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Abstract

The electrochemical behavior of LipgCoy20,, synthesized by a sol-gel method with maleic acid as a chelating agent, was in-
vestigated using galvanostatic charge—discharge cycling and electrochemical impedance spectroscopy. Unimolar solutigris of LiPF
mixed carbonate solvents such as EC:DEC, DEC:DMC, PC:DMC and EC:DEC:DMC were used as the electrolytes. The impedance
response was found to be dependent on the extent of intercalation and deintercalation, although it was independent of the electrolyte
composition. However, the charge—discharge behavior of the cathode material was found to be dependent on the electrolyte com-
position. Cells with 1M LiPk in EC:DEC gave the highest capacity. With this electrolyte, the first-cycle discharge capacity was
187 mAhgL. The first-cycle capacities obtained with the other electrolytes were lower, between 174 and 182'mRtnegimpedance
parameters of the system at different levels of intercalation and deintercalation were derived using equivalent circuit
models.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction phase transition. However, substitution with trivalent cobalt
ions has been the most extensively studied. In fact, the
Lithiated nickel oxide of thea-NaFeQ structure[1] products obtained by such substitutions are iso-structural

with ABCABC oxygen stacking is a promising 4V cath- solid solutions for all values of in the general formula
ode material for lithium batteries. However, the preparation LiNi;—,C0,02, and have been widely recognized as struc-
of phase-pure LiNi@ is a major hurdle to its applica- turally more stable cathode materigl2—15] According
tion in commercial lithium cells. Preparations invariably to Delmas et al[16] and Aragane et al[17], the solid
end up in disordered Li,Ni1;,O2(x > 0) stoichiome- solution of the composition LiNigCop 20> is a potential
tries with excess nickel ions positioned in the lithium next-generation cathode material. However, Aragane et al.
planes[2,3]. The similarity between their sizes (0.69A [17] point out that, given the vast disparity in the elec-
for the N+ and 0.72 A for the Lt ions) favors the for- trochemical properties of such solid solutions prepared by
mation of a three-dimensional rock salt structure over the different routes, much care needs to be exercised in the
two-dimensional layered structufé,5]. The nickel ions in ~ synthesis and processing of the material.
the lithium planes frustrate the layered structure and hin-  The compatibility of the electrolyte with the cathode-active
der the easy movement of lithium ions during the charge materials has a definite influence on the electrochemical
and discharge processes. Furthermore, the material shows gsponse of the system. Fan and Fedki®], who studied
phase transition during the lithium deintercalation process compacted cathodes (LICQOLINiO» and LiMnpOs4) by
[6,7] resulting in capacity fade and irreversible capacity electrochemical impedance spectroscopy, found that the
loss. Substituting part of the nickel with a trivalent cation impedance behavior prior to cycling can be an indicator
such as aluminuni8], iron [9] or titanium [10,11] has of cell performance. Levi et a[19], who used slow scan
been attempted by several groups in order to restrain thecyclic voltammetry, potentiostatic intermittent titration and
impedance studies to study LiCeCfound that the lithium
insertion process has a serial character involving migration
fax: -+886.3-425-7325. through sur.face films, charge—transfer, solid-state diffusion,
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behavior of LiNi—,Co, 0, phases has also been studied. For 3. Results and discussion
example, Croce et aJ21] interpreted their impedance data
on the basis of electronic and ionic transport properties. Levi 3.1. Charge-discharge studies
et al. [22], from their cyclic voltammetric and impedance
studies on a commercial sample of LiNICoy 202, found The charge—discharge curves of LiNCoy202 in
that the material underwent a somewhat rapid degrada-different organic electrolytes are shown kig. 1L The
tion in capacity at high anodic polarizations. Nobili et al. charge—discharge behavior was found to be the best for the
[23,24] found that at the initial stages of the deintercalation system with 1 M LiPF in 50:50 EC:DEC as the electrolyte,
process the materials underwent a semiconductor-to-metalwith first- and tenth-cycle discharge capacities of 187 and
transition. The impedance response of LiNiiD different 182mAh g, respectively. The corresponding values re-
organic electrolytes was also studigth,26] The capacity ported in our earlier papg27] were 190 and 183 mAhd,
was dependent on the electrolyte salt and partly consis-respectively. However, the small variations in the capac-
tent with the ionic conductivity of the electrolyte solution ity of the products prepared in the two batches are within
[25,26] experimental error. The charge—discharge behavior of the
In this paper, we report our results on the electrochemi- product was also studied in the other electrolyte composi-
cal impedance response of LiiCop 202, synthesized by  tions. The first- and tenth-cycle discharge capacities were
a sol-gel route with maleic acid as the chelating agent, 182 and 177 mAhg! (DEC:DMC), 179 and 174 mAhtt
in LiPFg-based electrolytes containing different mixed car- (PC:DMC) and 174 and 168 mAhd (EC:DEC:DMC).
bonate solvents. Impedance spectra were interpreted using he first-cycle discharge capacities obtained with the dif-
equivalent circuit models. The capacity and cyclability of ferent mixed solvents were in the order: EC : DEC
the sol—gel derived products were also determined in the DEC : DMC > PC : DMC > EC : DEC : DMC. How-
various electrolytes. ever, the capacity fade over 10 cycles were in the order
EC:DEC:DMC (3.4%) > PC:DMC (2.8%) ~ DEC:DMC
(2.7%) ~ EC:DEC (2.7%). It can be seen that all the elec-
2. Experimental trolytes that contained DMC provided reduced capacities
for the cathode material. Apparently, DMC as an electrolyte
The synthesis of LiNjgCop 202 was carried out by a  constituent seems to limit the utilization level of the cath-
sol-gel method using maleic acid as a chelating agentode active material. Other possible electrolyte compositions
[27]. The charge—discharge properties were studied with without DMC were not studied because such commercial
2032-type coin cells with LiNjgCop 202 as the cathode and  samples were not available.
lithium metal (Foote Mineral) as the anode. The electrolytes It should be noted that the salt in all the electrolytes was
used were 1 M LiPEin (1) 50:50 (v/v) EC:DEC (Tomiyama  LiPFg. Since the electrolyte does not participate in the cell
Chemicals), (2) 50:50 (v/v) DEC:DMC (Ferro Chemicals), reaction, any contribution to capacity from the electrolytes
(3) 50:50 (v/v) PC:DMC (Tonyan Chemicals), and (4) could come from the mobility of lithium ions in the elec-
35:15:50 (v/v) EC:DEC:DMC (Ferro Chemicals). Celgard trolyte and lithium diffusion characteristics due to changes
2400 was used as the separator. The cathodes were fabriin the composition of the solid electrolyte interface. Both
cated by blade-coating an 85:10:5 slurry of LiNCay 20>, the cyclic esters, PC and EC, have high dielectric constants
carbon black and PVdF in NMP on to an aluminum foil, favoring dissolution of the salt, but their high viscosities
drying overnight at 120C in an oven, roller-pressing and impede ionic mobility. On the other hand, the low vis-
punching out circular discs. The cell assembly was done in cosity linear alkyl carbonates provide a medium for ionic
an argon-filled glove box (VAC MO 40-1), which contained transport. All the electrolytes have conductivity values in
less than 2 ppm oxygen and moisture. The cells were cycledthe 103 to 102Scni! range. Morita et al[26], who
at a 0.1°C rate between 3.0 and 4.2V in a constant cur- studied the discharge behavior of LiNiGand LiMnOg4
rent mode on a Maccor Series 4000 multi-channel battery in various mixed carbonate electrolytes, showed that the
tester. discharge capacities were generally consistent with the
The 2032-type coin cells, galvanostatically charged and conductivity of the electrolyte. The electrolytes apparently
discharged to various depths, were used for the impedancehave an effect on the utilization of the electrode material
studies. The impedance spectra were recorded using &ecause the mass transfer processes in the porous elec-
Schlumberger 1286 electrochemical interface and frequencytrode structure is influenced by electrolyte conductivity.
response analyzer (Model 1255), driven by Corrware soft- Although it is recognized that the nature of the electrolyte
ware (Scribner Associates). The frequency range was 65 kHzplays an important role in the discharge behavior of oxide
to 0.001Hz and the amplitude of the perturbation signal electrodes28-30] no explanation of the role played by
was 20mV. The impedance spectra were analyzed withthe electrolyte has emerged yet. However, Morita et al.
Z-view software (Scribner Associates). Equivalent circuit [25,26]showed that electrolyte solutions that had lower ox-
models were proposed in order to evaluate the impedanceide/electrolyte interfacial resistances gave higher discharge
parameters at different valuesxfn Li,NiggCay20s-. capacities.
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Fig. 1. Charge—discharge profiles of;NiggCoy 20, in different electrolytes: (a) 1M LiPfin EC:DEC:DMC (35:15:50); (b) 1M LiP§in PC:DMC
(50:50); (c) 1M LiPF in DEC:DMC (50:50); (d) 1M LiPFk in EC:DEC (50:50).

It is also possible that films formed on the surface of the cathode active mass. In fact, Morita efab] suggested
the cathode by the decomposition of the electrolyte could that electrolyte composition influenced the performance
influence the interfacial resistan¢®1-33] According to of LiNiO, cathodes in terms of the kinetics of lithium
Aurbach et al[34], the solid electrolyte interface formed diffusion through the electrode—electrolyte interface. The
on the surface of oxide cathodes in lithium cells influences composition of such surface films will depend on the com-
the transport of lithium ions between the solution phase and position of the electrolyte. It is pertinent to note here that
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ester exchange reactions between carbonate esters and proghich they ascribed to changes in the interlayer distance in
ucts formed thereby can also influence the surface film com-the crystal latticg25] and to the concentration of lithium
position, as has been noted with graphite and@&s36] and electron density on the surface of the oxXi8@]. The
Some of the products of such ester exchange reactions carsecond semicircle in the highly charged states is also ac-
be rather weird. EC and DMC, for example, may react to companied by a large Warburg impedance component. The
yield a mixed carbonate such as dimethyl-2,5-dioxahexanehigh-frequency features, which reflect the lithium ion mi-
carboxylate, CH(OOC-O-CH-CH,—O-COO)CH [36]. gration properties across the surface films, cannot be deci-
Thus, ester exchange reactions have the potential to drasphered at the beginning of the charging process because the
tically affect not only electrolyte properties, but also the scales are too largé-igs. 4 and b The high-frequency re-
kinetics of lithium intercalation and stability of the solid gions are, therefore, shown expandedrigs. 4c and 5¢

electrolyte interfacé37]. As can be seen from the figures, the solution resistance,
Re, does not show much dependence on the voltage at which
3.2. Electrochemical impedance spectroscopic studies the impedance spectra were recorded. Levi ef24] re-

ported similar results for thin LNig.gCay 20, electrodes at

The electrochemical reaction of a transition metal oxide different values ok during charge and discharge. Since the
electrode in a non-aqueous electrolyte involves many con- cell reaction is independent of the electrolyte, changes in the
tributing processes such as the transport of lithium ions in the lithium activity of the electrodes should have no effect on
electrolyte, charge-transfer across the electrode—electrolytethe electrolyte composition. The capacity values calculated
interface, and diffusion of lithium in the solid oxide matrix were in the order ofvF.
[21,23,24] The kinetic parameters associated with an elec- In our study, the impedance spectra recorded in the
trode material can be understood from its a.c. impedance re-partially charged and partially discharged conditions
sponse. The Nyquist plots recorded for thgNlip sCop 202 show three distinct semicircles and a low-frequency tail.
electrode in different non-aqueous electrolytes are shownThe well-defined high-frequency semicircle is associ-
in Figs. 2-5 The Nyquist plots were recorded at differ- ated with the surface film on the oxide electrode, the
ent charge and discharge states namely, partially chargednedium-frequency semicircle with the charge transfer pro-
(3.8V), fully charged (4.2V), partially discharged (3.8V) cesses across the solid electrode—electrolyte interface, and
and fully discharged +3.4V) states. The impedance the low-frequency semicircle with the electron kinetics in
plots recorded for the as-assembled cells showed a largethe solid matrix. The low-frequency tail, a Warburg type,
high-frequency depressed semicircle and a low-frequencyis attributed to the diffusion of lithium ions in the solid
tail. The high-frequency semicircle is associated with the matrix. The analysis of such electrochemical processes can
surface film on the cathode, while the Warburg tail implies be very involved, but can conveniently be interpreted with
that the electrode processes under this condition are con-equivalent circuit models.
trolled by diffusion. This behavior was seen in all the sys-  Cells cycled 10 times were also subjected to impedance
tems studied regardless of the electrolyte used. However, inmeasurements in their completely discharged states in order
their Nyquist plots for the as-assembled cells with LiNjO  to understand surface changes on the oxide cathode brought
Morita et al.[26] observed only the linear part, which they about by interaction with the electrolytes during repeated
simply ascribed to diffusion processes at the interface. charging and dischargindg-ig. 6). A comparison ofFig. 6

As lithium was deintercalated, the size of the high-fre- with Figs. 2-5shows that the impedances of the surface
guency semicircle decreased, only to increase when lithiumfilms, as reflected by the high-frequency semicircles, were
was re-intercalated. The plots also show an additional semi-much lower than those obtained with the as-assembled cells.
circle in the medium frequency region. The presence of two It is possible that the compact, high-resistancgdQs film
semicircles indicates well-separated lithium insertion steps on the pristine surface gets incorporated with other reaction
with different time constants. The high-frequency semicir- products of the oxide and with the electrolyte components
cle, as noted above, represents the impedance due to a sute form a less resistant, and possibly less compact film. Our
face film on the oxide electrode surface, while the other observations agree with those of previous researdi8is
semicircle is related to a slow charge transfer process at the The equivalent circuit models used in the present study
interface, as well as a capacitance at the film/bulk oxide in- involve a combination of resistanceR)( constant phase el-
terface. A simultaneous shifting of the medium-frequency ements Q), represented as CPEs in the circuit diagrams,
semicircle towards the origin as the deintercalation pro- and Warburg impedance, as shownFkig. 7. The num-
ceeded can also be seen. This is attributed to an increasder of ‘RQ’ elements in series used in an equivalent cir-
in the electronic conductivity of the oxide material as it cuit depends on the number of semicircles present in the
turned from a semiconductor to a metallic conductor as pro- Nyquist plot measured at each voltage. The impedance pa-
gressively more lithium was removed from[#1]. Several rameters associated with the Nyquist plots recorded at the
groups have reported similar observatigga$—24] Morita different voltages in the different electrolytes were deter-
et al. [25,26] and Choi et al.[38] reported a dip in the  mined. The typical values obtained with 1 M Li§# 50:50
impedance of LiNiO» for x values between 0.4 and 0.8, EC:DEC are presented ifable 1 Levi et al.[22] in their
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Fig. 2. Impedance spectra of INiggC0 20, in 1M LiPFg in EC:DEC (50:50): (a) charging; (b) discharging.

studies on thin LiNiggCay 20, electrodes used a model their results by incorporating electronic resistance compo-
comprised of a combination of resistances and capacitancesients with the usual parameters associated with surface film,
ascribed to the surface film and the charge transfer pro-charge-transfer and diffusion in the solid matrix. In our mod-
cesses. However, the electronic resistances were not considels below, we have included contributions from the electronic

ered[23]. Nobili et al. [24], on the other hand, interpreted resistances.
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Fig. 3. Impedance spectra of INiggC0p 20, in 1M LiPFg in DEC:DMC (50:50): (a) charging; (b) discharging.

Our Model A has a solution resistané®, a constant
phase element (CPE)D, a resistance in parallel and a

impedance plots. The number of semicircles depends on the
voltage at which the impedance spectra are recorded. The

Warburg impedance. In Model B, there are two CPEs and Nyquist plots recorded for the as-assembled cells (i.e. at

charge transfer resistande, in parallel, as shown in

x = 1 in Li;NiggCop202) were fitted according to Model

Fig. 7, corresponding to the number of semicircles in the A, irrespective of the electrolyte used. The impedance plots
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Fig. 4. Impedance spectra of ,INiggCoy 20, in 1M LiPFg in PC:DMC (50:50): (a) charging; (b) discharging; (c) expanded view of the impedance
spectrum recorded at 3.85V during discharge.

of cathodes charged to a voltage between 3.7 and 3.8 Vcomprised of a well-defined high-frequency semicircle, a
showed three semicircles, and were assigned to Modelmedium-frequency semicircle and a Warburg impedance.
C. The additional low-frequency semicircle is attributed The above behavior was explained based on Model B.
to the contribution from the electronic resistanf2]. The systems reverted to their original impedance responses
For the fully charged cathode (4.2V), the impedance plot after complete discharge to 3.0V for all the electrolyte
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Fig. 5. Impedance spectra of NiggCoy 20, in 1M LiPFg in EC:DEC:DMC (35:15:50): (a) charging; (b) discharging; (c) expanded view of the
impedance spectrum recorded at 3.85V during discharge.

solutions studied, except for the one with an EC:DEC:DMC seven charge—discharge cycles) also showed a similar en-
combination as the solvent. The reason for this pecu- larged second semicircle, masking the Warburg impedance
liar behavior is not clear. The charge transfer resistances[18].

were of the order of a few ohms, as shownTable 1 Comparing the impedance parameters derived from the
In the present impedance plot, there was no clear War- proposed equivalent circuits, the solution resistance seems to
burg tail. The impedance spectra for the cycled cells (after be almost independent of the voltage at which the impedance
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spectra were recorded. Thus, the solution resistance was infesults are in agreement with several others reported for
dependent of the state-of-charge of the cathodes. There wagransition metal oxide$19,21-24] The capacitance asso-
also no appreciable change in the impedance parametergiated with the second semicircle in the medium-frequency
with a change in the composition of the electrolyte. How- range is due to the charge transfer reaction and the asso-
ever, in a similar study on a LiNiQelectrode in different  ciated double layer capacitance at the electrode—electrolyte
organic electrolytes, where both salts and solvents were var-interface. The capacitance values for the charge transfer
ied, the electrode/solution interfacial resistance was found process were of the order of 10-20 mFcirfor all the

to be slightly dependent on the salt used in the electrolyte systems studied here at all intercalation—deintercalation volt-
[25,26] On the other hand, we found that the charge transfer ages. The large capacitance values can be related to the
resistance varied with the voltage at which the impedance porous structure and morphology of the cathode patrticles.
spectrum was recorded. As can be seen fikahle 1 R Our values for the capacitance agree with those of Levi et al.
decreased with an increase in the deintercalation level. Our[19].

ITSEI:d;nce parameters for,NiggCo 20, in 1M LiPFg in EC:DEC (50:50)
\oltage Re (2) Ry (2) Rut(R) CPE-1 CPE-2 R3®) CPE-3 Zw Warburg impedance
T P T P T P W1-R  WI-T W1-P
As-assembled 1.42 - 69.00 3.536E5 0.73 - - 78.16 0.85 041
(ocy, 3.2V)

3.63V (charging) 149 2000 3607 66226 069 00230 0.88 8.34 3235 1.35 7500 680.00 0.46

4.15V (charging) 2.17 14.74 731 72486 089 00287 075 - - - 23850 2207.00 0.61

3.85V (discharging)  2.17 14.81 333 65516 090 00124 077 - 0.350 1.01 150.00 2300.00 0.38

After full discharge  1.40 - 8150  1.810E5 0.76 - - - - - 45.00 0.75 0.43
(OCV, 3.4V)
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Fig. 7. Equivalent circuit models proposed to explain the impedance behaviorMiplgiCop 2Ozin different electrolyte systems: (a) Model A; (b) Model
B; (c) Model C; (d) a typical fit of experimental impedance data using Model C.

4. Conclusions lithium diffusion in the oxide electrode. The solution resis-
tances of the systems were found to be independent of both
Electrochemical impedance spectroscopy was employedthe lithium contenk, in Li,NiggCap20, and the electrolyte

to understand the electrode kinetics at theNip gCop 202 used. However, the charge transfer resistance was found to
electrode. Capacity of the synthesized material was evalu-be dependent or. The semicircles tended to shift towards
ated by galvanostatic charge—discharge cycling. kistu- the origin as the deintercalation proceeded.

tions (1 M) in mixed carbonate solvents such as EC:DEC, Equivalent circuit models were proposed to explain the
DEC:DMC, PC:.DMC and EC:DEC:DMC were used as the complicated impedance spectra at the various intercalation
electrolytes. The Nyquist plots exhibited semicircles cor- and deintercalation levels. The capacitance values calcu-
responding to the surface film, the charge transfer acrosslated from the impedance plots were found to agree well
the electrode—electrolyte interface and electron reaction ki- with those reported. In general, the impedance response of
netics, and a Warburg impedance spike corresponding tothe system was found to be independent of the electrolyte
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composition. However, the electrolyte had a definite effect

on the charge—discharge behavior of the cathode material.

Coin cells with 1 M LiPFk in EC:DEC (1:1 by volume) de-
livered the highest capacity and the best cyclability. With
this electrolyte, the first-cycle capacity was 187 mAtig
while the first-cycle capacities obtained with the other elec-
trolytes were between 174 and 182 mAhg
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