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Electrochemical Kinetic Studies of Li-Ion in O2-Structured
Li 2Õ3„Ni1Õ3Mn2Õ3…O2 and Li

„2Õ3…¿x„Ni1Õ3Mn2Õ3…O2 by EIS
and GITT
K. M. Shaju, G. V. Subba Rao, and B. V. R. Chowdariz

Department of Physics, National University of Singapore, Singapore 119260

The kinetics of Li-ion intercalation into O2 structure layered nickel-manganese oxides, Li2/3(Ni1/3Mn2/3)O2 @O2 ~Li !# and
Li (2/3)1x(Ni1/3Mn2/3)O2 , x 5 1/3 @O2 (Li 1 x)] were determined by electrochemical impedance spectroscopy~EIS! and galvano-
static intermittent titration technique~GITT! in conjunction with other electrochemical techniques. Modeling the EIS data with
equivalent circuit approach enabled the determination of charge transfer, bulk, and surface film resistances. The formation and
nature of surface film is shown to be the signature for the cell performance which in turn affects the kinetics of electrode processes.
The improved cycling performance of O2 (Li1 x) is shown to be due to the better electrode kinetics and the formation of stable
surface film. The Li-ion diffusion coefficient (DLi) was determined at different cell potentials by GITT on O2~Li ! and O2 (Li
1 x) and analyzing the Warburg region of the impedance plots of O2 (Li1 x). TheDLi values are in the range 1.03 10211 to
10210 cm2/s for both the compounds in the entire composition~voltage! range. TheDLi ~GITT! values are lower by a factor of two
as compared to those obtained from EIS in the entire voltage range for O2 (Li1 x). The irreversible phase change from the T2
to O2 structure observed during the first charging in these compounds, is reflected as minima in theDLi vs. voltage plots in the
vicinity of the cyclic voltammetric peaks.
© 2002 The Electrochemical Society.@DOI: 10.1149/1.1521754# All rights reserved.
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Recently, layered nickel manganese oxide, O
Li2/3(Ni1/3Mn2/3)O2 has been synthesized and studied by Dahn
his co-workers1-4 as the cathode material for Li-ion batteries. T
stable cycling performance observed for this compound, as c
pared to LiMnO2 is due to the fact that the oxygen stacking s
quence in the O2-phase compounds necessitates breaking and
rangement of M-O (M5 Ni, Mn! bonds to convert it to the spine
structure, whereas for the O3-LiMnO2 a minor cationic rearrange
ment can lead to the spinel structure.1,2,5-7 O3 and O2 structure
implies an octahedral oxygen coordination for Li ions and the u
cell contains 3 and 2 MO2 layers, respectively. The O2 compound
obtained by ion exchanging the P2-phase Na2/3(Ni1/3Mn2/3)O2
which can be prepared by high temperature solid-state reaction~P2
implies trigonal prismatic oxygen coordination for Li ions and t
unit cell contains 2 MO2 layers!. The P2 to O2 structure conversio
involves only minor sliding of the MO2 sheets with respect to on
another in the layer structure and occurs during the ion excha
process. Detailedin situ XRD studies by Paulsenet al.1-3 have
shown that the P2 structure converts first to the T2 structure~dis-
torted tetrahedral oxygen coordination of Li and superstructu
ordering of Ni and Mn ions in the MO2 sheets! during the Na to Li
ion exchange. After the first cycle of electrochemical char
discharge, the T2 to O2 conversion occurs, possibly with so
stacking faults. Since the T2 and O2 structures are closely relate
a first approximation, the as-prepared Li2/3(Ni1/3Mn2/3)O2 can be
indexed as O2 phase. O2-Li2/3(Ni1/3Mn2/3)O2 as the positive~cath-
ode! electrode was shown to give a reversible capacity of 1
mAh/g between 2.5 and 4.6 Vvs. Li and good capacity retention
during cycling at low C rates at 30 and 55°C.1-4,8,9However, the first
extraction ~charge! capacity of this material is found to b
;100 mAh/g and corresponds to only 1/3 mol of Li extractio
Charging the cell much above the usual voltage limit~up to 5.4 Vvs.
Li ! did not show any indication of full extraction~2/3 mol! of Li
from the compound.4 This inability to extract all the Li from O2-
Li2/3(Ni1/3Mn2/3)O2 seems to be the inherent property of the co
pound, even though the reasons are not known. We have
able to incorporate extra lithium (x 5 1/3) to obtain O2-
Li (2/3)1x(Ni1/3Mn2/3)O2 using LiI as the reducing agent and show
that it gives a higher first extraction capacity together with hig
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reversible and stable cycling performance as cathodevs.Li anode at
25 and 50°C.8 The performance of this compound as cathode
Li-ion cell with mesocarbon microbead graphite has also been d
onstrated. Further, the performance of the extra lithium incorpora
compound is shown to be superior to the as prepared O2-p
compound with respect to its reversible capacity, cycling perf
mance, and high current rate charge/discharge capability.8

Understanding of the kinetic parameters which control the p
formance and the processes which are responsible for the stab
tion or failure of intercalation electrodes are crucial for their op
mization in Li-ion batteries. The factors which control the rate of
intercalation/deintercalation in layered intercalation compounds
the performance wherein depend on the bulk properties like di
sion of Li within the compound and its electronic conductivity
well as the kinetics of the electrochemical processes at the interf
The structural modification and phase transition~if any! of the elec-
trode material at varying levels of intercalation~cell voltage and/or
composition! and the morphological changes~particle to particle
connectivity! brought about by repeated cycling also have subst
tial effects on the kinetics and hence the performance of the e
trode. There are different opinions on the factors which affect a
control the performance of the electrodes. The diffusion of Li io
within the intercalation compound was thought to be the proc
which controls the electrode kinetics. On the other hand it is
sumed that the electronic charge transfer and the Li-ion adsorp
at the electrode/electrolyte interface may be the rate determi
step. Therefore, a quantitative study of lithiation/delithiation ra
together with the determination of the diffusion coefficient of
within the electrode would provide more insight into its perfo
mance. To this end, detailed study on the electrochemical pe
mance together with various electroanalytical techniques prove
be helpful. The latter techniques which are commonly used are e
trochemical impedance spectroscopy~EIS!,10-28 galvanostatic inter-
mittent titration technique~GITT!,29-34 potentiostatic intermittent ti-
tration technique~PITT!,35-37 and slow scan cyclic voltammetry
~SSCV!.12,15,36 Though the structural aspects and electrochem
performance of the O2-phase compounds, Li2/3(Ni1/3Mn2/3)O2 and
Li2/3(Co0.15Mn0.85)O2 , have been elucidated,1-4,7-9 there are no re-
ports on the kinetic parameters which control the cell performan
Further, it would be informative to differentiate the factors whi
lead to an improved performance of the lithiated compou
Li1.0(Ni1/3Mn2/3)O2 .8 The present report deals with EIS and GIT
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studies on Li2/3(Ni1/3Mn2/3)O2 and Li1.0(Ni1/3Mn2/3)O2 to obtain the
electrode kinetic parameters and to correlate them with the ele
chemical performance.

Experimental

The precursor compound, Na2/3(Ni1/3Mn2/3)O2 was synthesized
by high temperature~900°C! solid-state reaction as describe
elsewhere.1,2,8,9Ion exchange for sodium to lithium was done usi
the melt of an eutectic mixture of LiNO3 and LiCl ~88:12 mol %! at
280°C. After 2 h of soaking in the eutectic which contains sev
times excess lithium, the melt was cooled, the product was disso
in deionized water and the solution was filtered to recover the
sired compound Li2/3(Ni1/3Mn2/3)O2 . The powder was dried a
100°C for 12 h in an air oven and used for characterization by X-
diffraction ~XRD! ~Siemens D5005; Cu Ka radiation! and chemical
analysis. Incorporation of extra lithium (x) was done during the ion
exchange process using a fresh batch of the precursor. The io
change was allowed to proceed as described above for 1 h,
which solid powder of lithium iodide~mole ratio, compound: LiI
5 1:0.6) was added to the melt and the soaking was continued
two more hours. The product was then cooled to room tempera
and the desired compound was recovered by the procedure
scribed above and characterized.

Chemical analysis for Na, Li, Ni, and Mn in the compounds w
done by inductively coupled plasma~ICP! spectroscopic analysis
The elemental concentration data were normalized to Ni0.33 assum-
ing the total metal content to be 1.67 and 2.0 before and after
treatment of the compounds. The oxygen content was not d
mined and was assumed to be 2.0. For the electrochemical stu
the positive electrodes were fabricated as follows:7-9 active material,
super P carbon black as conducting additive, and Kynar 2801
binder were mixed in 80:10:10~wt %! ratio and made homogeneou
slurry in N-methylpyrrolidinone. The viscous paste was then appl
onto an etched aluminum~Al ! foil ~15 mm thick and 25 cm2 area! to
form a thick layer~20-25mm! by doctor blade technique. The film
was then dried at 100°C in an air oven, smoothened by pas
through a twin roller~stainless steel!, and cut into circular strips of
16 mm diam. The strips were vacuum dried at 70°C for 12 h a
kept in an argon filled glove box which maintains,1 ppm of H2O
and O2 ~MBraun, Germany!.

Coin cells~size 2016! were assembled in the glove box with 1 M
LiPF6 in ethylene carbonate1 diethyl carbonate (EC
1 DEC, 1:1 volume, Merck, Selectipur LP40! as the electrolyte
and Celgard 2502 membrane as separator. Li metal foil~Kyokuto
Metal Co., Japan! was cut into circular disks~16 mm diam to cover
the electrode area! and were used as anode. Charge/discharge
cling and cyclic voltammetry~CV! tests at 25°C were carried ou
with a potentiostat/galvanostat system~MacPile II, Bio-logic,
France! and Bitrode multiple battery tester~model SCN, Bitrode,
USA!. For GITT measurement, the Bitrode battery tester was p
grammed to supply a constant current flux for a known time f
lowed by open circuit stand for the specified time. The sequence
continued for the composition (x in Li xMO2 or voltage! of interest
and for the required number of charge/discharge cycles. EIS
been done using the Solartron impedance/gain-phase analyze~SI
1260! coupled with a battery test unit~1470!. The amplitude of the
ac signal was kept at 5 mV and the frequency range of measure
was 0.35 MHz to 2 mHz. Impedance data acquisition and anal
were performed, respectively, by using the electrochemical imp
ance software ZPlot and Zview~version 2.2, Scribner Associate
Inc.!.

Results and Discussion

Composition and structure.—The chemical composition obtained b
ICP for the compounds Na2/3(Ni1/3Mn2/3)O2 @P2~Na!#,
Li 2/3(Ni1/3Mn2/3)O2 @O2 ~Li !#, and Li(2/3)1x(Ni1/3Mn2/3)O2 @O2 (Li
1 x)], are Na0.61(Ni0.33Mn0.67)O2 , Li0.67Na0.005(Ni0.33Mn0.65)O2 ,
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and Li0.95Na0.002(Ni0.33Mn0.67)O2 , respectively. The chemical analy
sis shows that the ion exchange for Na by Li is complete for both
compounds, O2~Li ! and O2 (Li1 x). Taking into account a
65-8% uncertainty in determining the Na and Li content, a
62-4% uncertainty in the analysis of Ni and Mn, the compoun
show the expected stoichiometry. Further, it is evident that the
corporation of extra lithium (x > 1/3) by the present lithiation tech
nique is successful to give O2 (Li1 x).

The powder XRD patterns of P2~Na!, O2 ~Li !, and O2 (Li
1 x) are shown in Fig. 1. The patterns of P2~Na! and O2~Li !
compounds match well with those reported by Paulsenet al.1-3 The
hexagonal lattice parameters obtained for P2~Na! after least squares
fitting the ~hkl! and d values area 5 2.892 (60.001) Å and
c 5 11.23(60.01) Å. The O2 ~Li ! is indexed as the T2 phas
~orthorhombic, space groupCmca! and the lattice parameters ar
a 5 2.865 (60.001), b5 4.954 (60.002), and c 5 10.056
(60.004) Å. These values are in good agreement with the va
reported by Paulsenet al.1-3 The XRD pattern of the O2 (Li1 x)
bears good resemblence to that of O2~Li ! and shows that the crysta
system remains the same. The broadening of the XRD peaks fo
(Li 1 x) indicates that the LiI treatment leads to a reduction in
crystallite size. Further, a few lines which are present in O2~Li !
@e.g., ~004!, ~020!, ~112!, and~024!# disappear in O2 (Li1 x). The
reasons for this are not known at present but could be caused b
stacking faults in the lattice formed during the P2 to T2~or O2!
conversion. Similar XRD patterns were also observed by Pau
and Dahn38 for Li2/3(Li 1/6Mn5/6)O2 and Li2/3(Co0.15Mn0.85)O2 and
are shown to be due to the stacking faulted O2 structure. The or
rhombic lattice parameters obtained for O2 (Li1 x) are

Figure 1. XRD patterns ~Cu Ka radiation! of Na2/3(Ni1/3Mn2/3)O2

@P2 ~Na!#, Li2/3(Ni1/3Mn2/3)O2 @O2 ~Li !#, and Li(2/3)1x(Ni1/33Mn2/3)O2 @O2
(Li 1 x)]. ~hkl! are shown.
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a 5 2.947 (60.004), b5 5.002 (60.007), and c 5 9.91
(60.01) Å. The larger values ofa andb in O2 (Li 1 x) compared
to O2 ~Li ! can be explained by the increased concentration of la
Mn31 ions in O2 (Li1 x) due to the reduction of 0.33 Mn41 ions
by the LiI treatment. A significant reduction in thec lattice param-
eter as compared to the O2~Li ! phase is observed for the O2 (L
1 x).8 This is due to the fact that the 1/3 vacant sites in the O2~Li !
are occupied by Li ions in the Li layer in O2 (Li1 x) thereby
reducing the repulsive interaction between the oxide-ion layers.

Electrochemical behavior of the O2 (Li) and O2(Li 1 x)
electrodes.—Before analyzing the electroanalytical response a
correlating it with the electrode kinetics, it is important to have t
data on the electrochemical performance and kinetics of the e
trodes together with its implications to the structural aspects.
ticularly, it would be interesting to identify the change in Li-io
intercalation/deintercalation kinetics associated with the elec
chemically assisted irreversible phase change~T2 to O2! observed
for these compounds during their first deintercalation cycle.1-4,8,9

The voltagevs. capacity profiles and the cycling performance a
C/5 rate for the O2 (Li1 x) and O2~Li ! compounds as cathode
for different charge/discharge cycles between 2.5 to 4.6 V~vs. Li !
are shown in Fig. 2. The O2~Li ! shows only one extraction~Li
deintercalation! plateau centered around 4 V with a capacity of 1
mAh/g. The low initial extraction capacity is due to the fact th
only 1/3 mol of lithium can be extracted from the compound cor
sponding to the oxidation of 1/3 Ni21 to Ni31 or 1/6 Ni21 to Ni41

ions in the crystal lattice1,8

Li 2/3~Ni1/3
21Mn2/3

41!O2 → Li1/3~Ni1/3
31Mn2/3

41!O2 1 ~1/3!Li1

1 ~1/3!e2 or

Li2/3~Ni1/3
21Mn2/3

41!O2 → Li1/3~Ni1/6
21Ni1/6

41Mn2/3
41!O2 1 ~1/3!Li1

1 ~1/3!e2 ~4 V plateau! @1#

Figure 2. The voltagevs. cathodic capacity profile at C/5 rate for differen
charge/discharge cycles between 2.5 to 4.6 V~vs. Li ! recorded at 25°C~a!
O2 (Li 1 x) and ~b! O2 ~Li !. Cycle numbers are indicated.
r

c-
r-

-

In principle, it should be possible to extract all the lithium from th
cathode if the rest of the~1/6! Ni21 or ~1/3! of Ni31 ions can be
oxidized to Ni41 ions, similar to the case of O3-LiNi31O2 and
Li ~Ni,Co!31O2 .39,40The reason for the lower first extraction capa
ity in O2 ~Li ! is still not clear and was discussed by Lu and Dah4

The first-discharge profile of O2~Li ! consists of two almost equally
divided plateaus with a total capacity of 142 mAh/g. At C/10 rate
have observed a reversible capacity of 187 mAh/g which co
sponds to;2/3 mol of Li in the compound.8,9 This higher discharge
capacity, as compared to the initial charge capacity, is expected
cause in addition to the 1/3 mol Li insertion due to the reve
reaction as shown in Eq. 1, 1/3 mol of extra Li is added to the lat
with the simultaneous reduction of Mn41 as per the reaction

~1/3!e2 1 ~1/3!Li1 1 Li2/3~Ni1/3
21Mn2/3

41!O2

→ Li1.0~Ni1/3
21Mn1/3

31Mn1/3
41!O2 ~3 V plateau! @2#

This is reproduced during the second charging process and su
quent charge/discharge cycles indicating that both Mn and Ni i
are participating in the redox processes. A reversible capacity of
mAh/g was reported by Dahnet al. at a low C rate~C/40! in the
same voltage window.1-4

The first extraction capacity for O2 (Li1 x) is 171 mAh/g at
C/5 rate. At C/10 rate it delivers 190 mAh/g which is almost equiv
lent to the removal of 2/3 mol of Li.8 Comparing this value with the
initial extraction capacity of the O2~Li ! phase ~105 mAh/g,
;1/3 mol Li! ~Fig. 2b! confirms that the insertion of Li into the
lattice has indeed taken place by our lithiation process using
This led to a twofold increase in the first extraction capacity for
O2 (Li 1 x) over O2 ~Li ! and the chemical formula of O2 (L
1 x) can be written as Li1.0(Ni1/3

21Mn1/3
31Mn1/3

41)O2 .8 This is in good
agreement with the chemical analysis data on O2 (Li1 x). The
oxidation processes taking place during the first charge in O2
1 x) can be written as reverse processes of Eq. 2 and 1, res
tively. The first discharge capacity is 158 mAh/g at C/5 rate. T
performance of the electrode materials, O2~Li ! and O2 (Li1 x) on
repeated charge/discharge cycling is compared in Fig. 2. It can
seen that the capacity fade for the O2 (Li1 x) is minimal over 40
charge/discharge cycles. However, in the same voltage window
current rate, the capacity fade for O2~Li ! after the 20th cycle is very
prominent. It is also known that the rate capability of O2 (
1 x) is much better than the cell with O2~Li ! at 25 and 50°C.8

Qualitative difference in the voltagevs. capacity curves of O2 (Li
1 x) and O2~Li ! can be clearly seen from Fig. 2a and b: a twofo
increase in the first extraction capacity is observed for the O2
1 x) over O2 ~Li ! and a smooth capacityvs. voltage profile is
observed for the O2 (Li1 x) as compared to a nearly 1 V drop i
voltage for the O2~Li ! in the 3.0-3.5 V~vs. Li ! region. Further, an
irreversible plateau is observed for O2 (Li1 x) during its first
charge in the voltage range 4.5-4.6 V, similar to the one observe
Paulsenet al.41 in Li2/3(Li 1/6Mn5/6)O2 and Li2/3(Co1/18Mn17/18)O2 .

CVs recorded on the cells Li/O2 (Li1 x) and Li/O2 ~Li ! are
shown in Fig. 3. The CV of the O2~Li ! compound~Fig. 3a! shows
only one oxidation peak centered around 4.2 V in the first ano
scan, whereas two oxidation/reduction peaks are seen with alm
equal areas in the subsequent cathodic as well as anodic scans
CV profiles are in accordance with the charge/discharge cycling
formance of the respective cells with the Li anode. The single o
dation peak for the first aodic scan is ascribed to the oxidation
Ni21 in the lattice with 1/3 mol Li extraction as per Eq. 1. Th
observed two peaks in the subsequent cathodic and anodic scan
asossociated with the redox couple of Ni21/Ni31 or Ni21/Ni41 ~4
V! and Mn31/Mn41 ~3 V!. The peak at 4.2 V noted during the firs
oxidation gets shifted by 0.25 V to the lower voltage side in t
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second cycle. These CV profiles are in agreement with the diffe
tial capacityvs. voltage plots derivable from low current charg
discharge profiles reported by Paulsenet al.1,2

For the O2 (Li1 x) compound, three distinct oxidation peak
are seen in the first anodic scan, a minor peak at 3.25 V wh
almost merges with the second at 4.2 V and an irreversible p
centered at 4.65 V~Fig. 3b!. Subsequent cathodic and anodic sca
show only peaks, similar to O2~Li !. However, for the O2 (Li
1 x), the relative areas under the peaks are different, the hig
voltage region~3.65-3.95 V! showing larger area. Further, the pea
observed at 3.25 and 4.2 V during the first oxidation get shifted
0.15 and 0.25 V, respectively, to the lower voltage side in the sec
cycle and remain almost unaltered in the subsequent cycles. A
the relative areas of the peaks remain the same. The first anodic
at 3.25 V in O2 (Li1 x) can be ascribed to the oxidation of Mn31

ions in the lattice~reverse of Eq. 2!. However, since its intensity is
small compared to the main 3.95 V oxidation peak, we can ass
that only smaller number of Mn31 ions contribute to it whereas th
majority of these participate in the oxidation processes, along w
Ni21 ions at the 4 V region. This assumption is due to the fact t
changes in the deintercalation/intercalation voltage can occur
to the Ni-Mn, Ni-Co, or Ni-Co-Mn ion interactions in the laye
compounds as has been experimentally observed recentl
Li 0.6(Co0.5Mn0.5)O2 ,42 Li(Co122xNixMnx)O2 , x 5 1/4 and 3/8,43

and x 5 1/344 and in Li(Ni1/2Mn1/2)O2 ,45,46 and is supported by
recent theoretical calculations.47 We note that the average valency
Mn in O2 (Li 1 x) is 3.5 before anodic oxidation, and increas
toward 4.0 V at the onset of anodic cycle. This is exactly analog
to the spinel, LiMn2O4 exhibiting 4 V behavior for Mn valency
> 3.5 and 3 V behavior for Mn valency, 3.5. Thus LiI treatment
of O2 ~Li ! and the irreversible peak observed at 4.65 V during

Figure 3. Cyclic voltammograms of the cathode~a! Li2/3(Ni1/3Mn2/3)O2 @O2
~Li !# and ~b! Li (2/3)1x(Ni1/3Mn2/3)O2 @O2 (Li 1 x)] for various cycles re-
corded at a scan rate of 0.052 mV/s between 2.0 and 4.7 V. Li use
reference and counter electrode. Cycle numbers are indicated.
-
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first cycle in O2 (Li1 x), somehow seem to shift the main redo
potential of O2 (Li1 x) to 4 V region.

The CV profile of the O2 (Li1 x) phase is qualitatively differ-
ent from that of O2~Li ! as can be seen in Fig 3. Also, for both th
compounds, the profile of the first anodic scan is distinctly differ
from the subsequent ones. The shifting of the first oxidation pea
4.2 V to the lower voltage side by 0.25 V in both O2~Li ! and O2
(Li 1 x) in the respective second and subsequent cycles ma
due to the initial activation processes of the electrode mate
and/or due to the reduction of stacking faults associated with the
to O2 phase transition in the compounds.8,9 The appearance of the
irreversible and sharp peak at 4.65 V in the first anodic scan
served in O2 (Li1 x) is not seen in O2~Li !. This irreversible peak
is seen as irreversible plateau in the voltage profile of O2
1 x) during its first charge. Similar irreversible plateau is observ
by Paulsen et al.41 in O2-type Li2/3(Li 1/6Mn5/6)O2 and
Li2/3(Co1/18Mn17/18)O2 and by us in Li2/3(Co0.15Mn0.85)O2 .7 These
materials are shown to have stacking faulted O2-type structur38

The reasons for this are not known at present. Contribution of e
trolyte decomposition for this peak cannot be ruled out due to
high potential. But the irreversible nature of the peak which does
appear in the subsequent cycles reveals that the profile is inhere
O2 (Li 1 x). The reduction in intensity observed in the CV profile
during 5-25~or 30! cycles for both the compounds is possibly due
the electrolyte decomposition due to the fact that the upper volt
limit for the measurement was 4.8 V. Therefore, we conclude t
the compound O2 (Li1 x) shows an improved performance ov
O2 ~Li ! by way of better capacity retention on charge discha
cycling and an improved rate capability.

Electrochemical impedance spectroscopy.—EIS is a powerful
tool to identify the kinetics of lithium intercalation/deintercalatio
into the electrodes.10-28 The measured impedance of the electr
chemical cell is a collective response of kinetic processes occur
in the electrode. The Li intercalation and deintercalation into
positive electrode materials is normally modeled as a multistep
cess which involves and reflects a serial nature of many proce
occurring during intercalation/deintercalation. The main challen
for the interpretation of impedance data is to identify the pro
equivalent circuits which are more consistent with the proces
occurring in the electrode envisaged by parallel physicoelec
chemical investigations. There are different models to explain
impedance response of the intercalation system.10-28 Theoretical
analysis of complex impedance response for lithium insertion i
thin WO3 film has been performed by Hoet al.10 Modeling of the
impedance response of the cell with LiCoO2 as positive electrode
material was reported by Thomaset al.11 The general nature of mos
of these models is to account and explain the Li-ion migrat
through the surface film, charge-transfer through the electro
electrolyte interface, and the solid-state diffusion of Li in th
compound.12-28The involvement of material conductivity on the im
pedance response has also been addressed in some reports.16-19 In
the present study, the possible and experimentally visualized
cesses which are at par with other observations are (i ) a resistive
component (Re) arising from the electrolyte resistance and cell co
ponents, (i i ) the double layer~dl! capacitance of the surface film
and the associated impedance (Csf and Rsf), (i i i ) the impedance
associated with the bulk of the active material and the capacita
associated with it (Rb and Cb), (iv) the charge transfer~electron
transfer! resistance of the intercalation reaction and the capacita
of the dl (Rct andCdl), and (v) a Warburg contribution (Wo ; finite
length Warburg open-circuit terminal! which is characteristic of the
Li ion diffusion through the bulk of the active material.

Figures 4 and 5 represent the Nyquist plots measured on the
with O2 (Li 1 x) ~fifth charge! and O2~Li ! ~second charge!, re-
spectively, as cathodes at different cell potentials@lithium contentx
in Li xMO2 (M 5 Ni1/3Mn2/3)] during the lithium deintercalation
cycle. For each impedance measurement, the cells were galv
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statically charged (;C/20 rate! for a known time and left in the
open-circuit condition for 3 h to relax the cell potential (E) to a
stable value. The impedance spectra were then measured at
circuit condition. The spectra of O2 (Li1 x) consist of two over-
lapped semicircles in the high- to medium-frequency range~0.35
MHz to 20Hz!, a broad semicircle at the low frequency~20 Hz to 20
mHz!, and Warburg impedance at very low frequency~20-2 mHz!. It
may be noted that the high frequency as well as the medium
quency semicircles at the beginning and end of deintercalation
not clearly seen in Fig. 4 and 5 due to the largeZ8 value of the low
frequency semicircle. The expanded views of the lowZ8 domains of
Fig. 4a and 5a are shown in Fig. 4b and 5b, respectively. The na
of variation of the shape andZ8 values in the high-to-medium fre
quency region of the impedance spectra for both the compound
almost similar. Both show two overlapped semicircles, the shap
which do not change much with cell voltage during a single titrati
However, the impedance response of the freshly prepared cell du
its first charge cycle, shown in Fig. 6, is different from that observ
in cells subjected to second and subsequent charge/discharge c
The high frequency semicircle is absent or masked by the med
frequency semicircle for the fresh cells and become distinguish
only after starting the deintercalation process (.3.8 V) for both O2
(Li 1 x) and O2~Li ! as can be seen in Fig. 6. Further, the grad
decrease in theZ8 values of the high to medium frequency cont
bution seen during the first charge cycle is absent in the cycled c

Figure 4. Family of Nyquist plots for O2 (Li1 x) electrode at different
voltage~under open cicuit voltage~OCV! conditions! during the course of
fifth charging~a! for full range ofZ8 values,~b! expanded view of the lowZ8
region in~a!. Voltages are indicated and the respective symbols are com
to ~a! and ~b!. The symbols represent experimental data and the continu
line represents the fitting with equivalent circuit;~c! the equivalent circuit
used to fit the experimental data.
en-
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Depending on the measurement conditions like voltage~or lithium
contentx), cycle number, and frequency range, one or more of
impedance contributions as mentioned above may be absent a
indistinguishable in the frequency range of measurement as ca
seen from Fig. 4, 5, and 6. For instance, the Warburg contributio
O2 (Li 1 x) disappears at the end of deintercalation~4.43 V! ~Fig.
4a! and the impedance plots of O2~Li ! do not show the low fre-
quency Warburg contribution for the full voltage range~second
charge, 2.5-4.6 V! of measurement~Fig. 5a!.

The impedance spectra of Fig. 4 and 5 were analyzed u
physical processes that could be represented by resistive/capa
combination. The relevant equivalent circuits are shown in Fig.
and 5c, respectively. The respective circuit elements were ded
by fitting the experimental data points with the equivalent circuit.
compensate for the nonhomogeneity of the composite electrode
tem ~reflected as depressed semicircle in the impedance respon!, a
constant phase element~CPE! is used in place of capacitor to mode
the data as shown in Fig. 4c and 5c. The impedance of the CP
defined asZ 5 1/B( j v)n where j 5 A21, v is the angular fre-
quency,B andn are constants. The CPE become an ideal capac
~C! whenn 5 1 and henceB 5 C. The values ofn observed in the
present study range from 0.7-1.0. In Fig. 4 and 5, the continuous
represents the fitting as per the equivalent circuit whereas the s
bols denote the experimental data as a function of frequency f
given voltage. For the spectra which do not contain the Warb
contribution~and/or other contributions!, the respective circuit ele-

n
s

Figure 5. Family of Nyquist plots for O2~Li ! electrode at different voltages
~under OCV conditions! during the course of second charging~a! for full
range ofZ8 values,~b! expanded view of the lowZ8 region in ~a!. ~c! the
equivalent circuit used to fit the experimental data. The voltages are i
cated. The symbols represent the experimental data and the continuous
represent the fitting with equivalent circuit.
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ments were removed from the assumed model to fit the data. As
be seen the experimental points fitted well with the equivalent
cuit response.

The charge-transfer resistance (Rct associated with the low fre
quency semicircle! extracted from Nyquist plots and equivalent c
cuits for the cells with O2 (Li1 x) ~first, second, and fifth charg
and discharge sequences! and with O2~Li ! ~first and second cycle
sequences! as a function of cell voltage (E) during intercalation/
deintercalation are shown in Fig. 7. TheRct values at the beginning
and end of Li intercalation for O2~Li ! where the low frequency
semicircle was not completely seen, were determined by comple

Figure 6. Variation of the high- to medium-frequency range of the of N
quist plots during the first charging cycle.~a! O2 (Li 1 x), ~b! O2 ~Li !.
Voltages are indicated.v is the frequency.

Figure 7. Voltage dependence ofRct for different charge and discharg
cycles ~a! for O2 (Li 1 x), ~b! for O2 ~Li !. Cycle numbers and mode o
operation are indicated. The error in fitting forRct is ,1% and is within the
size limit of the symbols.
n
-

g

the arc of the respective impedance spectra. In the case of O2
1 x), theRct value for the freshly fabricated cell is high~1750V;
cell voltage, 3.10 V!. There is a rapid decrease in theRct value as
deintercalation starts and falls to 750V at 3.60 V.Rct passes through
a broad minimum in the voltage range 3.6-4.3 V~corresponding to
x 5 0.8-0.40 in LixMO2) and then increases again to high values
the end of deintercalation~593 V at 4.40 V; Fig. 7!. For the subse-
quent Li intercalation~first-discharge process!, theRct value gradu-
ally decreases below 3.7 V and approaches a value of 810V at 2.81
V. A gradual decrease in theRct values for the first discharge an
subsequent charge/discharge cycles are seen due to the activat
the electrode for charge transfer with the onset of current flux. T
activation of the electrode surface can be brought about by diffe
ways: an effective electrolyte penetration into the composite e
trode resulting in more surface of the active mass exposed to
electrolyte, change in the surface layer thickness due to the cu
flux as discussed by Leviet al.,14 replacement of the pristine surfac
film covering the electrode by more active one by the interacti
between solution species, and the active mass assisted by the c
flux. The identical values ofRct observed for the fifth charge an
discharge cycles for O2 (Li1 x) reveals that the initial formation
~activation! of the electrode is complete by the fifth cycle and t
increase in its values at the end of intercalation is also minimal.
stableRct values observed for the fifth cycle in the range 3.7-4.1
(x 5 0.4-0.8) are of the order of 20-30V. A similar variation ofRct

with voltage was reported for the well-known cathodes, LixNiO2 ,12

Li xNi0.8Co0.2O2 ,14 and LiMn2O4 .12,13 However, a monotonic de-
crease inRct values was observed for LixCoO2 with increase in
voltage~decrease inx).12,15Also, the plateau-like minima in theRct
values reported for the above well-known cathodes were found t
different: for LiNiO2 ;500V ~3.7-4.0 V!,12 for LiMn2O4

;100V ~3.95-4.15 V!,13 and for LixNi0.8Co0.2O2 ;10V ~3.7-4.1
V!.14

Present results show that the variation ofRct of the O2 ~Li ! is
strikingly different from that of O2 (Li1 x). For the former, theRct
shows a value of 770V for the freshly prepared cell~3.05 V!,
decreases to 490V at the beginning of deintercalation~3.80 V! and
gradually increases to a very high value as the Li content decre
at the end of deintercalation~2720 V at 4.26 V, not shown in Fig
7b!. On discharge, theRct values decrease at a faster rate at
beginning (E . 3.8 V), show a minimum of 390V at 2.77 V, and
then increase to 525V at the end of discharge (E 5 2.75 V). For
the second charge cycle in the O2~Li !, Rct value initially decreases
on deintercalation~from 525V at 2.75 V to 317V at 2.88 V! and is
stable up to 3.7 V with a value of;300V. As the electrode ap-
proaches the stage of full deintercalation,Rct increases rapidly to a
value of 4730V at 4.24 V (x 5 0.33, not shown in Fig 7b!. It can
be seen that after the initial formation, the increase inRct of the
electrode at the end of discharge~2.75 V andx ; 1.0) is minimal
and is similar for both systems, though their absolute values are
different. The value corresponding to the broad minimum obser
for Rct in the voltage range 2.75-3.9 V (x 5 0.5-1.0) for O2~Li ! is
almost one order of magnitude larger than that obtained for the
with O2 (Li 1 x) ~Fig. 7a and b!. This may be caused by differ
ences in the nature of surface film covering these compounds
though we have used identical cell parameters~electrode thickness
area, and processing conditions! for both the systems. The lithiation
process with LiI might have changed not only the morphology
particle of O2 (Li1 x) but also its electronic structure, with a mor
active surface facilitating easy charge transfer. However, it can
mentioned that the highRct values in O2~Li ! indicate sluggish ki-
netics at the interface which in fact is reflected in the cell kineti
The observed higher current rate capability of the O2 (Li1 x) can
be understood as due to the better charge transfer kinetics. Th
crease inRct of the electrodes either in completely intercalated st
~2.7 V! for O2 (Li 1 x) and deintercalated state for both O2 (
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1 x) ~4.4 V! and O2~Li ! ~4.25 V! are in accord with the expecte
nature for charge transfer kinetics as observed and discusse
Aurbach and his co-workers for other cathodes LixNiO2 ,12

Li xMn2O4 ,12,13 and LixNiyCo(12y)O2 .14 However, the O2~Li !
shows a sudden increase inRct values as it reaches the fully deinte
calated~charged! state compared to O2 (Li1 x). This may be due
to the inefficient charge transfer in the O2~Li !. This can be seen
from the CV profiles~DQ vs.V shown in Fig. 3! of the compounds
where significant contribution of charge transfer is observed for
(Li 1 x) as compared to O2~Li ! as the cell approaches 4.6 V. Suc
an inefficient nature of charge transfer in O2~Li ! can overshoot the
cell potential to a higher value from its equilibrium potential. T
lower equilibrium potential observed for the cell with O2~Li ! ~4.25
V! compared to O2 (Li1 x) ~4.4 V! after charging them to 4.6 V
consolidate this argument. Further, it can be seen from the vol
profiles of the cells during their charge/discharge processes~Fig. 2!
that the O2~Li ! shows a very high ohmic drop~4.6 to ;4.0 V) at
the onset of discharge while the voltage profile is continuous fr
4.4 V for O2 (Li 1 x). Alternatively, such a variation inRct in O2
~Li ! can also be caused by the difference in Li-ion diffusion ins
the bulk. Since the charge transfer at the interface is also contro
by the availability of Li1 ions at the surface, a possible change
diffusion coefficient at the end of deintercalation can also bring s
a difference inRct for O2 ~Li !.

The dl capacitance (Cdl) extracted from the impedance data a
curve fitting are shown in Fig. 8. As can be seen theCdl values for
O2 (Li 1 x) ~fifth cycle, charge, and discharge sequence! and for
O2 ~Li ! ~second charge sequence! show almost similar behavio
with change in voltage~or lithium content,x). On lithium depletion
~increase in cell voltage!, the Cdl shows an increase followed by
saturation behavior at the end of charge@10 mF for O2~Li ! and
20-23 mF for O2 (Li1 x)]. For the full range of voltage, theCdl

values lie in the range of 5-23 mF. The O2 (Li1 x) have higherCdl
values possibly due to the more active surface brought by the
treatment. Therefore, a direct comparison of the absolute value
Cdl for both the compounds may not have significance. But
relative difference in their variation with voltage are of relevence
can be seen that theCdl for O2 (Li 1 x) shows a rapid increase wit
voltage around 3.7 V. Since this region coincides with the volta
range~3.7-4.2 V! of the observed broad minima inRct , it can be
thought that an easy reduction in thickness of the dl in O2
1 x) by the active charge transfer processes. The nature of v
tion of Cdl vs. voltage for both O2~Li ! and O2 (Li1 x) in the
present study is similar to that reported for LixNiyCo(12y)O2 (y
5 0.2 and 0.25!,14,20 including the range ofCdl values~a few mil-
lifarad! for the full voltage range.

As mentioned earlier, the main change observed in the imp
ance spectra as Li deintercalation proceeds for O2 (Li1 x) is that
the Warburg contribution which is prominent at the early sta

Figure 8. Voltage dependence ofCdl for O2 (Li 1 x) for the fifth charge
and discharge cycles and for O2~Li ! for the second charge cycle. Error i
fitting is ,1% and is within the size limit of the symbols.
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~3.15-4.3 V; all plots are not shown in Fig. 4! of deintercalation
become indistinguishable at the end of deintercalation (.4.3 V).
Such type of behavior in the low frequency side of the impeda
response at the beginning and end of deintercalation is comm
observed in studies on other cathodes as well.12,14,16,23This indicates
that at the early stage of deintercalation, the kinetics of the electr
processes is controlled by the diffusion processes in the low
quency region and by the charge transfer in the high freque
region. At the end of deintercalation, the electrode kinetics is c
trolled by the charge transfer contribution. The reason for this p
odical change can be understood from the fact that theRct value
increases enormously at the end of deintercalation.

Impedance response of most of the composite electrodes sho
single semicircle at the high frequency and the contribution
mostly treated as arising due to the surface film at the active mat
surface.12,13,22,26,27Alternatively, the high frequency contribution i
also addressed as due to the porous nature of the composite
trode comprising active material, conducting carbon, and the org
binder.11,21,28,32A comparison of impedance response of thin fil
and composite electrode of LiCoO2 by Dokkoet al.28 shows that the
high frequency contribution is due to the porous nature of the e
trode. Since the cell has Li metal as anode, the possibility of sur
film at the Li/electrolyte interface as observed in the polymer Li-i
battery18,19cannot be ruled out. The impedance response of the p
ently studied compounds shows two semicircles at the high
quency side. The variation of the impedance associated with
slightly depressed medium frequency semicircle (Rb) with voltage
for different charge/discharge cycles is shown in Fig. 9. The fres
prepared cells of both O2~Li ! and O2 (Li1 x) ~as well as the fully
discharged cell after first cycle! do not show the indication of two
well-defined semicircles at the high frequency side~first charge
curves shown in Fig. 6!. This is due to the overlapping of bot
semicircles owing to closeness in the time constants associated
these processes. Hence the extractedRb values from such over-
lapped semicircles are excluded in Fig. 9. The nature of variatio
Rb for O2 (Li 1 x) and O2~Li ! is similar except a slight difference
in their absolute values. For the cell with O2 (Li1 x), the Rb
values gradually decrease on deintercalation reaching a value o
V at the end of the first charge~4.40 V!. During the first discharge
the Rb value of 10V remains stable in the voltage range 3.7-4.4
and increases to 15-18V in the range of 3.1-3.6 V. For the secon

Figure 9. Rb values as a function of voltage for different charge and d
charge cycles.~a! O2 (Li 1 x) and~b! O2 ~Li !. The error in fittingRb is 2 to
6% and is within the size limit of the symbols.
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charge theRb value (;13V) remains constant up to the end
charging ~4.41 V!. For the fifth charge and discharge cycle,Rb
shows consistently low values~17-27V! in the entire composition
range, but show a minor periodic variation with change in volta
for the full charge/discharge cycle. For the cell with O2~Li !, theRb
decreases gradually during the first charge to 22 5V at 4.11 V and
then increases to a value of 32V at the end of charge~4.35 V!. For
the second charge,Rb shows a gradual variation from 41V at 2.82
V to a value of 22V in the charged state~4.24 V!. It can be seen
from Fig. 9 that both compounds show a periodical variation in th
Rb values and their absolute values lie in the same range afte
formation cycle.

A periodical variation in the impedance values of the semicir
in the same frequency range as found in the present study has
been observed in other intercalation compounds14 and the contribu-
tion is mostly treated as arising due to the surface film.12-15 The
development of surface film on the as-prepared cathodes
LiCoO2 and LiNiO2 established by Fourier transform infrared spe
troscopy~FTIR! and other techniques reveals that the active mas
the electrode is covered with surface films, mostly composed
Li2Co3 .12,48 In contact with the electrolyte solution, these surfa
films may be replaced by more complex surface species and/or
which originate by the complicated reaction of the electrode m
rial with the electrolyte.12,48 Considering the fact that the oxidatio
potentials of the solvents constituting the electrolyte are higher t
the upper voltage limit of the experiment and the nature of reac
products, Aurbachet al.12 assumed that these products were form
at the anode in the cell and precipitated on the cathode through
solution. This assumption was supported by the observation tha
surface films are formed only after several charge/discha
cycles.12 If the observed second semicircle in the impedance spe
is due to surface film, its value is expected to be more in the cha
state where the cell potential is high and hence the decompositio
electrolyte~if any! may be maximal. But in the present case, it
observed that theRb is maximum in the discharged state and ha
minimal value in charged state. This indicates that the origin of
second semicircle is something else other than the developme
surface film, possibly due to the change in bulk properties~elec-
tronic conductivity, diffusion of ions, etc.! of the cathode material
Note the drastic change in conductivity predicted for the LixMO2

(M 5 Co) type compounds with a minor change inx values49 and
experimentally observed as semiconductor-to-metal like transi
for x . 0.5 in LixCoO2

50,51 and is shown to be applicable to mixe
oxides with the formula Lix(NiyCo12y)O2 , y 5 0.8,52 0.75,17 0.3,53

0.1.54 The compounds, O2~Li ! and O2 (Li1 x) presently studied
also have a similar crystal structure and it is reasonable to expe
similar type of conductivity variation with change inx. The periodi-
cal variation of theRb values withx ~or voltage! during charge/
discharge may arise from their change in electronic conductivity
x varies. This is due to the variation in the ratio of concentration
the ions, Mn31/Mn41 and Ni21/Ni41 or Ni21/Ni31 ions even
though we do not expect a drastic variation in the electronic c
ductivity. Also, the involvement of the Li/electrolyte interface
observed in polymer Li-ion batteries,18,19 cannot be ruled out as
possible contribution toRb because the cells have Li metal as ano

The observed high frequency~0.35 MHz to 5 kHz! semicircle
which can be assigned to the surface film resistance (Rsf) and asso-
ciated capacitance (Csf), is absent or masked by the medium fr
quency semicircle in the freshly fabricated cell as well as after
discharged state after the first cycle and becomes distinguishab
deintercalation starts as mentioned earlier. The diameter of the s
circle decreases to a minimum and remains constant until the en
deintercalation. This is due to the fact that on subjecting the ce
charge/discharge cycling, the passive surface film, which might h
formed on the surface of the electrode by reaction with the elec
lyte, may be destroyed and replaced by newly created active su
film by the processes associated with the initial current flux thro
r
e
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the interface. The initial activation of the surface film, the chan
over of the passive film to the active one, can be visualized
monitoring the impedance spectrum during the process of
deintercalation as a gradual decrease in the diameter of the
frequency semicircle as can be seen in Fig. 6. The diameter of
high frequency semicircle remains unchanged in the full volta
range for the formed electrodes O2 (Li1 x) and O2 ~Li ! in the
subsequent charge/discharge cycles. This can be seen from Fig
where theRsf values for the O2 (Li1 x) are plotted as a function o
voltage for different cycles~also note the stable values ofRb for the
fifth charge/discharge cycle!. After the second charge cycle, theRsf
values are stable in the voltage range~2.5-4.6 V! for a single titra-
tion ~charge or discharge sequence! indicating that the surface film
on the compound O2 (Li1 x) is stable with low resistance~Fig.
10!. A similar stable value of theRsf for the full voltage range was
also reported for LixNiO2 .12 The stable value ofRsf with change in
voltage~compositionx) also indicates that the reactivity of the ele
trode material in the charged state with the electrolyte and ass
ated decomposition is minimal for O2 (Li1 x). The Rsf may not
have an influential role in the electrode kinetics for a single cha
or discharge cycle. However, the evolution of surface film on
electrode on repeated charge/discharge cycling may influence
performance of the electrode material.

The formation of the surface film is known to play a decisive ro
in the performance of the electrodes in Li-ion cells. The format
of such a film in graphite12,26,27,48and other intercalation compound
are known to act as a protective coating which improves th
performance.12,13,26,27,48The nature of surface film, which covers th
active mass may provide a measure of its particle to particle con
A mass deposition of the surface film on the electrode surface
end up as a destructive film, which would slow down the electro
kinetics and hence its performance. The influence of surface
formation on the performance of LiMn2O4 cathode has been studie
for half cells with a Li metal anode12 and in plastic Li cells~with a
polymer electrolyte and Li anode!.19 It was shown that the increas
in resistance associated with the surface film with repeated cha
discharge cycling which deteriorates the performance can be m
tored by impedance spectroscopy. Therefore, the deterioration o
electrode material and its interface with cycling can be quant
tively analyzed by monitoring the impedance spectra of the c
with different cycle number. Figure 11 shows the impedance spe
measured on cells with O2 (Li1 x) and O2~Li ! after subjecting
them to different number of charge/discharge cycles at room t
perature.

The spectra were measured after cycling them at C/5 rate to
desired cycle number and then charging to 3.8 V~vs. Li ! followed
by holding at 3.8 V for 0.5 h. This charging voltage corresponds
x in the range 0.5-0.6 in LixMO2 where different contributions for
the impedance response of the cell are distinguishable due to lowZ8

Figure 10. Rsf values as a function of voltage for different charge and d
charge cycles for the compound O2 (Li1 x). Error bars are indicated.
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values for Rct . These spectra shown in Fig. 11 demonstrate
change in the electrode kinetics on prolonged charge/discharge
cling which can be correlated to the capacity fading, if any, obser

Figure 11. Family of Nyquist plots measured after different number
cycles~hold at 3.8 V for 0.5 h after each cycle!. ~a! Full range of impedance
response for O2 (Li1 x), ~b! expanded view of the lowZ8 region from~a!,
~c! for O2 ~Li !, and~d! expanded view of the lowZ8 region from~c!. Cycle
numbers are indicated. The symbols represent the experimental data a
continuous line represents the fitting with equivalent circuit shown in Fig
and 5c.
y-
d

for the compounds, O2 (Li1 x) and O2 ~Li !. The variation of
different resistive components obtained by fitting the impeda
spectra to the equivalent circuit model described in Fig. 4c and
are shown in Fig. 12 as a function of cycle number.Rct decreases
drastically in the first two cycles for both compounds, indicating t
electrode formation/surface modification, and remains almost
changed with a value of;250V for O2 ~Li ! and;100V for O2
(Li 1 x) up to 25 cycles. Thereafter, theRct values for the cell with
O2 ~Li ! increase drastically with cycling and reach 1400V after 65
cycles.

On the other hand, the variation for the cell with O2 (Li1 x) is
minimal and reaches 450V after 65 cycles. TheRb value for both
the compounds increases slowly with cycle number. The rate
increase ofRb with cycle number is smooth and their respecti
values are also identical for both the compounds as can be seen
Fig. 12b. This is in accordance with our assignment thatRb is aris-
ing from the bulk of the material. Because both the compounds h
similar structure and shown to be stable against cycling,1-4,8,9 a mi-
nor and proportional increase observed inRb values with cycling is
in support to this assignment. The main observation on the imp
ance spectra with cycling is thatRsf value for the cell with O2~Li !
changes drastically after the 25th cycle~6 V at the 25th cycle to 40
V for the 65th cycle! whereas it remains almost invariant~2-4 V! up
to 65 cycles for O2 (Li1 x). As described earlier, the increase
contribution forRsf can be due to the massive surface film form
tion, the degradation of the composite electrode and due to the
terioration of the Li/electrolyte interface. The possibility of L
polymer interface deterioration can be ruled out since the chang
Rsf with cycle number is different for both compounds. It may
difficult to distinguish the contribution either due to surface fil
formation or due to the deterioration of the composite electro

the

Figure 12. Variation of ~a! Rct , ~b! Rb , and~c! Rsf with cycle number O2
(Li 1 x) and O2~Li ! obtained by fitting the impedance response of Fig. 1
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because the resultant effect for both of these processes would b
same, deterioration of electrical connectivity between the ac
mass and hence an electrical isolation. But the poor interpar
contact is unlikely to be the origin of capacity fading since the liqu
electrolyte provides the predominant pathway for charge tran
Alternatively, the massive surface film formation can hinder
charge transfer and hence contribute to the capacity fading. Th
fore, it can be assumed that the increasedRct andRsf observed for
O2 ~Li ! is due to the enhanced surface film formation leading
sluggish charge-transfer kinetics at the interface leading to capa
fading.

The nature of variation ofRsf with cycling is in agreement with
the observation made by Aurbachet al.12 They found a significant
contribution of surface film only after many charge/discharge cyc
on graphite as well as on intercalation electrodes like LiCoO2 and
LiMn2O4 . In the case of O2 (Li1 x), theRct andRb values show
a slow increase with cycling, especially after 25 cycles, though
Rsf values remain stable. This indicates that the charge-transfe
netics of the electrode material is influenced by the change in b
properties together with the surface film formation. The involvem
of bulk contribution in the impedance response of the intercala
compounds are indeed observed by others.16-19

Li 1 diffusion coefficient.—The chemical diffusion coefficient o
lithium (DLi) in the cathode materials LixMO2 (M 5 Co, Ni, Mn!
and LixMn2O4 can be determined by a variety of electrochemi
techniques such as GITT,29-34 PITT,12,15,35-37 SSCV,12,15,36 and
EIS.10,15 The DLi values determined by different techniques sh
significant discrepancies due to the limitations involved in ea
measurement. GITT is established to be a reliable technique to
termine theDLi with greater accuracy for compounds with varyin
composition,x ~or voltage!.29-34

The GITT is based on chronopotentiometry, where the lithi
host electrode with a known composition (x in Li xMO2) in thermo-
dynamic equilibrium with Li metal is subjected to lithiation o
delithiation by applying a constant current flux (I 0) for a limited
time period t, at the end of which the compound has a know
lithium content,x 6 Dx, depending on the direction of the curren
As a result of change inx, the equilibrium cell voltage (E0) in-
creases~or decreases according to the direction of the current! with
time, which is superimposed to an IR drop due to the current
through the electrolyte and interface. The total change in cell volt
DEt during the current flux can then be obtained by subtracting
IR drop. After the current is interrupted att, the cell is allowed to
relax to its new steady state potentialEs, from which the change in
the steady-state voltageDEs ( 5 Es 2 E0) over the galvanostatic
titration can be determined. The procedure is then repeated unt
composition interval of interest (x) is covered. The diffusion coef
ficient of lithium (DLi) in the compound can be determined by so
ing Fick’s second law of diffusion. After a series of assumptions a
simplifications, for sufficiently small current whereDEs for a single
titration is small, the equation forDLi has been written as29

DLi 5
4

p S mBVm

MBA D 2S DEs

t~dEt /dAt!
D 2

~t ! L2/DLi ! @3#

whereVm is the molar volume of the compound,MB andmB are the
molecular weight and mass of the host oxide, respectively,A is the
total contact area between the electrolyte and the electrode, andL is
the thickness of the electrode. IfE vs. At shows a straight line
behavior over the entire time period of current flux, Eq. 3 can
further simplified as29

DLi 5
4

pt S mBVm

MBA D 2S DEs

DEt
D 2

@4#
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GITT measurements have been performed on O2 (Li1 x) and
O2 ~Li ! compounds to determine theDLi as a function of voltage~or
lithium contentx) for the entire voltage range of charge/dischar
cycling ~2.5-4.6 V!. Figure 13 shows the GITT curves for the firs
second, and fifth charge cycles for the cell with O2 (Li1 x) as a
function of time in the voltage window 2.5-4.6 V. The cell wa
charged with a constant current flux ofI 0 5 150mA (;C/25 rate!
for an interval of 1.5 h followed by an open circuit stand for 5 h to
allow the cell voltage to relax to its steady-state valueEs. The
procedure was repeated for the full voltage window of operation
the cell, 2.8-4.6 V. It is seen that the nature of the variation
equilibrium potential (Es) for the first charge is distinctly differen
from the subsequent ones. But the profile is almost identical for
the subsequent cycles~first, second, and fifth charge curves show
in Fig. 13!. The applied current flux and the resulting voltage profi
for a single titration atx 5 0.76 ~corresponds to 3.66 V! during the
second charge cycle of O2 (Li1 x) is shown in Fig. 14 with sche-
matic labeling of different parameters. The variation of cell volta
during the time periodt on application ofI 0 at time t0 , where the
cell voltage is stabilized for the above titration is plotted againstAt
which fits into a straight line as shown in Fig. 14b. The values ofDLi
calculated by substituting the value of slope from Fig. 14b in Eq
and that calculated using Eq. 4 from the titration curve shown in F
14a at 3.66 V are 3.1 and 3.23 10210 cm2/s, respectively. These
are in close agreement and thus validate the use of Eq. 4 for
calculation ofDLi and the assumptions made in the derivation of E
3 and 4. However, these calculations are based on the assum
that the molar volume (Vm) remains stable with change in Li con
tent in the compound and the possible change in it is ignored.
ther, the surface area in contact with the electrolyte is taken as
geometric surface area of the electrode. It must be mentioned
the actual surface area in contact with the active material in a c
posite electrode system must be larger than the geometric su
area due to the penetration of electrolyte and accordingly theDLi
value can vary. Care has been taken to minimize this effect by m
ing the composite electrode as thin as possible~20-25mm! for the
present studies. It must be also mentioned that these materials
dergo a phase transition~T2 to O2! during its first Li deintercalation
cycle and thereafter remain as a single phase. Therefore, diffu
can occur through the phase boundary and through each phas
the measured diffusion coefficient would be the resultant value
least for the first charging cycle of the cell. Taking these aspects
consideration, the diffusion coefficient obtained by Eq. 3 and 4
both compounds can be treated as the apparent rather than th
values.

The DLi in the compounds O2 (Li1 x) and O2~Li ! as a func-

Figure 13. GITT profile for the first, second, and fifth charge cycles for t
compound O2 (Li1 x).



nd

ic

at

p t

b-
cu

ub

ol

Li
on

e

n

e
flat
ich

l of
, the
be-

h
um
ox
easy
in

ob-

urg
T

be

re-

g

Journal of The Electrochemical Society, 150 ~1! A1-A13 ~2003! A11
tion of cell voltage derived as above, for the first, second, fifth, a
sixth charge titration cycles~similar to those shown in Fig. 13! are
shown in Fig. 15. TheVm values deduced from the crystallograph
data are 21.45 and 21.64 cm3/mol, respectively, for the O2 (Li
1 x) and O2~Li !. TheDLi for the compound O2 (Li1 x) shows a
value of 3.33 10211 cm2/s at the beginning of first charge~deinter-
calation! ~3.54 V vs. Li ! and increases by an order of magnitude
3.64 V and reaches a maximum of 4.23 10210 cm2/s at 3.74 V
~Fig. 15a!. The value decreases slightly and remains constant u
4.3 V and then passes through a minimum of 2.43 10211 cm2/s at
4.38 V before increasing further to a value of 9.83 10211 cm2/s at
the end of deintercalation. The voltage at whichDLi goes through a
minimum coincides very well with the irreversible voltage peak o
served in the CV and is due to the irreversible phase change oc
ring as the first deintercalation proceeds. For the second and s
quent charging titrations~up to sixth cycle shown in Fig. 15!, the
DLi values are comparatively high and are stable in the entire v
age range, 2.75-4.6~corresponding to the composition rangex
5 0.9-0.33) with a value of 1-33 10210 cm2/s. This shows that
the mobility of Li ions remains almost unchanged in the O2 (
1 x) compound for the full voltage range after the initial activati
and phase transition.

For the O2~Li ! compound, during the first charge cycle, th
initial DLi value is 1.73 10210 cm2/s ~3.82 V vs. Li ! which de-
creases on delithiation to give a minimum of 1.33 10211 cm2/s at
3.89 V. On further deintercalation, theDLi value increases and the
decreases slightly at at the end of deintercalation (;4.3 V; Fig.

Figure 14. ~a! Applied current pulsevs.voltage profile for a single titration
at 3.66 V (x 5 0.76) during second charge for O2 (Li1 x) with schematic
representation of different profile parameters.~b! Variation of cell voltage for
the above titration plotted againstAt to show the linear fit.
o

r-
se-

t-

15b!. The minimum inDLi during the first charge coincides with th
observed CV maxima during the first anodic scan, and with the
plateau observed in the voltage profile during the first charge, wh
is assigned to the T2 to O2 structural transition and/or remova
stacking faults. For the second and subsequent charge cycles
DLi values show two maxima at 2.8 and 3.7 V. Deintercalation
yond 3.7 V shows a gradual decrease inDLi values until the end of
charging~4.3 V!. Note that theDLi values show the maxima at bot
CV peak positions where the current through the cell is maxim
~Fig. 3 and 15b!. In addition to the presence of an active red
couple, the enhanced current through the cell also implies an
migration of ions through the compound, which in fact is reflected
higher values ofDLi observed at these compositions~2.8 and 3.7 V!.
The DLi values obtained in the present study are in the range
served for other layered intercalation compounds like LixCoO2

(1028 to 10211 cm2/s; x 5 0.4-1.0),30,32,37Li xNiO2 (1028 to 10210

cm2/s; x 5 0.3-0.8),31,32 Li xNiO2 (10211 to 10212 cm2/s;V
5 3.65-4.05),36 Li xNiyCo12yO2 (1028 to 1029 cm2/s; x
5 0.3-0.8),31 ;10212 cm2/s (V 5 3.7-4.2),31,34and;10212 cm2/s
(V 5 3.8-4.05).36

We have also determined theDLi of the O2 (Li1 x) compound
from the impedance data by analyzing the low frequency Warb
contribution and comparing it with that obtained from the GIT
data. The expression forDLi from the impedance response can
written as10,23-25

DLi 5 1/2F S Vm

FAAW
D dE

dxG2

@5#

whereVm is the molar volume,F is the Faraday constant, andAW is
the Warburg coefficient which was obtained from the Warburg
gion of the impedance response. ThedE/dx was determined from

Figure 15. DLi as a function of cell voltage obtained from different chargin
cycles from GITT~a! for O2 (Li 1 x) and~b! for O2 ~Li !. ~c! A comparison
of DLi obtained for O2 (Li1 x) from EIS and GITT for the fifth charge
cycle. TheDLi(GITT) is replotted from~a!.
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the galvanostatic titration curve. TheDLi ~EIS! values were deduced
from the impedance data shown in Fig. 4a~fifth charge cycle! for the
voltage range 3.16-4.21 V (x 5 0.4-0.85) where the Warburg con
tribution was prominent. TheAW values were determined at differ
ent voltages as the average value of the slope ofZ8 vs. v21/2 and
2Z9 vs. v21/2 plots ~v is the angular frequency! for the Warburg
region.10,25 Typical values ofAW at 3.54 and 3.93 V are, respec
tively, 8.78 and 4.16V s21/2. TheDLi ~EIS! values thus obtained ar
plotted together with the values obtained for the fifth charge cy
by GITT in Fig 15c. Note that theDLi ~EIS! values for O2 (Li
1 x) are larger than those obtained by GITT by a factor of 2
Similar differences inDLi measured for the same compound by d
ferent techniques was also reported in the literature: TheDLi for
Li xCoO2 in the composition range 0.2, x , 0.8 obtained by GITT
was;5 3 1029 cm2/s 34 whereas by the EIS method, theDLi val-
ues are higher by one order of magnitude.11 Similarly theDLi value
obtained in WO3 film by EIS is one order higher than that observ
by GITT.33

The variation ofDLi with the applied voltage, V@composition
(x)] for the first charge cycle is distinctly different from the subs
quent ones for both the compounds, O2 (Li1 x) and O2 ~Li !.
These compounds are known to undergo a phase transition from
to O2 phase structure during the first electrochemical charge w
is brought about by a minor sliding in the MO2 layers.1-4,8,9 This
phase transition is visualized as a shift in the CV peak during
anodic scan by 0.25 V for the subsequent cycles and/or as an
versible peak. Since the minimum inDLi values as a function o
voltage in the first charge cycle are coinciding with the volta
range of the irreversible peak noted in the CV of O2 (Li1 x) and
shifts in anodic peaks for both the compounds, this behavio
clearly associated with the initial irreversible phase change oc
ring in the compounds during its first deintercalation cycle. Furth
the observed minimum inDLi with voltage is not seen in the subs
quent cycles and thus confirms the present argument. Sim
minima in DLi vs. voltage~or x) plots which coincide with the CV
peak positions, and are characteristic of the phase transitions
reported for other cathodes. In LixCoO2 , the DLi vs. voltage curve
shows a minimum corresponding to the 3.9 V CV peak, which
characteristic of its transition between two hexagonal phases.12,37 In
the spinel cathode LiMn2O4 , the minimum inDLi vs.voltage curve
coincides with the CV peak characteristic of transition between
cubic phases.12 Further, it is worth mentioning that the impedan
response of the cells with O2 (Li1 x) and O2~Li ! measured during
their first charge cycle do not show any significant changes in va
or shapes associated with the irreversible phase change where
latter is reflected in GITT and CV measurements.

The initial value ofDLi for the compound O2 (Li1 x) (3.3
3 10211 cm2/s at 3.54 V! during the first charge is much lowe
than that for O2~Li ! (1.7 3 10210 cm2/s at 3.82 V! ~Fig. 15a and
b!. This is expected since 1/3 Li sites are vacant in O2~Li ! whereas
these sites are filled by the lithiation process in O2 (Li1 x). The
differences in the variation ofDLi with the full voltage range clearly
demonstrate that the extra lithium incorporated into the O2
1 x) brings a change in its Li intercalation/deintercalation kinet
as compared to O2~Li !.

The steady state open circuit potential (Eocv) of the cells after
each GITT titration was monitored and plottedvs. composition (x)
in Fig. 16 for both O2 (Li1 x) and O2~Li !. As can be seen, the
profiles are similar to the voltagevs. capacity profile of the cells
shown in Fig. 2. The difference in voltage observed for the first a
subsequent charge cycles for the O2 (Li1 x) is clearly reflected in
the Eocv vs. x profile. Further, the clearly separated two-step p
cesses~at 4 and 2.8 V! observed in the charge/discharge curves
the O2~Li ! in Fig. 2 are also seen in Fig. 16.
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Conclusions

Li-ion intercalation kinetics in the O2-structure layere
manganese oxides, Li2/3(Ni1/3Mn2/3)O2 @O2 ~Li !# and
Li (2/3) 1 x(Ni1/3Mn2/3)O2 @O2 (Li 1 x); x 5 1/3] were elucidated
by the application of EIS and GITT in conjunction with other ele
trochemical techniques. Modeling the EIS data with equivalent
cuit approach reflects processes like Li-ion migration in the solut
and through the surface film, resistance contributions from the b
of the active material, a strongly voltage dependent charge-tran
process and solid-state Li-ion diffusion into the host materials. T
formation and nature of surface film is shown to be the signature
the cell performance which in turn affects the kinetics of electro
processes. The bulk material contribution to the impedance resp
of the cells were detected, which varies periodically with char
discharge cycling. The increased contribution of surface film
tected on impedance response of the O2~Li ! compared to O2 (Li
1 x) is shown to contribute to the capacity fading observed in
~Li !. The apparentDLi for both the compounds falls in the rang
1.0 3 10211 to 1.03 10210 cm2/s for the entire voltage range. Th
DLi obtained from GITT and EIS are in close agreement. The ir
versible phase change, from the T2 to O2 structure, observed du
the first charging in these compounds is reflected as sharp minim
the DLi vs. voltage in the vicinity of the irreversible peak observe
in the CV of O2 (Li1 x) during first oxidation cycle. The im-
proved cycling performance of O2 (Li1 x) is shown to be due to
its better electrode kinetics due to the lowerRct values and forma-
tion of a stable surface film.
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