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Abstract

Ž . Ž .Electrochemical impedance spectra EIS are reported for rechargeable lithium cells using cathodes LiM O MsCo, Ni, and Mny x

prepared from casting and high-pressure compacting. The composite cathodes were cast from a slurry mixture consisting of 30% NMP
Ž .solvent and 70% solid 91% LiM O , 3% PVDF and 6% KS44 graphite onto a 25-mm thick Al current collector. The compactedy x

cathodes were made from the cast cathode using a laboratory press. The most compacted cathodes have the smallest impedance and the
highest specific capacity and capacity-rate. Three equivalent circuits are proposed according to the effect of compaction pressure on our
EIS results and work reported in the literature. The EIS results and relationship to the capacity and capacity-rate are discussed using these
circuits. It appears that the ohmic resistance of the composite cathode is an important factor in the overall resistance of the cell and

Ž .unfavorably affects the performance capacity and capacity-rate of the cathode. q 1998 Elsevier Science S.A.
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1. Introduction

Ž .Electrochemical impedance spectroscopy EIS is useful
w xin studying rechargeable lithium cells 1–8 , and EIS

studies have led to a better understanding of many aspects
w xof a lithium cell such as failure mechanism 1,2 , self

w x w xdischarge 3 , lithium-cycling efficiency 4,5 , interfacial
w xphenomenon between electrode and electrolyte 6,7 , and

w xlithium cation diffusion in electrode and electrolyte 8 .
However, since there are no generally accepted equivalent
circuits for lithium batteries, it is clear that we are still far
from understanding completely their EIS response. Such a
situation is probably due to EIS studies being affected by

w xmany factors. For example, it has been found 1–8 that
EIS can be affected by electrolyte, lithium, cathode materi-
als, discharge state, and even the cycle number. Among
these, the cathode perhaps has been given the least atten-
tion, partially because problems related to the lithium
anode are the main concern for commercialization of
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rechargeable lithium batteries. But, with progress in lithium
and lithium-ion battery technology, attention is shifting
gradually to the cathode and related problems.

w xIt is recognized 9–11 that the capacity of rechargeable
Ž .lithium batteries including lithium-ion is limited by the

capacity of the cathode. For instance, for lithium-ion bat-
teries, the capacity of a graphite anode can be as high as

w x570 mAhrg with small irreversible capacities 9 . This
value is much higher than capacities obtained from con-
ventional cathodes such as LiCoO , LiMn O , and LiNiO ,2 2 4 2

w xwhich are 137, 148 and 192 mAhrg, respectively 12 .
Clearly, increased capacity for lithium batteries, to a large
degree, depends on the development of a high-capacity
cathode. In fact, searching for a high-capacity cathode is

w xan active research area 9–11 . Some new materials have
w xemerged, for example, V O aerogel 11 is reported to2 5

have a specific capacity as high as 550 mAhrg and a
Žspecific energy of ;1750 Whrkg for comparison, ;600

.Whrkg for both LiCoO and LiNiO ; unfortunately,2 2

however, its cycle life must be improved before it can
become commercial.

It is important to understand the factors governing the
capacities of conventional composite cathodes based on
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LiCoO , LiMn O or LiNiO in order to take full advan-2 2 4 2

tage of these materials. The battery industry has done
tremendous work in optimizing the performance of these
conventional cathodes, but it is generally kept as a trade
secret. Nevertheless, there is some information published

w xin the literature. For instance, Kanno et al. 13 found that
there is an optimum amount of graphite which will yield
the highest capacity for a composite cathode based on

w xLiNiO ; Huang 14 found that the capacity increases with2

a decrease in LiMn O particle size.2 4
Ž .The objectives of the present study are: i to under-

stand contributions from the composite cathodes to EIS of
rechargeable lithium cells by comparing EIS results ob-
tained using different cathode materials with different

Ž .preparation methods, and ii to understand the relationship
between EIS of a cell and its capacity or capacity-rate. We
hope that these EIS studies combined with full-cell testing

Ž .may i lead to a better understanding about the effects of
components and preparation of a composite cathode on

Ž .cell performance, ii enable a way to gauge cathode
Ž .performance before full-cell testing, and iii help to pre-

pare high-performance cathodes for rechargeable lithium
and lithium-ion batteries.

2. Experimental

Ž . Ž .Ethylene carbonate EC and dimethyl carbonate DMC
were obtained from Aldrich. The mixed solvent EC:DMC

˚Ž w x.50%:50% vol. was dried in 4 A molecular sieve for
;2 weeks before use. LiPF was used as received. A 1 M6

LiPF EC:DMC solution was made in an Ar-filled glove6

box. The water content in the solution was 13 ppm, as
determined by coulometric Karl Fisher titration. The Cel-
gard 2500 separator was obtained from Hoechst Celanese.

LiCoO was obtained from Alfa. LiNiO was obtained2 2
Ž .from Honjo Chemical Japan . LiMn O was obtained2 4

Ž . Ž . Žfrom Merck Germany . Poly vinylidene fluoride PVDF
Ž ..KYNAR was obtained from Elf Atochem. KS 44
Graphite was obtained from Timcal American. The 1-

Ž .methyl-2-pyrrolidinone NMP was obtained from Fisher
Scientific.

Ž .Typically, about 15 g of the mixture 91% wt. metal
oxide, 6% KS44 graphite and 3% PVDF were mixed with
about 8 g of 1-methyl-2-pyrrolidinone in a 30 ml
polypropylene bottle, then the sealed bottle was put into a
mixer for about 12 h. The resulting slurry was cast onto a
0.025-mm thick Al foil placed on a sheet of glass, and a
doctor blade set sequentially to a gap of 0.25 mm and 0.20
mm was used to define the thickness. The resulting film
was dried in a vacuum oven at ;1208C for ;24 h, then
was cut into a ;0.75-cm diameter disk which was hot-
compacted by a hydraulic press at ;1508C. After com-
paction, the cathode was dried again in a vacuum oven at
;1508C for ;24 h. The thicknesses of the cast cathode

Table 1
Thickness of the cathodes

Ž . Ž . Ž . Ž .Pressure bar LiCoO mm LiMn O mm LiNiO mm2 2 4 2

Ž .0 cast cathode 0.085–0.092 0.076–0.092 0.076–0.097
270 0.064–0.073 0.065–0.072 0.058–0.071
540 0.061–0.063 0.061–0.065 0.056–0.065

The range of measured thickness on a sample is reported.

and cathodes compacted under 270 and 540 bar were
measured using a Mitutoyo micrometer and are summa-
rized in Table 1.

A button cell was assembled in an Argon filled glove
Ž .box. The following procedure was employed: i a Teflon

Ž .ring gasket was placed into the bottom can; ii a ;1.5-cm
diameter composite cathode disk was put into the bottom

Ž Ž .can the cathode disk contains ;0.016 g ;2.4 mAh
Ž .LiCoO , or ;0.018 g ;2.6 mAh LiMn O , or ;0.0212 2 4

Ž . . Ž .g ;4 mAh LiNiO ; iii a ;1.7-cm diameter separator2
Ž .Celgard 2500 was placed concentric on the face of the

Ž . Ž .cathode; iv the liquid electrolyte ;0.06 ml was loaded
Ž .on the surface of the separator; v a ;1.5-cm diameter

Žlithium disk ;0.75-mm thick, weighing ;0.075 g, ;
. Ž .285 mAh was put on top of the separator; vi a home-

Žmade spring using Chromel A, B & S size 26, Hoskins,
. Ž .Detroit was placed on top of the lithium disk; vii a lid

Ž .can was placed on the top of the spring; and finally; viii
the button cell was compressed and sealed using a home-
made, button-cell press. The impedance was measured on
a discharged cell using the PAR M398 impedance software
to control a PAR Model 273 potentiostat and an EG&G
Model 5210 lock-in amplifier in the frequency range 0.1
Hz to 100 kHz. The EIS data were fit by the Equivalent

Ž .Circuit software Version 3.96 supplied by EG&G. The
full-cell cycling tests at constant charge or discharge cur-

Žrent were carried out using an Arbin battery cycler Model
.BT2042 .

3. Results

Fig. 1 shows EIS results of lithium cells at their dis-
Ž . Ž .charged state using a LiNiO cathode a cast, b 270-bar2

Ž .compacted, and c 540-bar compacted. The inset in Fig.
1b is an enlargement of the region below 60 V and that on
Fig. 1c is an enlargement below 80 V. The cell using the
cast cathode shows large impedances at low frequencies.

Ž .The line in this and all Nyquist diagrams is the best-fit
result using the proposed equivalent circuit, which is dis-
cussed later. The EIS of the cycled cells was obtained after

Ž 2 .three cycles at Cr40 ;0.057 mArcm followed by four
Ž 2 .cycles at 3Cr40 rate ;0.17 mArcm . The resistance

Ž .i.e., the radius of Arc A and Arc B decreases with
increase in compaction pressure for the uncycled cells, but
it appears independent of pressure for the cycled cells.
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Fig. 1. EIS of discharged lithium cells after 0 and 7 charge–discharge
Ž . Ž .cycles. The cells use a LiNiO cathode prepared from a casting, b2

Ž .270-bar compaction, and c 540-bar compaction. The vertical dashed line
intersecting the cusp-like point on the solid line demarcates the boundary

Ž . Ž .of Arcs A and B. Thus, in the inset of b and c , the two arcs are shown
for the cycled cell and the main figure indicates the same for the uncycled
cell.

Fig. 2. Charge and discharge behavior of rechargeable lithium cells using
Ž . Ž .a LiNiO cathode prepared from a casting, and b 270- or 540-bar2

compaction. The voltage drops below the set-point of 2.5 V on discharge
because data acquisition and control speed is not sufficiently fast.

Most of the EIS results obtained in this study may be
divided into two arcs: Arc A corresponds to the higher-

Ž .frequency semicircle typically, 300 Hz-v , and Arc B
Žcorresponds to the lower-frequency semicircle typically,

.0.1 Hz-v-10 Hz . Note that Arc B for the uncycled
cells does not develop fully in the measured frequency
range.

The uncompacted-cathode cell could not be cycled, e.g.,
Fig. 2a shows the unstable behavior using a cast LiCoO2

cathode at Cr100; Fig. 2b shows, in contrast, the well-be-
haved, charge-discharge behavior for a cathode compacted
at 270 or 540 bar. The cell using a 540-bar-compacted
cathode showed the largest capacity, which can be seen
more clearly in the capacity dependence on cycle number
shown in Fig. 3. After ;7 cycles, the cell using a
540-bar-compacted cathode has a ;15% higher capacity
than the cell using a 270-bar-compacted cathode.

Fig. 4 shows the specific-capacity dependence on the
Ž .capacity-rate C rate for uncycled and cycled lithium cells

using 540-bar-compacted LiNiO , LiCoO or LiMn O2 2 2 4

cathodes. An uncycled cell in this context means that the
Žcell was discharged for the first, second, or third time see

.caption . The capacity decreases more rapidly with increas-
ing C rate for the LiNiO fresh cell than for its corre-2

sponding cycled cell. This phenomenon can be correlated
to the large difference in the radius of Arc B in the
Nyquist diagram for the cycled and uncycled cells seen in
Fig. 1. This correlation suggests that Arc B is somehow
related to lithium diffusion within the composite cathode
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Fig. 3. Capacity dependence on cycle number for lithium cells using a
LiNiO cathode at various C rates. For the LiNiO , cathode compacted2 2

at 270 bar, ;145 and ;130 mAhrg capacities were obtained with
Ž 2 . Ž 2 .;Cr40 ;0.057 mArcm and ;3Cr40 ;0.17 mArcm rates,

respectively. For the LiNiO cathode compacted at 540 bar, ;167,2

;155, and ;149 mAhrg capacities were obtained with ;Cr40
Ž 2 . Ž 2 . Ž;0.057 mArcm , ;Cr20 ;0.11 mArcm , and ;3Cr40 ;

2 .0.17 mArcm rates, respectively.

w xbecause lithium diffusion determines the C rate 15 . In
contrast, the capacity dependence on C rate was similar
for the uncycled and cycled cells using LiCoO and2

LiMn O cathodes. Correspondingly, there is a much2 4

smaller difference in the radii of Arc B for these two
materials. We will discuss this phenomenon later in detail.

Fig. 5 shows the EIS results of lithium cells at their
Ž .discharged state using LiCoO cathodes prepared from a2

Ž . Ž .casting; b 270-bar compaction; and c 540-bar com-
paction. The EIS of the cycled cells were obtained after 15

Ž 2 .cycles at a Cr12 rate ;0.11 mArcm . Similar to the
cell using a LiNiO cathode, the resistance is very large2

Žfor the cell using the cast cathode. The resistance radius
.of Arc A and B decreases with increase in compaction

pressure for the uncycled cells, but it becomes similar for
the cycled cells. Arc A for the cycled cells seems to be
better-defined than those of the uncycled cells.

Fig. 6 shows the charge and discharge behavior of
lithium cells using a LiCoO cathode prepared with 270-2

Fig. 4. Specific capacity dependence on capacity-rate for rechargeable
lithium cells using LiNiO , LiCoO , and LiMn O cathodes compacted2 2 2 4

at 570 bar. The results for ‘uncycled’ cells are for the initial discharge at
the specified C rate and were obtained at sequentially decreasing rate.
The results for cycled cell were obtained after at least seven cycles.

Fig. 5. EIS of discharged lithium cells after 0 and 15 charge–discharge
Ž . Ž .cycles. The cells use a LiCoO cathode prepared from a casting, b2

Ž .270-bar compaction, and c 540-bar compaction.

Ž .or 540-bar compaction. It was found not shown that a
cell using a cast cathode could not be charged and dis-

Žcharged, even at a rate as slow as Cr100 ;0.014
2 .mArcm . The cell using a 540-bar-compacted cathode

shows a relatively high capacity, which is seen more
clearly in Fig. 7. After ;12 cycles, the cell has a ;12%
higher capacity than that using a 270-bar-compacted cath-
ode.

Fig. 8 shows the EIS results of lithium cells at their
discharged state using a LiMn O cathode prepared from2 4
Ž . Ž . Ž .a casting; b 270-bar compaction; and c 540-bar com-
paction. The EIS of the cycled cells was obtained after

Ž 2 .eight cycles at a Cr13 rate ;0.11 mArcm . Similar to

Fig. 6. Charge and discharge behavior of rechargeable lithium cells using
a LiCoO cathode prepared with 270- or 540-bar compaction.2
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Fig. 7. Capacity dependence on cycle number for lithium cells using a
LiCoO cathode. For the LiCoO cathode compacted at 270 bar, the2 2

Ž 2 .capacity-rate was Cr24 ;0.057 mArcm from the 1st to 4th cycle
Ž 2 .and ;Cr12 ;0.11 mArcm afterwards. For the LiCoO cathode2

Ž y2 .compacted at 540 bar, the capacity-rate was Cr24 ;0.057 mArcm
Ž 2 .from the 5th to 8th cycle and ;Cr12 0.11 mArcm afterwards.

the other two cathode materials, the impedance for the cell
using the cast cathode is large at low frequencies. Again,

Ž .the resistance radius of Arc A and Arc B decreases with
increase in compaction pressure for the uncycled cells, but
becomes similar for the cycled cells.

Fig. 9 shows the charge and discharge behavior of
lithium cells using a cast LiMn O cathode compacted at2 4

Fig. 8. EIS of discharged lithium cells after 0 and 8 charge–discharge
Ž . Ž .cycles. The cells use a LiMn O cathode prepared from a casting, b2 4

Ž .270-bar compaction, and c 540-bar compaction.

Fig. 9. Charge and discharge behavior of rechargeable lithium cells using
a LiMn O cathode prepared with 540-bar compaction. The cut-off2 4

voltages were 4.2 V for charge and 2.5 V for discharge. The capacity-rate
Ž 2 .was Cr13 ;0.11 mArcm .

Ž 2 .540 bar and cycled at a Cr13 rate ;0.11 mArcm . It
Ž .was found not shown that a cell using a cast cathode

could not be cycled, even at a rate as slow as Cr100
Ž 2 .;0.015 mArcm . The lithium intercalation and deinter-

Ž q ycalation reaction at ;2.9 V LiMn O qxLi qxe m2 4
Ž ..Li Mn O 0-x-1 is not reversible, which con-1qx 2 4

w xfirms a previous finding 16 . This irreversibility lowers
Ž .the reversible capacity ;4 V most likely because of an

adverse effect on the spinel structure of LiMn O .2 4

Fig. 10 shows the charge and discharge behavior of a
rechargeable lithium cell using a LiMn O cathode at2 4

Ž 2 .Cr13 rate ;0.11 mArcm with the cut-off voltage of 3
Ž . Ž .V discharge and 4.2 V charge . Note that, in contrast to

Fig. 9, there is no capacity decline. Clearly, a cell based on
a LiMn O cathode can not be cycled below 3 V. The2 4

lithium cell using 540-bar-compacted cathode showed the

Fig. 10. Charge and discharge behavior of rechargeable lithium cells
using a LiMn O cathode prepared from 540-bar compaction. The cut-off2 4

voltages were 4.2 V for charge and 3 V for discharge. The C rate was
Ž 2 .Cr13 ;0.11 mArcm .
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Fig. 11. Capacity dependence on cycle number for lithium cells using a
LiMn O cathode. For the 540-bar-compacted-cathode cell cycled be-2 4

Ž 2 .tween 3 and 4.2 V, the C rates were ;Cr13 ;0.11 mArcm for
Ž 2 .cycles 1 to 10, ;Cr26 ;0.057 mArcm for cycles 12 to 15, ;Cr9

Ž 2 .;0.17 mArcm for cycles 15 to 46. For the 540-bar-compacted-
cathode cell cycled between 2.5 and 4.2 V, the C rates were ;Cr13
Ž 2 . Ž 2 .;0.11 mArcm for cycles 1 to 14, ;Cr26 ;0.056 mArcm for

Ž 2 .cycles 15 to 19, ;Cr9 ;0.17 mArcm for other cycles. For the
270-bar-compacted-cathode cell cycled between 2.5 and 4.2 V, the C rate

Ž 2 . Žwas ;Cr26 ;0.056 mArcm for cycles 6 to 9, ;Cr9 ;0.17
2 .mArcm for other cycles.

highest capacity, which can be seen more clearly in Fig.
11.

4. Discussion

4.1. Electrochemical impedance spectra

4.1.1. Uncycled cells
Ž .An interesting EIS result Figs. 1, 5 and 8 is that the

radius of Arc A for uncycled cells decreases with increase
in compaction pressure. This observation suggests that Arc
A, to a degree, may be ascribed to the cathode compaction,
which has not been previously reported to our knowledge.

w xIn past studies 2,17,18 , the high-frequency semicircle
Ž .Arc A was considered mainly to originate from the
interfacial impedance of the lithium anode. Since Arc A
was in the relatively high-frequency range, the cathode
contribution to Arc A might be from compaction of the
cathode in a thin layer adjacent to the electrolyte. Under
the high-compaction pressure, the surface coverage of
PVDF on the metal oxide and carbon particles can de-
crease and, consequently, effect a decrease in resistance
Ž .i.e., radius of Arc A . Arc A may also contain a contribu-
tion from a passive film on the oxide particle surface
Ž .caused by the reaction between oxide and electrolyte .
Therefore, in our following proposed circuit model, contri-
butions from the surface layer of the composite cathode
are also considered.

Arc B also decreases with increase in compaction pres-
Ž .sure Figs. 1, 5 and 8 . In view of Arc B being in the

low-frequency range, this decrease suggests that Arc B
mainly contains a contribution from compaction within the
composite cathode, i.e., the inter-particle contacts such as

oxide–oxide, carbon–oxide, and carbon–carbon grain con-
tacts. This suggestion differs from the view of Popov et al.
w x18 of the low-frequency semicircle who considered that
Arc B for a LirBCX cell was a Warburg impedance
caused by the Lirelectrolyte interface, as evidenced by the
ascending slope of ;458 of Arc B at the real axis. Any
contribution from the cathode was ruled out because the
slope for a Warburg impedance for a porous electrode

w xwould be 22.58 19 .
We attribute Arc B mainly to cathode effects because

its radius decreases with compaction pressure. The slope of
the ascending portion of Arc B is in the range 39–558

Ž .except for Fig. 8b for all cathodes which indicates a
w xcommon physical origin, e.g., inter-particle contact 1 .

The lower angle of ;178 in Fig. 8b is probably due to
overlap between Arc A and Arc B.

As mentioned above, the PVDF binder should be an
important factor in explaining the effect of compaction
pressure on Arc A and Arc B for the uncycled cells. It is
reasonable to assume that the PVDF coverage of the oxide
and carbon particles diminishes as the composite cathode
is compacted at an increasing pressure. A large PVDF
coverage on the oxide and carbon particles would lead to
poor inter-particle contact and, consequently, a low elec-
tronic conductivity, which will have an adverse effect on
the capacity and capacity-dependence on C rate. We dis-
cuss this point in Section 4.2.

4.1.2. Cycled cells
It appears that the compaction pressure has no effect on

EIS results for cycled cells. This observation suggests that
PVDF is no longer a factor in causing a large resistance.
This is a reasonable inference because PVDF can swell in

w xan electrolyte solution 20 . Because PVDF is plasticized
by the electrolyte, its ionic resistance should decrease
substantially. In addition, the cathode passive film can be

w xdestroyed during the discharge process 3,18 , which will
also effect a smaller resistance. In view of this discussion,
it is not surprising to see a decrease in the radii of Arcs A
and B for cycled cells. It should be pointed out that
electronic conductivity in the composite cathode should
not be effected by PVDF swelling with electrolyte. It is
also reasonable to expect that the inter-particle contact
does not change substantially upon cycling. Actually, it is
our opinion that the compaction pressure strongly effects
the inter-particle contact, as discussed in Section 4.2.

It seems that Arc A in a cycled cell mainly contains
contributions from the passive film on the lithium anode,
and Arc B mainly contains contributions from grain
boundaries in the composite cathode. However, there are
still some differences among the Arcs A obtained from the
cycled cells, which are discussed further below.

Ž .For the cycled cells using a LiCoO cathode Fig. 5b ,2

it appears that Arc A is a well-defined semicircle. Such
behavior is not surprising because the EIS is also a well-
defined semicircle for a cell LirelectrolyterLi after pas-
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Fig. 12. The proposed equivalent circuit models. Model A is for uncycled
cells. Model B is for cycled cells using LiNiO and LiMn O cathodes.2 2 4

Model C is for LiCoO -based-cycled cell at 270 bar.2

sage of 0.1 Ah, followed by 24-h open-circuit equilibration
w x2 . This observation is indirect support for our argument
that Arc A is mainly caused by the interfacial impedance
between lithium and electrolyte.

For the cycled cells using LiMn O and LiNiO cath-2 4 2

odes, Arcs A are not well-defined semicircles which sug-
gests that there remains a contribution from the passive
cathode film. If there is a contribution to Arc A from the

cathode, this suggests that LiNiO and LiMn O are so2 2 4

reactive that the cathode passive film is reformed within a
short time after discharge.

4.1.3. EquiÕalent circuit model
Considering the above discussion on the origin of Arcs

w xA and B, as well as the studies of Koksbang et al. 1 ,
w x w xNarayanan et al. 2 , Thomas et al. 17 , and Popov et al.

w x Ž .18 , the proposed equivalent circuit models ECM are
Ž .shown in Fig. 12a uncycled cells , Fig. 12b and Fig. 12c

Ž . Žcycled cells . These ECMs are divided into Part A fitting
. Ž .Arc A and Part B fitting Arc B . In Part A, R is theel

resistance of electrolyte; R and C are the resistance andin in

capacitance of the passive film of the lithium surface,
respectively; R and C are the charge-transfer resistancect dl

and double-layer capacitance of the lithiumrelectrolyte
interface, respectively; R and C are the resistance andcin cin

capacitance of the passive film on the cathode surface,
respectively. In Part B, R , Q , and n are, respectively,cat cat

Ž .the resistance, the constant phase element CPE
impedance, and corresponding power factor related to the
porous composite cathode. A CPE is commonly used to
describe the complicated EIS results from a porous elec-
trode, which is evidenced by Arc B generally not being a

Ž .well-defined semicircle Figs. 1, 5 and 8 . The contribution
from charge-transfer resistance for the lithium intercalation
process can be neglected because it is small compared with

w xother contributions 1 .

Table 2
Results from fitting the obtained EIS data to the equivalent circuits shown in Fig. 12

6 6 6 b 3Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .Bar Cycle R V C =10 F R V R V C =10 F R V C =10 F R V Y =10 mho nel in in ct dl cin cin cat cat

( )a LiNiO2
cŽ .0 cast 0 10

19d270 0 17.9 0.4 12.4 32.3 7.26 69.1 0.44 10 2.56 0.59
7 11 1.9 7 3 33.4 33 5.0 0.8

540 0 19.4 1.57 7.77 11.5 95 28.1 6.4 4189 2.82 0.67
7 8.1 1.6 7.8 3.3 78.5 80.9 8.7 0.67

( )b LiCoO2
cŽ .0 cast 0 9

a a a270 0 25 1.1 42 35 11 11 0.9
15 7 1.1 17 21 3.28 0.9

a a a540 0 40 9.5 14 7 100 15 0.4
15 7 1.3 7 2 101 37 4.75 0.9

( )c LiMn O2 4
cŽ .0 cast 0 12

270 0 22 0.91 47.3 15.8 11 16.3 0.27 236 1.49 0.43
e e e8 19 0.27 21 33 152 25 4

540 0 10.2 5.51 24 20 37.9 5 3.5 200 8.9 0.46
8 10.1 0.3 35.5 11.8 25.3 67.7 57.5 0.62

a The data were collected in the frequency range 100 kHz to 10 Hz in which Arc B did not develop well enough to fit R and Q .cat cat
b y1Ž .ynQ sY jv .cat cat
c These EISs were not fitted because Arcs A and B did not separate well. It was found that the spectra changed little either after the cells were stored at
room temperature for weeks or after the cells were heated at 608C for several hours. This observation suggests that most of the cathode particles are
covered completely by a PVDF film since the plasticized PVDF did not cause a significant decrease in the impedance.
d This large resistance is not physically meaningful but results from forcing a fit for Arc B.
eArc B did not develop well enough to fit R and Q in the frequency range 100 kHz to 0.1 Hz.cat cat
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The fitting results are summarized in Table 2. The
parameters obtained from the fitting concur with the above
discussion. For instance, R and R of the uncycledcin cat

cells using 270-bar compacted cathodes are larger than
those of uncycled cells using 540-bar compacted cathodes.
In contrast, R and R for the cycled cell have no suchcin cat

tendency.

4.2. Cell capacity and its relation to EIS results

The capacities of the cathodes studied are quite good.
For example, the capacity for LiMn O is around ;962 4

Ž w x.mAhrg ;65% of its theoretical value 148 mAhrg 12
at ;Cr9 after ;50 cycles. This capacity is near the

Ž . w xpractical limit ;110 mAhrg 21 . The capacity of
ŽLiCoO is ;106 mAhrg ;77% of its theoretical value2

w x.137 mAhrg 12 at ;Cr12 rate after ;50 cycles. The
Žcapacity of LiNiO is ;135 mAhrg 70% of its theoreti-2

w x.cal value 192 mAhrg 12 at ;Cr10 after ;40 cycles.
There is, however, a need to improve the capacity at

higher C rates for LiNiO . As seen in Fig. 4, it has the2

greatest decrease in capacity with C rate. This observation
does not seem congruent with lithium diffusion coeffi-
cients available in the literature. The capacity dependence

Ž .on C rate should be the least or comparable for cells
using LiNiO compared with LiCoO and LiMn O cath-2 2 2 4

odes because the lithium diffusion coefficient in LiNiO is2
y7 2 y1 w x Ž y8 2 y1 w x.;2=10 cm s 22 or ;10 cm s 23 the

Ž .highest or comparable value among the studied cathode
w xmaterials 15 . This unexpected result may be caused by

the LiNiO particles being the largest, as suggested by the2

fact that the cast or compacted LiNiO cathode was the2
Ž .roughest among the three Table 1 . A large particle size

usually results in a poor C rate because the specific
w xsurface area of the particle is small 21 .

The correlation between the capacity and EIS results is
clear: cells using cathodes compacted at 540 bar show the
highest capacity and the smallest resistance for the uncy-

Ž .cled cell i.e., smallest radii of Arc A and Arc B , and cells
using a cast cathode show essentially a zero capacity and
an exceptionally large resistance. These results may be
attributed to the effect of compaction pressure on the
PVDF binder: PVDF can result in poor inter-particle con-

Ž .tact i.e., oxide–oxide, carbon–oxide, carbon–carbon if
the composite cathode is cast only or compacted at a low
pressure. The poor oxide–oxide inter-particle contact will
lead to poor lithium transport between the oxide particles;
but poor inter-particle transport is unlikely to be the origin
for observing the correlation between capacity and EIS
results because the liquid electrolyte provides the predomi-
nant pathway for lithium diffusion into the active oxides.
The carbon–oxide and carbon–carbon inter-particle con-
tact is thought to be the physical origin for the observed
pressure–performance correlation. Poor carbon–oxide and
carbon–carbon inter-particle contact will lead to a poor
electronic conductivity in the composite cathode, which is

confirmed by the observation that the measured apparent
Želectronic conductivity of the cast LiMn O cathode ;2 4

y7 y1.10 Scm is much smaller than that obtained with the
Ž y4 y1.540-bar-compacted LiMn O cathode ;10 Scm .2 4

ŽThe electronic conductivity of the composite cathode was
estimated from the resistance measured for a composite

.cathode disk placed between two metal plates. In addition,
oxide particles covered completely by PVDF will not be

Žavailable in the charge and recharge process no electronic
.conductive path . From this point of view, to obtain good

performance from the composite cathode in lithium batter-
ies, a cast cathode must be compacted even though com-
paction will decrease the porosity. The compaction is good
if Arc B is smallest, and the expected capacity will be
high.

4.3. C rate and its relation to EIS results

Combining the information in Figs. 1 and 4, as well as
Table 2, a correlation is seen between R and the capac-cat

Ž .ity dependence on C rate. The capacity decrease Fig. 4
with increasing C rate for the uncycled cell using a
LiNiO cathode is greater than for the corresponding2

cycled cell. Commensurately, R for the uncycled cellcat

with a LiNiO cathode is 288 times larger than that for the2
Ž .cycled cell 4189 vs. 18 V . That is, the higher C-rate

performance corresponds to the smaller R . This is prob-cat

ably because liquid electrolyte does not penetrate into the
PVDF film covering the LiNiO particle in the uncycled2

Ž .cells in the time frame of the experiment , and, hence,
limiting the active oxide accessible for charge and dis-
charge. The dramatic decrease in the resistance R sug-cat

gests that electrolyte has wetted the PVDF film in the
cycled cells. The wetted composite cathode will have
higher apparent lithium diffusion coefficient which can

w xeffect a higher C rate 15 .
For the LiCoO - and LiMn O -based cells, the liquid2 2 4

electrolyte may penetrate into these two composite cath-
odes relatively fast perhaps because the PVDF film cover-
ing the particles is thinner. This is supported by the

Ž .observation that R Table 2 of the uncycled cells forcat

LiMn O -based cells are only several times larger than2 4
Žthose of the cycled cells. Data were not collected for

.LiCoO at sufficiently low frequency to fit R . There-2 cat

fore, in the tested C-rate range, the capacity dependence
on C rate is similar for the uncycled cell and cycled cells.
Perhaps, a difference can be seen at a higher C-rate than
studied here.

5. Conclusions

The high-frequency arc of EIS results obtained from
lithium cells studied is due to a combination of the
Lirelectrolyte and cathoderelectrolyte interface, and that
the low-frequency arc is due to grain boundaries in the
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composite cathode. To ensure high capacity at a high C
rate, the resistance of the uncycled cell at low frequencies
must be as small as possible. This implies that the perfor-
mance of lithium cells can be gauged by EIS without
cycling the cell, which may save time in the development
of high-capacity lithium batteries. The cast cathode must
be compacted prior to its use, even though the compaction
will decrease the cathode porosity. Of course, the com-
paction pressure cannot be increased without limit because
too little porosity in the composite cathode will cause a
performance decline. The liquid electrolyte absorbed by
the binder PVDF is critical for the performance of the
composite cathode.
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