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Systematic X-ray photoelectron spectroscopy (XPS), X-ray induced Auger electron spectroscopy (AES),
X-ray absorption near edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) studies
were undertaken to investigate the electronic structure, chemical states and local geometry of the active
species in the CuO/ZnO/Al2O3/ZrO2 multicomponent mixed oxide catalysts employed in the oxidative
steam reforming of methanol (OSRM) reaction for H2 production. The core level XPS and AES indicated
the existence of CuO and ZnO-like species. Two kinds of zirconium species, one similar to that of ZrO2

and another with relatively higher electron density were noticed from the Zr 3d core level XPS of
Zr- containing catalysts. The valence band (VB) XPS studies revealed that for Zr-containing catalysts, the
Cu 3d anti-bonding orbital splits from the main VB and shifts toward lower binding energy (BE). The
surface Cu/(Al+Zr) ratios were found to be close to those in the bulk while segregation of Zn at the surface
was evidenced in all samples. The XANES and EXAFS results also indicated the existence of CuO and
ZnO-like species, whose local environments are modified with respect to the chemical composition. The
EXAFS study of the Zr-containing catalysts indicated the existence of a ‘‘Cu–O–Zr’’ bonding with a Cu–Zr
distance in the range 3.5 to 3.9 Å. The results indicated the existence of a Cu–Zr synergistic interaction in
these catalysts which improved the catalytic performance in the OSRM reaction.

1 Introduction

CuO/ZnO/Al2O3 and CuO/ZnO/ZrO2 mixed oxide catalysts
are very active and selective in various industrially important
chemical processes including CO/CO2 hydrogenation for
methanol synthesis, CO oxidation, the water–gas shift reac-
tion, etc.1–7 A potential new application of these CuO/ZnO-
based mixed oxide catalysts in recent years is their use in
methanol reforming to produce H2 for fuel cells, because on-
board generation of H2 from methanol coupled with a pro-
ton-exchange membrane fuel cell (PEMFC) is considered to
be one of the attractive options for low-emission passenger
automobiles in the future. Thus, the steam reforming of
methanol (SRM) and partial oxidation of methanol (POM)
reactions over CuO/ZnO/Al2O3 and CuO/ZnO/Al2O3/ZrO2

mixed oxide catalysts have been reported.8–10 Very recently,
it has been demonstrated11–14 that a combined steam reform-
ing and partial oxidation reaction, which has been called ‘‘oxi-
dative steam reforming of methanol ’’ OSRM over CuO/ZnO/
Al2O3/ZrO2 mixed oxide catalysts is the most convenient
method for on-board H2 generation for fuel cells.
The chemical composition of the CuO/ZnO/Al2O3/ZrO2

mixed oxide catalysts exhibited a significant influence on their
performance in the OSRM reaction. A decrease in Al content

as well as an increase in Zr content improved the catalytic
activity towards methanol conversion and the H2 production
rate. Earlier studies12 revealed that a part of the copper
(referred to as isolated Cu2+ species) in Al-rich samples inter-
acts with Al due to the formation of amorphous CuAl2O4 spi-
nel at the surface, and this is reduced at relatively higher
temperatures than the Al-free analogue. Furthermore, the cop-
per metal surface area and dispersion were enhanced with
decreasing Al content. Breen and Ross,9 based on the tempera-
ture programmed reduction (TPR) of Cu/ZnO/ZrO2 cata-
lysts, have concluded the occurrence of a redox mechanism
at the boundary layers of metallic copper in intimate contact
with ZnO. Suh et al.,7 with their methanol synthesis Cu/
ZnO/ZrO2 catalysts, have concluded that a part of the zirco-
nium ions is dissolved in the copper oxide lattice. Copper
and zirconia in these catalyst systems are reported to behave
in a bifunctional manner.15

XPS, XANES and EXAFS measurements have been
employed for the characterization of CuO/ZnO binary and,
in a few cases, CuO/ZnO/Al2O3 ternary oxides.1,4,10,16–18

Unfortunately, to the best of our knowledge no systematic
XPS and XAS study has been reported in the literature on
CuO/ZnO/ZrO2 or CuO/ZnO/Al2O3/ZrO2 multicomponent
mixed oxide catalysts, which are more active and selective in
methanol synthesis, SRM and OSRM reactions,.
The aim of the present investigation was to explore the elec-

tronic structure, in particular the chemical state and the local
geometry of active species in the CuO/ZnO/Al2O3/ZrO2 mul-
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ticomponent mixed oxide catalysts using combined XPS,
XANES and EXAFS spectroscopies. The catalytic perfor-
mance of the CuO/ZnO/Al2O3/ZrO2 mixed oxide catalysts
of the present study has already been employed in the OSRM
reaction to produce H2 for fuel cell applications.

11–14 Hence, a
detailed spectroscopic study will be useful to understand the
nature of the interaction between copper and zirconia, not
only for the CuO/ZnOZrO2 mixed oxide catalysts employed
in the OSRM reaction but also in those developed recently
for the SRM, methanol synthesis and methanol decomposition
reactions.5,7–9,15

2 Experimental

2.1 Catalyst preparation and bulk characterization

The CuO/ZnO-based mixed oxide catalysts were prepared by
the thermal decomposition, at 450 �C, of CuZn-based hydro-
talcite (HT)-like layered double hydroxides (LDHs) precur-
sors. The LDH precursors were synthesized by
coprecipitation of an aqueous solution of mixed metal nitrates
with a mixer of NaOH and Na2CO3 at a constant pH (�10).
Detailed procedures for the catalyst preparation and charac-
terization using X-ray fluorescence spectroscopy (XRF), X-
ray diffraction (XRD), ultraviolet diffuse reflectance spectro-
scopy (DRS), temperature programmed reduction (TPR) and
EPR techniques and the measurement of copper metal surface
areas by N2O passivation and CO chemisorption have been
described elsewhere.12,14

2.2 XPS measurements

The core level XP spectra and the X-ray induced Auger elec-
tron (AE) spectra were acquired from a VG Microtech Multi-
lab ESCA 3000 spectrometer. All measurements were made at
room temperature using a non-monochromatized Mg-Ka X-
ray source (hn ¼ 1253.6 eV) on powder samples. The base
pressure in the analysis chamber was maintained in the 3–
6� 10�10 Torr range. The energy resolution of the spectro-
meter was set at 0.8 eV with Mg-Ka radiation at a pass energy
of 20 eV. The BE was calibrated with respect to Au 4f7/2 core
level at 83.9 eV. The BE of adventitious carbon (284.9 eV) was
used for charge correction. The error in all the BE values
reported in the present study is within 0.1 eV.

2.3 XANES and EXAFS measurements

The XAFS spectra were recorded on a commercial XAFS
spectrometer (Laboratory EXAFS, EXAC 820, Technos Co.
Ltd).19 The X-ray source is a rotating anode X-ray generator
operating at 17 kV, 150 mA; the low voltage was employed
to avoid contamination by high energy X-rays from higher

order reflections. The target anode was Mo, and LaB6 was
used as the filament material. A single monochromator was
employed using a Johansson-type Ge(220) bent crystal curved
with Rowland circle geometry (R ¼ 300 mm). The second
order reflection was used for measurements. The spectra were
recorded in transmission mode at room temperature and in
ambient atmosphere. The X-ray intensity before passing the
sample, I0 , was detected with a semi-transmitting sealed pro-
portional counter (S-PC) filled with 0.5 atm of Ar and the
intensity after passing the sample, I, was detected with a
pure-Ge solid state detector (SSD). Data processing was per-
formed using a computer program supplied with the EXAC
820 instrument. XANES spectra were normalized to the height
of the edge jump after subtracting the contribution from
absorption other than the K-edge absorption by the Cu or
Zn atoms. Energy calibration was carried out using the charac-
teristic Cu K-edge peak at 8978.9 eV of Cu foil.20,21 Curve fit-
ting analysis on Fourier-filtered EXAFS in k-space was carried
out using theoretical phase shifts and amplitudes for Cu–O,
Cu–Cu and Cu–Zr atom pairs taken from FEFF6.22 There
were three free parameters for fitting: N, the coordination
number; R, the distance and s2 the Debye–Waller factor for
each shell.

3 Results

3.1 Bulk characterization (XRD and chemical analyses)

The physicochemical properties such as chemical composition
and XRD phases of the CuO/ZnO/Al2O3/ZrO2 mixed oxide
catalysts have already been reported.12 For a better under-
standing of the nature of the materials, the results are summar-
ized in Table 1 and briefly described below. For all samples,
the copper content was kept constant while varying the Zn,
Al and Zr contents. Al was partially substituted by Zr in the
sample CZAZOC-6, while in CZAZOC-7 it was completely
replaced by Zr (see Table 1). The XRD of the uncalcined sam-
ples exhibited hydroxy carbonates containing hydrotalcite
(HT)-like layered double hydroxide (LDH; JCPDS file No.
38-487) as a primary phase.13 As the Al content decreased,
other phases such as aurichalcite, [(Cu,Zn)5(CO3)2(OH)6 ;
JCPDS file No.7-743] and bayerite [ Al(OH)3 ; JCPDS file
No.20-11] were also noticed besides the LDH phase. The speci-
men CZAZOC-7, without Al, exhibited an exclusive aurichal-
cite phase. Thermal decomposition of these CuZnAl(Zr)
hydroxycarbonate precursors at 450 �C for 5 h generated a
mixture of CuO and ZnO phases. The crystallinity of the
resulting materials was very poor for Al-rich CZAZOC-1 but
increased gradually with decreasing Al content. The XRD lines
corresponding to ZnO were dominant compared to those of
CuO in all samples. The OSRM reaction was performed over
these calcined samples after reducing them in situ in flowing H2

Table 1 Chemical compositions and XRD phases of CuO/ZnO/Al2O3/ZrO2 mixed catalysts

Catalyst

Metal composition (wt.%)a

Cu /(Al+Zr) atomic ratioa

XRD phases

Cu Zn Al Zr Uncalcinedb Calcined Dc /Å

CZAZOC-1 35.3 44.1 20.6 0.0 0.74 LDH ZnOd +CuOd ND

CZAZOC-4 37.6 50.7 11.7 0.0 1.37 LDH+AH+AC ZnO+CuO ND

CZAZOC-5 37.9 53.0 9.1 0.0 1.76 LDH+AH+AC ZnO+CuO ND

CZAZOC-6 35.9 44.7 5.1 14.3 1.68 AC+LDH+AH ZnO+CuO 107

CZAZOC-7 32.3 40.5 0.0 27.2 1.70 AC ZnOe +CuOe 85

a Chemical analysis result obtained from XRF spectroscopy. b LDH: Layered double hydroxide [(CuZn)6Al2(OH)16CO3�4H2O], JCPDS file 38-

487; AH: Al(OH)3 (bayerite), JCPDS file 20-11; AC: Aurichalcite [(Zn,Cu)5(CO3)2(OH)6], JCPDS file 7-743. c D, Crystallite size of CuO particles

calculated from the (200) plane using the Scherrer equation. ND: Crystallite sizes are not determined because of the overlapping of CuO peaks with

ZnO in those samples. d Poorly crystallized and the crystallinity gradually increases from CZAZOC-1 to CZAZOC-7. e Well crystallized.

Phys. Chem. Chem. Phys., 2002, 4, 1990–1999 1991
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at 300 �C for 3 h. It was found from in situ XRDmeasurements
(unpublished results) that the CuO phase was reduced to
metallic copper upon H2 reduction. However, all the samples
characterized in the present study were in the calcined form
without H2-reduction.

3.2 XPS and AES

Fig. 1 depicts the Cu 2p core level XP spectra for a series of
CuO/ZnO/Al2O3/ZrO2 mixed oxide catalysts. The XPS para-
meters are summarized in Table 2. It can be seen that these
samples exhibit Cu 2p3/2 and Cu 2p1/2 main peaks in the BE
ranges 933 to 934 eV and 953 to 954 eV, respectively with a
spin–orbit coupling energy gap 20 eV. Based on the BE values
(933.9� 0.1 eV), the samples CZAZOC-1, CZAZOC-4 and
CZAZOC-6 can be grouped as set 1 and those CZAZOC-5
and CZAZOC-7 with a BE of 933.3 eV as set 2. It can also

be noticed that both Cu 2p3/2 and Cu 2p1/2 peaks are accom-
panied by intense satellite features at 942 and 962 eV for all
samples. The intensity ratio between the satellite and the Cu
2p3/2 main band (IS/IM ¼ 0.40 to 0.46) and the full-width at
half maximum (FWHM ¼ 3.4� 0.1 eV) are almost the same
for all the catalysts.
The X-ray induced AES of these samples are presented in

Fig. 2 in the kinetic energy (KE) region between 904 and 930
eV. The XPS spectrum of pure ZrO2 reference sample in the
Zr 3p region is also included in the same figure. The position
of the peaks due to the Cu L3M45M45 (hereafter referred to
as Cu LMM) transition of Cu2+ in the KE range 913–919
eV can be clearly distinguished from Zr 3p5/2 at 920.8 eV in
the Zr-containing samples and the data are included in Table
2. As observed in the core level, the position of the Cu Auger
peak also shifts with respect to the chemical composition. The
modified Auger parameter ( a0) has been used to determine the
chemical state of copper in these samples. The parameter a0 is
defined as;1

a0¼EBþEK ð1Þ

where, EB is the binding energy of the Cu 2p3/2 core level and
EK is the kinetic energy of the Cu LMMAuger electron. The a0

values determined using eqn. (1) are included in Table 2
together with the data of some of the reference samples con-
taining Cu2+ reported in the literature.1,23,24 As observed in
the Cu 2p core level, samples can be grouped into two sets
based on their similar Cu LMM KE and a0 parameters. The
set 1 samples comprising CZAZOC-1, CZAZOC-4 and CZA-
ZOC-6 have Cu L3M45M45 and a0 values 916.8� 0.2 eV and
1850.8� 0.1 eV, respectively while these parameters for set 2
samples, which include CZAZOC-5 and CZAZOC-7, are
918.1� 0.1 eV and 1851.5� 0.1 eV, respectively. The difference
in the above set of values clearly points to a different electron
density on the copper atoms.
In an attempt to understand the difference in the chemical

states of the copper species present in set 1 and set 2 catalyst,
the Wagner plot, as reported earlier,25 has been drawn and is
shown in Fig. 3. Here, the kinetic energy of the Auger transi-
tion on the Y axis and the Cu 2p3/2 binding energy of the
photoemission line on the X-axis, in the negative direction
for all the catalysts are plotted. The data for Cu, Cu2O and
CuO reference samples reported in the literature1,26 are also
plotted in the same figure. The Auger parameters are described
by solid straight lines with a slope of �1. Compounds with
similar initial state effects are described in the Wagner plot
by a straight line with a slope of �3.25 A slope of (�2.3) close
to the �3 for the present catalyst systems would indicate that
the initial states are similar, although they are of less impor-
tance. However, the higher Auger parameters of set 2 catalysts
indicate the contribution of higher values of extra-atomic
relaxation energy and hence a different final state compared

Fig. 1 Cu 2p core level X-ray photoelectron spectra of CuO/ZnO/
Al2O3/ZrO2 mixed oxide catalysts. (a) CZAZOC-1, (b) CZAZOC-4,
(c) CZAZOC-5, (d) CZAZOC-6, (e) CZAZOC-7.

Table 2 XPS and AES parameters of Cu 2p3/2 from CuO/ZnO/Al2O3/ZrO2 mixed catalysts

Catalyst BE of Cu 2p3/2 /eV FWHM /eV IS/IM KE of Cu L3M45M45 /eV a0 /eV

CZAZOC-1 934.0 3.2 0.45 916.7 1850.7

CZAZOC-4 933.8 3.3 0.46 916.9 1850.7

CZAZOC-5 933.3 3.3 0.41 918.2 1851.5

CZAZOC-6 933.9 3.3 0.40 917.0 1850.9

CZAZOC-7 933.4 3.1 0.44 918.0 1851.4

CuZnAl-HTa 934.6 3.8 — 916.0 1850.6

Malachitea 934.6 3.3 — 916.8 1851.4

CuOb 933.8 3.6 0.55 917.6 1851.4

CuAl2O4
c 935.0 — — 916.5 1851.5

a Ref. 23. b Ref. 1. c Ref. 24.

1992 Phys. Chem. Chem. Phys., 2002, 4, 1990–1999
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to set 1 catalysts. It can be seen from the Wagner plot that set 2
catalysts and CuO fall on the same line, in spite of the electron-
rich environment of the catalysts. The photoemission results of
set 2 catalysts are in proximity to both CuO and metallic cop-
per, and this accounts for its crystalline CuO character, as evi-
denced from the XRD, and electron-rich environment,
respectively. The set 1 catalysts fall on the line of metallic cop-
per but exhibit low Auger parameters. This could be due to the

poor crystallinity of the CuO phase, as observed from the
XRD, and the higher ionicity of the chemical bond25 in this
set of catalysts (set 1 catalysts). Nevertheless, the results are
complex and further experimental evidence is required.
Zn 2p3/2 core level XP spectra of all the samples (not shown)

exhibited an intense peak at 1021.9� 0.2 eV with a FWHM
value about 2.2� 0.1 eV, very close to the BE
(1021.3� 1022.0 eV) and FWHM (2.0 eV) of the ZnO refer-
ence.23 This revealed that the chemical environment of Zn
was not influenced significantly by the chemical composition.
Zr 3d core level XP spectra of CZAZOC-6 containing both

Al and Zr and CZAZOC-7 without Al are shown in Fig. 4
together with the spectrum of pure ZrO2 . It can be seen that
the pure ZrO2 exhibits a spin–orbit doublet of the 3d core level
into 3d5/2 (182.1 eV) and 3d3/2 (184.5 eV) levels with an energy
gap 2.4 eV between them and a relative intensity ratio (I3d5/2

/
I3d3/2

) of 1.6. These values are in excellent agreement with those
reported in the literature for pure ZrO2 .

27 The samples, CZA-
ZOC-6 and CZAZOC-7 also exhibit a similar doublet in the
same BE region, indicating the existence of ZrO2-like species.
However, compared to ZrO2 , the catalysts exhibit a broad
band and also the intensity of the valley between the spin–orbit
doublets is less. Deconvolution of the original spectra pro-
duces peaks attributed to the existence of at least two kinds
of Zr4+ species, namely species I at low BE and species II at
high BE, which differ in their chemical environments. A
spin–orbit energy gap of 2.4 eV and an intensity ratio close
to 60:40 for 3d5/2:3d3/2 have been imposed in the above decon-
volution. The peak positions and their contributions extracted
from the deconvolution are summarized in Table 3. The inten-
sity of the valley between the spin–orbit doublets is less deep in
the case of CZAZOC-6, indicating a larger contribution of
higher BE Zr species (species II). The concentration of species
I increases at the expense of species II in CZAZOC-7. It can be

Fig. 3 Wagner plot for CuO/ZnO/Al2O3/ZrO2 mixed oxide cata-
lysts and Cu-containing reference samples. Solid lines and dotted lines
are with a slope of �1 and �2.3 for Cu-containing reference samples
and CuO/ZnO/Al2O3/ZrO2 mixed oxide catalysts, respectively.

Fig. 4 Zr 3d core level X-ray photoelectron spectra of CZAZOC-6
and CZAZOC-7 catalysts. Zr 3d core levels are deconvoluted to show
the presence of two species. Species I occurs at low BE and species II at
high BE. The spectrum of pure ZrO2 is presented for comparison.

Fig. 2 X-ray induced Auger electron spectra of CuO/ZnO/Al2O3/
ZrO2 mixed oxide catalysts. (a) CZAZOC-1, (b) CZAZOC-4, (c) CZA-
ZOC-5, (d) CZAZOC-6, (e) CZAZOC-7. The core level XPS spectrum
of ZrO2 in the 3p region is also included.

Phys. Chem. Chem. Phys., 2002, 4, 1990–1999 1993
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noticed that the BE of species II is very close to that of ZrO2

and hence they are assigned to ZrO2-like species. The observa-
tion of an additional lower BE Zr species (species I) in these
catalysts is interesting and suggests the formation, at the sur-
face, of zirconium sites having relatively higher electron den-
sity. The presence of a similar lower BE Zr4+ species has
been observed in Fe(NO3)3 impregnated ZrO2 and this indi-
cated the involvement of redox mechanism in the iron-pro-
moted zirconia catalysts.27

Valence bands are those occupied by electrons of low BE
(below 15 eV), which are essentially involved in the bonding
orbitals. The measurement of spectra in this region is very use-
ful for an understanding of the electronic structure of materi-
als. The spectra in the present study recorded below 15 eV are
shown in Fig. 5. For the sake of clarity, the main valence band
(VB) below 7 eV (top panel) and that between 7 and 14 eV
(bottom panel) are shown separately. It can be seen that the
VB spectra of the catalysts exhibit broad features around 4
eV (top panel) and relatively sharp peaks around 10 eV (bot-
tom panel). To the main VB observed below 7 eV there could
be contributions from valence orbitals of all the relevant ele-
ments (Cu, Al, Zr and O). However, owing to the highly ionic
character of Al3+ and Zr4+, they do not contribute to the VB
and their first lowest occupied core levels of Al 2p and Zr 4p
appear around 74 and 30 eV, respectively. At the incident X-
ray energy (1253.6 eV) employed in the present experiments,
the photoionization cross sections of O 2p and Cu 3d are
0.0005 Mb and 0.021 Mb, respectively and this factor influ-
ences mainly the spectral intensity.28 The above data clearly
suggest that the Cu 3d have larger contributions than O 2p
to the VB, and the broad band around 4 eV can therefore be
ascribed to the Cu 3d bands.29 This observation is in good
agreement with the XPS-VB of CuO and CuOx cluster calcula-
tions.30 It should be noted that in the present catalyst systems
the highest occupied band (below 5 eV) is mainly of Cu 3d
character and hence the physicochemical properties of these
materials depend on the chemical states of the copper species.
It is interesting to note that similar to Cu 2p core levels, the BE
of Cu 3d bands for set 1 catalysts (CZAZOC-1, CZAZOC-4
and CZAZOC-6) is higher (4.4� 0.1 eV) than that of set 2 cat-
alysts (around 3.7 eV).
The Zn 3d VB appears around 10 eV (see bottom panel of

Fig. 5) and this is in agreement with the VB spectrum of
ZnO.31 The BE of Zn 3d bands, however, varies only margin-
ally (10.0� 0.2 eV) and the observed shift is less significant.
These results are in line with those observed in the core level
XP spectra and suggest a significant modification in the elec-
tronic structure of copper species at the catalyst surface with
respect to the chemical composition.
Another interesting observation in the VB spectra of these

catalysts is the appearance of a shoulder around 2.3 eV in
CZAZOC-7. A similar shoulder, albeit with low intensity,
can be noticed in CZAZOC-5 and CZAZOC-6 as well. On
the other hand, it is very weak or absent in CZAZOC-1 and
CZAZOC-4, containing a large amount of Al. This shoulder
appears apparently to be due to Cu 3d splitting of the main
VB feature around 3.7 eV and can be assigned to the anti-
bonding orbitals of the Cu 3d level.29–31 This is further sup-
ported by the electron-rich environment of set 2 catalysts that

also leads to d orbital splitting. A similar shoulder at 2.3 eV
has also been noticed for pure CuO.30 The VB XPS results sup-
port the core level XPS results on the existence of a large CuO
character on the surface of set 2 catalysts.
In order to get an insight into the surface composition of the

catalysts, it has been calculated from the XPS data, taking into
account the photoionization cross section, and the results are
compared with that of the bulk obtained by XRF chemical
analysis of the catalyst precursors (see Fig. 6). A comparison
of bulk and surface Cu/Zn ratios (top panel) shows that, in
all cases, there is a substantial segregation of Zn at the surface.
The Zn enrichment is a maximum in both CZAZOC-5 and
CZAZOC-7 (set 2 catalysts) compared to set 1 catalysts. A
comparison of the surface Cu/(Al+Zr) atomic ratio with that
of the bulk (lower panel), indicates that the surface Cu/
(Al+Zr) atomic ratio is close to that of the bulk in the set 1
catalysts while it is higher than that of the bulk in the set 2 cat-
alysts. The surface Cu/(Al+Zr) ratio is very high for CZA-
ZOC-5 probably because of its higher Cu/(Al+Zr) bulk
concentration compared to other catalysts (see Table 1).

Table 3 XPS parameters of Zr 3d core level on CuO/ZnO/Al2O3/

ZrO2 mixed oxide catalysts and pure ZrO2 reference sample

Catalyst

BE of Zr 3d5/2 core level /eV

Species I (Intensity(%)) Species II (Intensity(%))

CZAZOC-6 181.5 (51.1) 182.1 (48.9)

CZAZOC-7 181.4 (66.8) 181.9 (33.2)

ZrO2 None 181.9 (100)

Fig. 5 Valence band X-ray photoelectron spectra of CuO/ZnO/
Al2O3/ZrO2 mixed oxide catalysts (a) CZAZOC-1, (b) CZAZOC-4,
(c) CZAZOC-5, (d) CZAZOC-6 and (e) CZAZOC-7. Top and bottom
panels show the main valence band and Zn 3d features, respectively.

1994 Phys. Chem. Chem. Phys., 2002, 4, 1990–1999
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3.3 X-ray absorption spectroscopy

The local structure and electronic states of copper and zinc in
these catalysts were investigated by XANES and EXAFS mea-
surements in the Cu K-edge and Zn K-edge regions. The mea-
surements were however limited to three representative
samples, namely CZAZOC-4 containing Al without Zr, CZA-
ZOC-6 containing both Al and Zr and CZAZOC-7 containing
Zr without Al. The Cu K-edge XANES spectra of the catalysts
and those of the reference samples are depicted in Fig. 7 (top
panel). The XANES spectrum of Cu foil exhibits the edge
absorption (the first inflexion point) at 8979 eV together with
a well-resolved doublet in the post-edge region. In the case
of CuO, wherein Cu2+ exists in a distorted octahedral coordi-
nation, the edge transition is observed around 8984 eV. These
values for Cu foil and the CuO reference in the present study
are in good agreement with those reported in the litera-
ture.17,20,32 The CuO/ZnO/Al2O3/ZrO2 mixed oxide catalysts
also exhibit XANES spectra similar to that of CuO. However,
the slope of the edge absorption around 8984 eV is relatively
less and it increases with decreasing Al content. The low slope
of the edge absorption leads to a shift in the inflexion point of
CZAZOC-4 and CZAZOC-6 with respect to the CuO refer-
ence. It should be noted, however, that a feature in the pre-
edge region around 8978 eV, which is observed in some
of the Cu–ZnO and Cu supported on ZrO2 or Al2O3

catalysts,30–35 is not visible or is very weak in the present
system.

The derivative XANES spectra shown in the bottom panel
of Fig. 7 indicate that the edge absorption for CZAZOC-7
coincides very well with that of the CuO reference while a shift
can be noticed for other samples. In addition, the shape of the
peak above 8990 eV differs considerably for other samples.
These results indicate that the chemical environment of copper
species in CZAZOC-7 is close to that of the CuO reference
while it is different for other samples.
Fig. 8 shows the Zn K-edge XANES spectra of the catalysts.

In all cases, the edge absorption is noticed at 9664 eV, caused
by the excitation of Zn 1s electrons. Post-edge peaks appear
around 9671 and 9681 eV. The edge absorption energy
recorded in the present study is a characteristic of Zn2+ and
is very similar to that reported in the literature for pure
ZnO.36 As noticed in the Cu K-edge XANES spectra, the
sharpness of the peaks around 9671 and 9681 eV increases with
decreasing Al content, and the XANES spectrum of CZA-
ZOC-7 closely resembles that of the pure ZnO reference. How-

Fig. 6 Comparison of surface Cu/Zn atomic ratio (top panel) and
Cu/(Al+Zr) (bottom panel) determined by X-ray photoelectron spec-
troscopy data with those in the bulk estimated by X-ray fluorescence
spectroscopy.

Fig. 7 Cu K-edge XANES spectra of CuO/ZnO/Al2O3/ZrO2 mixed
oxide catalysts (top panel). The XANES spectra of Cu foil and CuO
references are included for comparison. The bottom panel shows the
derivative XANES spectra.

Phys. Chem. Chem. Phys., 2002, 4, 1990–1999 1995

D
ow

nl
oa

de
d 

on
 1

3 
Se

pt
em

be
r 

20
11

Pu
bl

is
he

d 
on

 1
8 

A
pr

il 
20

02
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
10

97
66

K
View Online

http://dx.doi.org/10.1039/b109766k


ever, there is no significant change in the slope of the edge
absorption and its inflexion point (9664 eV) is identical for
all the samples.
The EXAFS measurements in the Cu K-edge region were

performed in order to understand the local structure and elec-
tronic states of copper in these catalysts. Unfortunately, our
attempt to perform EXAFS in the Zn K-edge region was
unsuccessful due to the presence of a lot of noise in the spectra.
Hence, interpretations in the present study are based only on
the results obtained from Cu K-edge EXAFS.
The background subtracted k3-weighted EXAFS oscilla-

tions, k3w(k), for the catalysts together with that of the CuO
reference are presented in Fig. 9. These k3w(k) oscillations were
Fourier transformed as shown in Fig. 10. All the samples,
including CuO, exhibit two strong peaks, one around 1.45 Å
and the other around 2.55 Å due to the Cu–O and Cu–Cu scat-
tering, respectively. The peaks observed in the Fourier trans-
forms of the catalyst samples match very well with those of
the CuO.
Since the peaks in the Fourier transformed k3w(k) EXAFS

oscillation were well separated, it was possible to obtain the
inverse transforms of the individual peaks and hence curve-fit-
ting analysis was performed. A good fit to the inverse trans-
forms of the peaks was obtained using scattering parameters
of Cu–O to the first peak (around 1.45 Å) and that of Cu–
Cu to the second peak (around 2.55 Å) as illustrated in Fig.
11A and B, respectively. The structural parameters derived
from the fitting of the EXAFS oscillations for reference sam-
ples and for the catalysts are gathered in Table 4. It can be seen
that the Cu–O distance decreases from 1.92 Å for CZAZOC-4
to 1.78 Å for CZAZOC-7 while the Cu–Cu distance remains
around 2.85 Å and is not affected significantly. Another inter-
esting observation noticed in the Fourier transform of the
k3w(k) of these samples is the development of a third intense
peak around 3.7 Å, which can be clearly observed in the case
of CZAZOC-7 (see Fig. 10). This peak is absent in CZA-

ZOC-4 containing Al without Zr and, it is weak in CZA-
ZOC-6 containing both Al and Zr. The inverse transforms of
this peak fit fairly well assuming scattering parameters of
Cu–Zr bonding (see Fig. 11C). The curve fitting analysis
yielded a Cu–Zr distance of 3.87 Å in the case of CZAZOC-
7 (Table 4). The existence of Cu–Zr scattering has been further
substantiated by a nice fitting to the inverse Fourier trans-
formed EXAFS over the whole range (R ¼ 1.0 to 4.0 Å) using
scattering parameters of Cu–O, Cu–Cu and Cu–Zr together
(see Fig. 11D). Fitting was not satisfactory when the scattering
parameters of the third shell were other than Cu–Zr thus con-
firming the existence of a ‘‘Cu–O–Zr’’ bond in the Zr-contain-
ing catalysts.

4 Discussion

4.1 XPS studies and the nature of the Cu species

The higher BE of set 1 catalysts comprising CZAZOC-1, CZA-
ZOC-4 and CZAZOC-6 compared to set 2, which includes

Fig. 8 Zn K-edge XANES spectra of CuO/ZnO/Al2O3/ZrO2 mixed
oxide catalysts.

Fig. 9 k3-weighted EXAFS oscillations for CuO/ZnO/Al2O3/ZrO2

mixed oxide catalysts. The EXAFS oscillations of CuO reference are
included for comparison.

1996 Phys. Chem. Chem. Phys., 2002, 4, 1990–1999
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CZAZOC-5 and CZAZOC-7 (Fig. 1, Table 2), clearly indicates
that the electron density on Cu2+ is higher in the set 2 cata-
lysts. The AES results (Fig. 2) corroborate the core level
XPS results by exhibiting a similar trend in the KE of the
Auger electron as well as the modified Auger parameter a0.
Based on the results derived from the Wagner plot and XPS
data, the nature of the copper species present in the set 2 cat-
alysts is similar to that in crystalline CuO with more covalent
chemical bonding.25 On the other hand, a poorly crystallized
CuO having a higher ionicity of chemical bond is present in
set 1 catalysts. The formation of surface CuAl2O4 spinel was
often noticed when Al was present in the sample.4 In XPS,
the CuAl2O4 surface spinel species are characterized by a
higher Cu 2p3/2 BE (by ca. 1 eV) and a lower Auger KE of
Cu LMM compared to that of CuO. Thus, the higher BE
and lower Auger KE in the core level XPS of set 1 catalysts
could be due to the formation of surface CuAl2O4 species,
and this is in agreement with the results derived from UV–
Vis DRS, EPR and TPR.12 The higher BE of the main VB
for set 1 catalysts also supports this conclusion.

The IS/IM ratio of between 0.40 and 0.46 and the FWHM of
Cu 2p3/2 (3.4� 0.1 eV) observed in both set 1 and set 2 cata-
lysts (Table 2) are less than those observed for pure CuO
(IS/IM ¼ 0.55 and FWHM ¼ 3.6 eV).1 A decrease in the
IS/IM ratio has been previously observed upon addition of
ZnO, particularly for materials with low Cu/Zn ratios.37 The
result has been attributed to the dissolution of Cu2+ species
in ZnO. Moretti et al.,1 on the other hand, attributed this phe-
nomenon to the existence of a strong interaction between CuO
and ZnO and leading to a more covalent Cu–O bond, and as a
consequence the IS/IM ratio decreased. The observation, that
the catalyst surface is enriched with Zn (see Fig. 6) and that
the BE of the Zn 2p3/2 core level and its FWHM are not
affected by the change in the chemical composition, clearly
indicate that the CuO-like species are surrounded by ZnO.
There is no evidence of Cu dissolution in ZnO or Zn dissolu-
tion in CuO in the present catalytic system, in contrast to that

Fig. 10 Non-phase shift corrected Fourier transforms of k3w(k) for
CuO/ZnO/Al2O3/ZrO2 mixed oxide catalysts.

Fig. 11 Examples for the best fitting of Fourier back-filtered EXAFS
oscillations. The fittings of first shell, second shell and third shell of
CZAZOC-7 are shown. (A) First shell (Cu–O scattering), (B) second
shell (Cu–Cu scattering), (C) third shell (Cu–Zr scattering), (D) curve
fitting of the inverse Fourier transform EXAFS over the whole range
(R ¼ 1.0 to 4.0 Å) using scattering parameters of CuO, CuCu and Cu–
Zr together. Solid curves: inverse transform, dotted curves: calculated
EXAFS.

Phys. Chem. Chem. Phys., 2002, 4, 1990–1999 1997
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reported by a few researchers for the methanol synthesis CuO/
ZnO system.16,37

The Zr 3d XPS of Zr-containing catalysts (Fig. 4) clearly
show the presence of zirconium sites (species I) with relatively
higher electron density. The relative concentration of species I
is higher than that of species II (see Table 3) in CZAZOC-7
containing a higher Zr content. The increase in the concentra-
tion of Zr species I with increasing Zr content reveals the exis-
tence of a Cu–Zr synergistic interaction in the Zr-containing
samples and this is further substantiated from the VB XPS.
The low BE of the main VB involving Cu 3d valence electrons
in CZAZOC-5 and CZAZOC-7 and the splitting of the Cu 3d
anti-bonding levels from the main VB (Fig. 5) clearly imply
that the Cu 3d antibonding orbitals are significantly populated
in these catalysts. The relatively higher intensity of the
shoulder at 2.3 eV corresponding to the Cu 3d anti-bonding
orbitals in CZAZOC-7 suggests that the splitting of the main
VB is more pronounced in this catalyst. Thus, the higher con-
centration of Zr species I and the higher intensity of the Cu 3d
anti-bonding orbital in CZAZOC-7 containing more zirco-
nium strongly suggests the existence of a Cu–Zr synergistic
interaction and the Cu–Zr interacting species is dominating
at the surface of CZAZOC-7. The existence of such a Cu–Zr
synergistic interaction could be responsible for the improved
reducibility of Cu2+ in the CZAZOC-7 catalyst as observed
by the TPR experiments.12

4.2 XANES and EXAFS studies

The XANES spectra are associated with the excitation of a
core electron to bound and quasi-bound states. To determine
the valence and coordination geometry of copper in these cat-
alysts, the Cu K-edge XANES was compared with that of Cu
foil and CuO standards for which the oxidation states and site
distributions of copper are known. In general, the position and
shape of different features in the near-edge structure are essen-
tially influenced by the effective charge of the absorbing spe-
cies, the coordination geometry and the formal charge. An
intense edge absorption at 8984 eV observed for CuO (Fig.
7) has been assigned to the 1s! 4p transition of octahedral
or tetragonally distorted octahedral symmetry of Cu2+.38

The low slope of the edge absorption for CZAZOC-4 and
CZAZOC-6 compared to that of CZAZOC-7 could be due
to the low intensity of the peak around the edge (ca. 8985.5
eV) and this suggest some changes in the chemical environment
around the Cu2+ species in those samples. Similar results were
also observed in the XANES spectra of Cu in ZnO methanol
synthesis catalysts and attributed to a further distortion of

Cu2+ sites to a tetrahedral geometry due to the dissolution
of a part of the Cu in the ZnO lattice, thereby generating a
solid solution.32 However, in the above investigations, the
authors also observed a weak pre-edge peak at 8978 eV due
to the 1s! 3d transition, which in the case of an octahedral
geometry is dipole-forbidden and quadrupole-allowed. The
intensity of this pre-edge peak in the above Cu/ZnO samples
increased as the distortion of the Cu2+ environment increased.
Such a weak pre-edge peak was however not observed in the
present catalysts. The absence of the pre-edge peak in these
catalysts clearly indicates the existence of Cu2+ in a regular
octahedral coordination without much distortion. These
results further substantiate the XPS results on the non-forma-
tion of Cu-doped ZnO solid solution in the present catalyst
systems. The XANES results however indicate that the chemi-
cal environment of copper species in set 2 catalysts, particu-
larly in CZAZOC-7, is close to that of the CuO reference
while it is different for other samples.
The position of the edge absorption in Zn K-edge (Fig. 8)

remains almost identical for all the samples, indicating that
the chemical environment around Zn2+ is not influenced by
the chemical composition. This result is in agreement with
the Zn 2p3/2 XPS data. However, the sharpness of the post-
edge peaks in both the Cu K-edge and the Zn K-edge increases
from CZAZOC-4 to CZAZOC-7 and this might be due to an
increase in the crystallinity of the CuO and ZnO phases, as evi-
denced from a gradual increase in the XRD intensity in the
same order.12

The EXAFS study indicates that in all cases CuO-like spe-
cies are present with a Cu–O distance of 1.8 to 1.9 Å and
Cu–Cu distance of about 2.9 Å which are very close to those
of CuO (Table 4). In the Zr-containing catalysts, in addition
to the Cu–O and Cu–Cu atom pairs, the existence of Cu–Zr
atom pair with a distance of 3.5 to 3.9 Å is also noticed. This
observation suggests the formation of Zr4+-doped CuO in the
Zr-containing catalysts. Although the XRD, XPS and XANES
results indicate the presence of a well crystallized CuO phase in
Zr-rich CZAZOC-7, the EXAFS display marked differences
from such a phase (lower Cu–O distance; see Table 4) suggest-
ing the presence of a Cu–Zr mixed oxide/solid solution with
geometrical/electronic differences from CuO. The formation
of such a solid solution brings about a synergistic interaction
between copper and amorphous zirconia, as evidenced from
the XPS data.
Earlier EXAFS studies16 on the CuO/ZnO methanol synth-

esis catalysts have identified an additional less intense peak
around 3.02 Å. This peak has been attributed to the formation
of the Cu–Zn atom pair and the existence of Cu2+ in the sub-
stitutional sites of ZnO was concluded. The Fourier analysis of
the EXAFS corresponding to CuO in our study does not exhi-
bit any peak in this region (Fig. 10). This further substantiates
the absence of Cu-containing ZnO or Zn-containing CuO solid
solutions in these catalyst systems in agreement with the XPS
and XANES data.

4.3 Cu–Zr interaction and catalytic performance

A detailed study of the performance of these catalysts in the
OSRM reaction described in eqn. (2) has already been
reported.12,14

CH3OHðlÞ þ ð1� 2dÞH2OðlÞ þ dO2ðgÞ , ð3� 2dÞH2 þ CO2

If d ¼ 0:25;

DH
�
298 ¼� 12:0 kJ mol�1 and DG

�
298¼� 109:6 kJ mol�1

ð2Þ

Since the reaction was performed after reducing the catalysts in
situ at 300 �C prior to the reaction, the authors feel that it is
more appropriate to correlate the physicochemical properties

Table 4 Structural parameters of CuO/ZnO/Al2O3/ZrO2 mixed oxide

catalysts fitted to EXAFS oscillationsa

Sample Atom pair N R/Å Ds2/10�3Å2

Cu foil Cu–Cu 4.9 2.55 5.9

CuO Cu–O 1.0 1.88 5.3

Cu–Cu 2.1 2.88 2.4

CZAZOC-4 Cu–O 0.6 1.92 0.9

Cu–Cu 2.1 2.85 2.8

CZAZOC-6 Cu–O 0.5 1.83 2.7

Cu–Cu 2.2 2.90 2.8

Cu–Zr 0.6 3.46 5.8

CZAZOC-7 Cu–O 1.1 1.78 3.0

Cu–Cu 1.9 2.85 1.1

Cu–Zr 3.0 3.87 7.4

a Fitting range (Dk) ¼ 5–10 Å�1 for Cu–O, and 6.5–11.5 Å�1 for Cu–

Cu/Zn/Zr Reference data: 16Cu–Cu bond distance in Cu metal ¼ 2.56

Å ; Cu–Cu and Cu–O bond distances in CuO ¼ 2.90 and 1.95 Å,

respectively.

1998 Phys. Chem. Chem. Phys., 2002, 4, 1990–1999
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of the reduced catalysts rather than the unreduced oxide cata-
lysts with catalytic activity. However, there could be a rough
correlation between the Cu–Zr interaction derived from
XPS, XANES and EXAFS measurements on the unreduced
oxide catalysts and catalytic performance. For instance, the
catalyst, CZAZOC-7 was found to be the most active in the
OSRM reaction exhibiting a methanol conversion above 90%
with a H2 production rate of about 170 mmol kg(catalyst)�1

s�1 at 230 �C. The catalytic activity was found to improve with
increasing Zr content. Thus, the higher catalytic activity of
CZAZOC-7 could be due to the existence of a strong synergis-
tic interaction between copper and amorphous zirconia spe-
cies, as evidenced from XPS and XAS (XANES and
EXAFS) data. It should be recalled that the XPS indicated
the existence of electron-rich zirconium species in the Zr-con-
taining catalysts (Fig. 4, Table 3). Furthermore, the Cu 3d
anti-bonding orbitals split from the main VB and appear at
lower BE. The formation of Cu–Zr bonding with a distance
of 3.5 to 3.9 Å has been confirmed by EXAFS measurements.
The existence of such a synergistic interaction, demonstrated
clearly in the present study, is likely to improve the copper dis-
persion, copper metal surface area and copper reducibility, as
observed already from our TPR and CO chemisorption experi-
ments,12,14 and in consequence lead to an improved catalytic
performance. The XPS, XANES and EXAFS results also sup-
port the hypothesis of Breen and Ross9 and Shu et al.7 in their
investigations on the similar CuO/ZnO/ZrO2 catalysts for the
SRM and methanol synthesis reactions. The addition of ZrO2

is also reported to adjust the Cu1+/Cu0 ratio of the reduced
catalyst.9 In fact, our in situ XRD, XPS and XAS study of
the same catalyst after reduction in H2 showed the existence
of Cu1+ and Cu0 on the catalyst surface (unpublished results).
The correlation between the nature of the active species
(Cu1+/Cu0) in the reduced catalysts and the catalytic perfor-
mance in the OSRM reaction is the subject of a further inves-
tigation and will be reported separately.

Conclusions

The CuO/ZnO/Al2O3/ZrO2 mixed oxide catalysts employed
in the oxidative steam reforming of methanol for H2 produc-
tion have been characterized systematically using combined
XPS, XANES and EXAFS measurements. The salient findings
of the present study are:
(1) The CuO/ZnO/Al2O3/ZrO2 mixed oxide catalysts con-

sist of a CuO solid solution (CuO-like species) in which a part
of the Zr is dissolved in the Zr-containing samples. The Cu–O
and Cu–Cu distances are about 1.90 and 2.90 Å, respectively
while the Cu–Zr distance is in the range 3.5 to 3.9 Å. The
CuO-like species are homogeneously distributed on the amor-
phous Al2O3 and/or ZrO2 phases and, the ZnO decorates the
CuO-like species at the surface of all catalysts.
(2) In the catalysts with low Al content, the Cu 3d anti-

bonding orbitals split from the main VB and shift toward
lower BE. This phenomenon is more pronounced in the cata-
lyst containing Zr without Al and accounts for the improved
redox properties of the catalyst.
(3) The presence of zirconium in these catalysts brings about

a synergistic interaction with copper species and such a Cu–Zr
synergistic interaction should be responsible for the improved
reducibility and catalytic activity in the oxidative steam
reforming of methanol for H2 production.
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