced
textiles.

Great changes will take place in human health care, with nanotechnology-based
techniques allowing for the early detection of diseases followed by efficient treatment.
It will become possible to keep people much more active into old age.

Information and communication technologies will still see revolutionary devel-
opments in nanoelectronics, nanophotonics, and nanomagnetics, resulting in spin-
tronic applications and quantum computers for a wide range of usage.

Industry will be transformed through products with multiple functions, such as
smart textiles with embedded computers. Energy supply will become cheaper and
environmentally friendly. Transport will become autonomous, with improvements
in safety.

The toxicity aspects that concern consumers will be solved, and confidence of the
public will be secured.

The following sections provide more details on these aspects.

19.1 Nanotechnology-Based Medicine

Nanotechnology has enabled medical tools such as ultrasensitive diagnostics and 3D
molecular bioimaging, which help in earlier and more precise detection of diseases.
In addition, more focused treatment will be possible by use of nanotechnology-based
drugs and related treatments. Targeted delivery of innovative drugs, formulated into
nanoparticles, to the disease site (such as cancer) will enhance efficacy of treatment
and reduce undesired side effects in healthy organs. “Theragnostics” combine the
option of diagnostic bioimaging with direct subsequent targeted treatment. Nano-
medicines also comprise therapeutic agents stored in nanostructured implanted
matrices for controlled release in tissue regeneration, or long-term chronic drug
medications. Biochemically or physically programming nanomedicines, optionally
combined with microelectronics, enables controlled continuous or pulsed release of
active substances.

Currently, available nanotechnology has demonstrated impressive proof of
concept for severe, previously incurable diseases. After more than two decades, the
first effective gene therapies have reached approval as medical drugs. Further gene
therapy products (including anticancer DNA vaccines) are close to registration.

https://doi.org/10.1515/9783110547221-019
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In 2017, six oligonucleotide therapeutics are already on the market and several RNA
interference-based drugs are in late-stage clinical trials.

For wide success and application in medicine beyond life-threatening acute or
genetic diseases, the applied delivery technologies need further refinement, such as
sequence-defined biomimetic carriers optimized by chemical evolution. Importantly,
the steady increase in knowledge on the interaction of the human body with nano-
particles, providing additional tools and markers for nanomedicine safety and effi-
cacy, will present a critical mass of experience for the application of nanomedicines
to severe diseases. This includes cardiovascular and lung diseases; and neurodegen-
eration, where incidence is growing rapidly in our population as a consequence of
rising life expectancy. Standardization of the required high-end technologies and pro-
duction, and harmonization of clinical trial procedures and safety assessment at the
European and international level will be important. Biodata and genomic data banks
combined with bioinformatics data banks, collecting the acquired preclinical, clini-
cal and postclinical medical experience in correlation with individual genetic patient
profiles, will contribute to a new approach to medicine which handles currently incur-
able severe diseases and provide general improvements in health and quality of life.

19.2 Nanodentistry — Nanotechnology in Oral Health

The branches of dentistry where nanotechnology has become popular, apart from
implants, are tooth regeneration, periodontal therapy, soft and hard tissue recon-
struction, jawbone repair, plaque control, caries (tooth decay) diagnostics, and caries
treatments. One should note that dental caries is the most common disease world-
wide and the related costs are immense.

Prostheses and dental implants have become standard, using pure titanium
and titanium alloys. Current research focuses on improving the mechanical perfor-
mance and biocompatibility of metal-based systems, toward anisotropic biomimetic
implants, changes in alloy composition, modification of internal and external micro-
and nanostructures, and dedicated surface treatments to improve biocompatibility
properties, especially with soft tissue components. Nanostructured materials exhibit
enhanced mechanical, biological, and chemical properties compared to their conven-
tional counterparts.

The improvement of both short- and long-term tissue integration of implants
can be achieved by modification of the surface roughness at the nanoscale level for
increasing protein adsorption, and cell adhesion for enhancing osteoconduction; and
by the addition of drugs for accelerating the bone healing process in the implant area.

The detailed understanding of the interactions between proteins, cells, tissues,
and the artificial implant material is the key factor for developing strategies for oral
health. The local release of stimulating drugs will help in many situations, and accel-
eration of osseointegration time will offer patients shorter and safer rehabilitation.
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19.3 Nanotechnology in Communication
Technologies

There is no doubt that nanoelectronics has been a game-changer, leading to a com-
plete revolution not only in manufacturing and business but also in our social life.
Nanoelectronics has also opened the way to technology sectors by making available
the tools to develop and mass-produce complex structures, and to detect and process
weak signals, enabling the use of legacy information carriers for high-speed data
transmission.

Nanophotonics uses photons for material analysis, data transmission, lighting,
industrial and medical applications; while spintronics exploits the magnetic moment
(spin) of electrons for signal storage and transmission, with the aim to achieve sig-
nificant power advantages. Initial practical applications have already emerged in
both fields, but much more can be expected in the future with the foreseen progress
in materials development and basic physical understanding. A further step into the
future is quantum computing, which aims at exploiting the fact that a quantum var-
iable can exist in a combination of states until measured to revolutionize the field of
computing. A machine that can operate on such variables (qubits), instead of using
variables frozen to a single value (bits), could check all possible variable combina-
tions in one pass, instead than through lengthy recursive calculation. Practical imple-
mentation of the concept is complex, and many approaches are being pursued, with
no clear winner. However, also here, the first practical applications are starting to
appear, mainly in secure communications.

19.4 Nanotechnology in Catalysis

The successful synthesis of mesoporous catalysts in the last decades of the twentieth
century represents an important breakthrough in chemistry, nanosciences, and
nanotechnology. Mesoporous oxide catalysts play a crucial role in manufacturing
processes for the synthesis of chemicals, pharmaceuticals, energy resources, fuels,
biofuels, and other products. Nanoscale catalysts can improve the performance
of industrial catalytic processes, increasing not only the reaction rate but also the
selectivity to the desired reaction. In addition to the well-known particle size effect
(smaller is better, as this means a higher surface-to-volume ratio, with more active
sites exposed and a higher reaction rate), nanotechnology enables designing and pro-
ducing catalyst particles with a specific morphology, exposing the most active crystal-
line facets. This achievement is of crucial importance, because differences in reaction
rate between various crystalline faces of a catalyst particle can be several orders of
magnitude. Such a nanocatalyst allows producing a higher volume of target product
at lower temperature (energy saving) with better selectivity (fewer by-products, more
environmentally friendly processes). Industrial nanocatalysis will respond to global
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challenges such as efficient water splitting to produce pure hydrogen, or carbon
dioxide transformation to useful products.

19.5 Porous Materials

Porous materials are of scientific and technological importance due to the presence
of controllable dimensions down to the nanometer scale. Research efforts in this field
have been driven by rapidly emerging applications such as biosensors, drug delivery,
gas separation, energy storage, and fuel cell technology. These research activities offer
exciting opportunities for developing strategies and techniques for the synthesis and
applications of innovative materials. The perfect control of the structural parameters of
porous materials is of fundamental importance in order to tailor and verify their proper-
ties. Dedicated three-dimensional imaging techniques are necessary to determine not
only the average porosity but also further parameters including the accessible pores,
the pore, and channel geometry as well as the nanostructures on the pores’ surfaces.

19.6 Nanotechnology Applications
in the Automotive Industry

The current key topics in the automotive industry are electric mobility, autonomous
driving, communication-based services, and shared mobility. Nanotechnology has
cross-sectorial impact and therefore benefits a very broad range of applications in
transport systems and the automotive industry. Improvements in mechanical, elec-
trical, magnetic, thermal, optical, and chemical properties have opened the doors
to innovations in almost every domain of cars. Although several of them are already
well established on the market, there are many more to come: reducing weight and
emissions of automobiles, increasing efficiency and range of electric vehicles, and
enabling reliable and secure sensing, communication and data processing still
require higher performance. Nanotechnology gives huge potential in all of these fields
and can be regarded as one of the pacemakers for future automobiles and transport
systems to sustain competitiveness.

19.7 Nanodiamond: From Basic Properties to
Potential Applications
Due to their outstanding, customizable physical and chemical properties, nano-

crystalline diamond layers and components are well suited for hybrid technologies
and industrial usage. The advantages of nanocrystalline diamond with a grain size
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typically around 10 nm are found in their extreme hardness and wear resistance
as well as low surface roughness and consequently low coefficient of friction of
about 1%. Together with advanced microprocessing technology based on photoli-
thography and reactive-plasma ion-etching, complex-shaped micrometer-sized parts
and components are being produced on an industrial scale for a number of microme-
chanical and biomedical applications. Highly conductive nanocrystalline diamond
with tailored grain size and boundary width together with the strong piezoelectric
effect makes nanodiamond membranes suitable for sensing applications.

19.8 Nanotechnology in Industrial Applications —
Nanocrystalline Diamond Films

Nanocrystalline diamond films show a combination of outstanding material prop-
erties, thus making them very attractive for multiple industrial applications as
wear-resistive coatings on tools, blades, and bearings. Although the manufacturing
scale-up process has made remarkable progress during the last 20 years, the depo-
sition of diamond is still expensive. Advantage can be taken from the engineering of
the material properties of nanocrystalline diamond films, with a substrate serving as
shaping support for the functional, wear-resistant, thin, and cost-effective nanocrys-
talline diamond coating.

Due to their outstanding properties, nanocrystalline diamond films have quit
niche markets and serve as enabling factors in industrial applications such as
machining of innovative lightweight construction carbon fiber reinforced plastic
materials for the aircraft industry. This intersectoral technology contributes therefore
to the achievement of economic objectives such as energy saving and conservation of
resources.

19.9 Conclusions

The overall conclusion of the book is that the nanomaterials revolution will cause
great changes in industry, the economy, and all our lives. The book provides guide-
lines to prepare for these changes. It is encouraged that all society from students to
industrialists, consumers to investors become familiar with the topics in this book, to
have a full and informed understanding of the benefits and challenges to come.
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