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Low-Temperature Characterization of Lithium-Ion Carbon
Anodes via Microperturbation Measurement
Chunsheng Wang,a,* ,z A. John Appleby,a,* and Frank E. Little b

aCenter for Electrochemical Systems and Hydrogen Research andbCenter for Space Power,
Texas Engineering Experiment Station, Texas A&M University, College Station, Texas 77843-3118, USA

The low-temperature performance limits of Johnson Matthey~JM! 287 graphite and mesocarbon microbead~MCMB! 6-10 coke
were investigated using galvanostatic intermittent titration~GITT! and electrochemical impedance spectroscopy. The poor low-
temperature (230°C) performance of graphite insertion anodes results from a low lithium insertion capacity because polarization
or overpotential is higher than the stage transformation plateau potential. This results in a shorter plateau potential region
containing the lithium-rich stages,e.g., Li0.33C6 , Li0.5C6 , and Li1C6 . Overall, there is an incomplete transformation from Li-poor
to Li-rich stages when the cutoff potential is limited to 0.0 V~vs. Li/Li 1! to avoid metallic lithium deposition. The good
low-temperature performance of MCMB 6-10 coke is attributed to the smooth change of equilibrium Li content as a function of
potential. The high polarization only decreases Li insertion capacity by a small percentage. At room temperature, stage transfor-
mation is the rate-controlling step of electrochemical Li insertion-extraction kinetics for JM 287 graphite. However, at230°C the
resistance of solid electrolyte interphase film increases by a factor of over 27, and becomes limiting.
© 2002 The Electrochemical Society.@DOI: 10.1149/1.1474427# All rights reserved.
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Lithium-ion batteries are now widely used in civilian applic
tions such as portable telephones and lap-top computers, in w
they are typically operated at moderate temperatures and r
However for aerospace applications, good low-temperature pe
mance and high-power density are required. Generally the c
show poor electrochemical kinetics in power pulses, especiall
low temperature (,230°C). Poor low-temperature performance
mainly due to carbon electrode activity,1,2 which has been attributed
to poor solution transport at the solid electrolyte interphase~SEI!,2

high charge-transfer resistance, or low Li diffusivity into carbo1

rather than to Li-ion conductivity in liquid electrolytes.1-3 The dif-
ferent low-temperature rate-controlling mechanisms suggested
carbon anodes based on previous low-temperature studies r
from the use of simple galvanostatic charge-discharge measurem
of poor diagnostic ability,1-3 which only give the total reaction re
sistance. More powerful diagnostic techniques are therefore ne
for investigating the reactions.

Micropertubation techniques such as electrochemical impeda
spectroscopy~EIS! and galvanostatic intermittent titration~GITT!
with microcurrent are effective for the determination of reacti
kinetics. EIS can give individual reaction resistances for each ste
their time constants are resolvable, and therefore may be use
determine the reaction kinetics for electrochemical Li insertion i
carbon as a function of temperature.4,5 GITT can give the equilib-
rium potential and total reaction resistance for lithium insertio
extraction as a function of lithium content if the current is small a
the relaxation time is sufficiently long for the equilibrium potent
to be attained.4 In this work, the kinetics of Li insertion-extraction
into Johnson Matthey~JM! 287 graphite and mesocarbon microbe
~MCMB! 6-10 coke at room and low-temperature (230°C) have
been investigated using EIS and GITT.

Experimental

Electrode and cell preparation.—JM 287 graphite powder
~Johnson-Matthey, particle diameterca. 15 mm, Brunauer-Emmett-
Teller ~BET! area.13.5 m2 g21! and MCMB 6-10 coke~ca.6 mm,
3.23 m2 g21! were used as intercalation anode materials. Compo
graphite electrodes sandwiched between two nickel screen cu
collectors were prepared as in previous work from a mixture of
wt % JM 287 ~ca.50 mg!with 10 wt % each of carbon black an
polyvinylidene fluoride binder in 1-methyl-2-pyrrolidinone solven
However, 92 wt % MCMB 6-10~ca. 80 mg! with 8 wt % polyvi-
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nylidene fluoride binder in 1-methyl-2-pyrrolidinone solvent w
used to prepare the coke electrode. After drying overnight at 110
the 2.0 cm2 geometric area, 0.8 mm thick electrodes were presse
the configuration shown previously.4,5 Electrochemical measure
ments were conducted in a three-electrode polytetrafluoroethy
~PTFE!cell. Two lithium foils were used as both counter and ref
ence electrodes. All potentials given arevs. the Li/Li1 reference
electrode in the electrolyte used,i.e., 1.0 M lithium hexafluorophos-
phate (LiPF6) in a 4:1:3:2 by volume ethylene carbonate~EC!-
propylene carbonate~PC!-dimethylcarbonate~DMC!-ethyl methyl
carbonate~EMC! mixture ~high purity lithium battery grade, Mit-
subishi Chemical Company!. To determine the solidification tem
perature of the electrolyte, a sample was sealed in a glass tube
glove box, then exposed for 3 days at220°C, then at230°C. The
above electrolyte remained completely liquid at220°C, and only a
small amount of the solid phase at the bottom of the tube was
served at230°C.

Electrochemical cells were assembled in an argon-filled gl
box. Charge~lithium intercalation! and discharge~lithium extrac-
tion! characteristics were measured between10.0 and11.5 V at
constant current using an Arbin Instruments~College Station, TX!
automatic battery cycler. The graphite sandwich electrode
charged/discharged on one side only, and the intrinsic resistanc
the electrode was approximately calculated from the ratio of tra
electrode voltage to the dc current passed~10 mA for JM 287, 1 mA
for MCMB 6-10!.4,5 Two identical JM 287 graphite anodes~JM1
and 2!and one MCMB 6-10 coke anode were used. The JM1 an
was first charged-discharged at 25°C for two cycles using GITT a
series of intermittent charges or discharges at 5 mA/g for 4 h with
the electrode at open circuit for 2.0 h between each. Its reaction
intrinsic impedances were then measured during the third charg
200, 115, and 75 mV. After discharge to 1.5 V, it was cooled a
maintained at230°C for 2 days. Its EIS were then taken on char
to the above three potentials, and its rate capability then determi
The JM2 anode was first charge-discharged at230°C for two com-
plete cycles under GITT conditions at 2 mA/g in the first cycle a
0.8 mA/g in the second cycle for 4 h each, with 2.0 h on open circ
between each. Its EIS were measured in the third charge to 200,
and 75 mV. After discharge to 1.5 V, it was heated and maintaine
25°C for 2 days, and its EIS was again taken on charge to the s
potentials. The MCMB 6-10 coke anode was GITT charg
discharged at230°C at a current of 0.7 mA/g for 4 h, with 2 h at
open circuit between each charge in the first and third comp
) unless CC License in place (see abstract).  ecsdl.org/site/terms_userms of use (see 
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cycles. However, it was given normal galvanostatic char
discharge at 0.7 mA/g at230°C in the second cycle. In the fourt
charge to 75 mV at230°C, its reaction and intrinsic impedance
were measured by EIS, following which its rate capability was m
sured at230°C.

GITT measurements.—Lithium was inserted into or extracte
from the graphite anode in a series of intermittent charges or
charges at the above mentioned current for 4.0 h, the electrode b
held at open circuit for 2.0 h between each charge/discharge.
potential was logged at regular time intervals by computerized d
acquisition. The total reaction resistance of lithium insertio
extraction as a function of lithium content was directly calcula
from the ratio of overpotential to charge-discharge current since
intermittent currents were small and the 2.0 h of relaxation time w
sufficiently long for an effective equilibrium potential to be attaine
The intrinsic resistance at different Li content was calculated fr
the ratio of trans-electrode voltage to the dc current passed.

EIS measurements.—In each case, this was taken over the
kHz to 1.0 mHz frequency range at a potentiostatic signal amplit
of 5 mV, using a Solartron 1250 frequency response analyzer~FRA!
and a Solatron model 1286 electrochemical interface. Measurem
were performed after electrodes were left on open circuit for 2 h for
potential stabilization. For electrochemical reaction kinetic meas
ment, the signal was applied to the current collector on both side
the electrode. For intrinsic resistance measurements, the EIS
measured between the two sides. All reactions and intrinsic re
tances, whether measured from EIS or GITT, were normalized to
weight of the electrode. Fitting of impedance spectra to the propo
equivalent circuit was performed by using the codeZview ~Version
1.4, Scribner Associate, Inc.!.

Results and Discussion

GITT and intrinsic resistance measurement of JM 287 ano
during the first and second charge-discharge cycles at 25
230°C.—GITT was applied to JM 287 anodes at 25 and230°C to
investigate the reaction kinetics and intrinsic resistance during
first and second Li insertion-extraction cycle. This procedure w
used because a pronounced increase in the cycle life of gra
anodes was observed when the passive SEI layer was formed a
temperatures.6 Figure 1 shows the typical potential and intrinsic r
sistance as a function of capacity for the first and second cha
discharge cycles of the JM1 anode at 25°C under GITT conditio
The open-circuit potential, reaction and intrinsic resistances of
material at different Li insertion-extraction levels in the first a
second charge-discharge cycles at 25°C~JM1! and 230°C ~JM2!
are shown in Fig. 2. Previous reaction resistance study using G
measurements at 25°C showed that 2 h of relaxation time afte
termittent charge-discharge at 5.1 mA/g is sufficiently long for J
287 graphite to reach equilibrium potential.4 However, this may not
be true at230°C when the reaction resistance is over ten tim
higher. Therefore, an intermittent current of 2.0 mA/g at230°C was
used instead of the 5 mA/g value at 25°C. Although a 2.0 h re
ation time with 4.0 h, 2.0 mA/g intermittent charge/discharge c
ditions may still be insufficient to reach true equilibrium at tempe
ture under 230°C, the reaction resistance as measured
nevertheless very useful for a relative comparison of the reac
kinetics at different temperatures and different Li insertion levels
the first cycle. A further decrease in the GITT current or a furth
increase in the relaxation time in the first Li insertion-extracti
cycle at230°C is limited by the time required to fully charge th
electrode to 0.0 V to 450 mAh/g~Fig. 2a!under this regime. This is
because the continued growth of the SEI film during the first cy
which makes results obtained at long times sufficiently differen
prevent direct comparison. A final problem with long total chargi
times is the increasing anode self-discharge. Because the capac
the second cycle is much smaller~220 mAh/g!, the current for the
JM2 anode was decreased to 0.8 mA/g to more closely approac
 address. Redistribution subject to ECS te129.2.180.179nloaded on 2018-02-02 to IP 
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equilibrium potential and give a more accurate reaction resista
More accurate reaction kinetics investigated by EIS are given
later section and compared with GITT results. The results show
Fig. 1 and 2 may be summarized as follows

1. At 25°C, the reaction resistance of anode JM1 during the
charge from 1.0 to 0.2 V behaved in a manner similar to the op
circuit potential~Fig. 2a!, and the overpotential in the first char
from 1.0 to 0.2 V was higher than that in the second charge~Fig. 1!.
This result suggests that the solvent co-insertion and SEI film
mation controls the reaction rate for initial Li insertion. As wa
previously suggested,7 the two potential plateaus at around 1.0 a
0.7 V during initial Li insertion into the JM1 anode resulted from
combination of solvent co-insertion and electrolyte decomposit
~i.e., SEI formation!. Below 0.2 V, the reaction resistance show
typical stage transformation character,i.e. gradually increasing in
the potential plateau region, then falling in the single-phase regi7

2. At 230°C, the open-circuit potential plateau at around 1.0
during the first charge cycle became lower and flatter, and the r
tion resistance gradually increased as Li insertion proceeds in
potential plateau region, corresponding to typical stage transfor
tion ~Fig. 2a!. This suggests that at low temperatures, electro
decomposition is slightly reduced, but solvent co-intercalation is
inhibited and induces a large increase in intrinsic resistance, as
2a shows.

3. The temperature has little influence on the initial charge~Li
insertion!capacity of JM 287 graphite anode above 0.2 V~Fig. 2a!.
Similar behavior was also reported for the intial charge of
MCMB6-28 anode in an EC-EMC~1:4! solution at 20 and at
220°C.8 However, the discharge~Li extraction!capacity at230°C
is considerably less than that at 25°C even at the low cha
discharge current of 2 mA/g compared with 5 mA/g at 25°C. T

Figure 1. Typical electrode potential and intrinsic resistance as a function
capacity for the first and second charge-discharge cycles for JM 287 an
at 25°C from GITT measurements. Charge-discharge current, 5.0 mA/g
4.0 h, followed by 2.0 h relaxation. Current for intrinsic resistance meas
ment: 10 mA.
) unless CC License in place (see abstract).  ecsdl.org/site/terms_userms of use (see 
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Figure 2. Dependence of open-circuit potential, reaction resistance, and intrinsic resistance for JM 287 anodes on Li content in the~a! first and~b! second GITT
charge-discharge cycles at 25°C and230°C. Charge-discharge current at 25°C, 5.0 mA/g, at230°C, 2.0 mA/g in the first cycle, 0.8 mA/g in the second cycl
Intermittent current imposed for 4.0 h, followed by 2.0 h relaxation. Current for intrinsic resistance measurement: 10 mA.
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results from the large Li insertion polarization, limiting Li insertio
to only Li0.2C6 , as is shown by the 170 mV open-circuit potential
the end of charge~Fig. 2a!, which is higher than the 117 mV9 equi-
librium potential between the Li0.33C6 and Li0.5C6 and the 81 mv9

equilibrium potential between Li0.5C6 and LiC6 ~assuming that little
change of these potentials with temperature occurs!.9 In other words,
the high polarization of the insertion reaction limits Li insertio
capacity on charging to 0.0 V, because this potential cannot be
thodically exceeded to avoid metallic lithium deposition. Almo
66% of the total Li at full charge is stored in graphite in the last t
stage transformations at potentials from1117 mV to 0.0 V. This
high polarization corresponded to a reaction resistance at leas
times higher than that at 25°C~Fig. 2a!. If the low extraction capac
ity results from a high Li insertion polarization as discussed abo
decreasing the Li insertion current should increase the Li inser
and extraction capacity. As expected, the Li extraction capacity
ing the second cycle with a low~0.8 A/g! intermittent charge-
discharge current increased to 142 mA/g (Li0.38C6) at 230°C ~Fig.
2b!. An important result from Fig. 2b is that the anode react
resistance for Li insertion at230°C is similar to that for Li extrac-
tion. The reaction resistance measured by GITT is the sum of re
tances for the electrolyte, SEI film, charge-transfer, stage trans
mation, and Li diffusion in graphite.4 The first three resistances a
all similar during insertion and extraction,1 so the similarity of the
corresponding reaction resistances suggests that the concent
resistances are also similar, provided that the corresponding s
transformation resistances are also comparable. This differs
previous suggestions that the concentration dependence of Li d
sivity would result in higher concentration polarization inserti
compared with extraction, giving a low Li insertion capacity.1 Pre-
vious work1 showed that the increase in polarization resulting fro
 address. Redistribution subject to ECS te129.2.180.179nloaded on 2018-02-02 to IP 
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a change in temperature from 25 to240°C wasca. 600 mV at a Li
extraction current of 0.285 mA/cm2. If the Li insertion polarization
is the same as that for extraction, the corresponding 600 mV o
potential would be much higher than the total potential ran
(,200 mV) for all three stage transformations, which would res
in almost zero Li insertion capacity.

4. Three potential plateaus and three reaction peaks for the
287 anode cycling at230°C can be observed in Fig. 2b, althoug
they are not as prominent as at 25°C. While a horizontal baseline
reaction resistance is observed at 25°C, at230°C it increased with
Li content. This may be satisfactorily explained using the shrink
unreacted core model. For example, during Li insertion into gra
ite, the Li-poor phase Li0.33C6 is covered by a Li-rich phase
Li0.5C6 , at potentials around 117 mV. As the phase boundary
tween Li0.5C6 and Li0.33C6 moves towards the particle center, the
diffusion length gradually increases, giving an increase in conc
tration polarization. When the potential is lower than the equilibriu
potential between Li0.5C6 and Li1C6 , the new Li1C6 covers the sec-
ond (Li0.5C6) layer, even though some Li0.33C6 still exists in the
core. The phase transformations involving the three phases incr
the reaction resistance, and potential does not go back to the ori
value even when the Li0.33C6 core disappears. This is because t
Li0.5C6 to Li1C6 phase transformation and concentration polari
tions are still present. The incomplete stage transformation limits
overall capacity, and results in an increase in the reaction resist
baseline with increasing Li content, as Fig. 2b shows.

The above analysis suggests that the limited low-tempera
performance of graphite anodes may be largely attributed to
existence of a higher polarization or overpotential than the st
transformation plateau potential, limiting the amount of Li insertio
) unless CC License in place (see abstract).  ecsdl.org/site/terms_userms of use (see 
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and thus the extraction capacity. This low-temperature behavior
be improved by increasing the Li insertion-extraction kinetics at l
temperatures,e.g., by measuring the reaction resistance change f
25 to 230°C, and determining the rate-controlling step using E
and then finding a means of decreasing its reaction resistance
examine the limiting step at low temperatures, EIS was applie
the graphite anodes at 25 and230°C.

EIS measurement of JM 287 graphite anodes at 25
230°C.—After two GITT charge-discharge cycles at 25°C~JM1!
and at230°C ~JM2!, the reaction and intrinsic~strictly speaking,
transmissive!impedances were measured under the conditions i
cated earlier. To investigate the effect of precycling temperature
subsequent reaction kinetics, the temperatures of the JM1 and
electrodes were switched before the fourth cycle~see Experimenta
section!. The reaction impedance and intrinsic impedance were
measured again at 0.2, 0.115, and 0.075 V, following a 2.0 h re
ation time. Figure 3 shows reaction kinetic impedance of JM1 d
ing the third charge to 200, 115, and 75 mV at 25°C, and during
fourth charge to the same potentials at230°C. Figure 4 shows the
same data of the JM2 electrode on the third charge at230°C, and
on the fourth charge at 25°C. The impedances in Fig. 3 and 4
typical of the graphite electrode,i.e., two separate depressed sem
circles in the high frequency range with a linear portion at lo
frequency. However, the latter were merged into a single depre
semicircle in Fig. 4b. The depressed semicircle at high frequenc
attributed to the SEI film, and the second semicircle in the mid
frequency region is ascribed to the charge-transfer reaction.
linear portion at low-frequency is characteristic of Li diffusion
graphite. The intersection of the high-frequency line with the r
axis is the electrolyte resistance from the reference electrode to
graphite electrode, including the part within its porosity. The m
sured electrolyte resistance changed slightly with potential, wh
may be attributed to changes in anode surface area and pore d
eter. On switching the temperature from 25 to230°C for JM1 in
Fig. 3, and from230 to 25°C for JM2 in Fig. 4, the two depresse
semicircles tended to overlap~Fig. 3b! or even merge into a single

Figure 3. Nyquist plots for reaction kinetic impedance measured at 2
115, and 75 mV during~a! third Li insertion into JM 287 anode~JM1! at
25°C and~b! fourth Li insertion at230°C. Before measurement, electrod
subjected to 2 GITT cycles at 25°C,i.e., charge/discharge at 5.0 mA/g for 4
h, followed by 2.0 h relaxation. Solid line: fitted results from the equival
circuit in Fig. 5 obtained using the code Zview~version 1.4, Scribner Asso
ciate, Inc.!.
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depressed semicircle~Fig. 4b!. This result suggests that the effec
of temperature on the SEI film and charge-transfer impedances
different. To analyze the influence of temperature on reaction kin
ics, the EIS values in Fig. 3 and 4 were fitted using the equiva
circuit shown in Fig. 5.10 In Fig. 5, the constant phase elementsQSEI

andQct are put in parallel withRSEI andRct to fit the depressed SE
film and charge-transfer semicircle, respectively. TheQw is a con-
stant phase element to simulate the Warburg impedance.11 The gen-
eral expression for the admittance response of the constant p
element~CPE! is11

YCPE 5 Ycv
n cos~np/2! 1 iYcv

n sin~np/2!

wherev is the angular frequency, andi 5 (21)1/2. Depending on
the value ofn, the CPE can have a variety of responses. Ifn 5 0, it
represents a resistance withR 5 Yc

21; if n 5 1, a capacitance with
C 5 Yc , and if n 5 0.5, a Warburg impedance.

Since the Warburg impedance at230°C shows some noise, th
linear portion in the low-frequency region was not simulated~i.e.,
Qw 5 0!.

The fitted impedances using the proposed equivalent circuit
scribed the two depressed semicircles satisfactorily for differ
temperatures and potentials, as is shown by the solid lines in F
and 4, and the fitted parameters are listed in Table I.

,

Figure 4. Nyquist plots for reaction kinetics impedance measured at 2
115, and 75 mV during~a! third Li insertion into JM 287 anode~JM2! at
230°C and~b! fourth Li insertion, conducted at 25°C. Before measureme
electrode subjected to 2 GIT cycles at230°C, i.e., charge-discharge at 0.
mA/g for 4.0 h, followed by 2.0 h relaxation. Solid lines: fitted results fro
the equivalent circuit in Fig. 5 obtained using the code Zview~version 1.4,
Scribner Associate, Inc.!.

Figure 5. Equivalent circuit of reaction impedance for Li-ion battery anod
) unless CC License in place (see abstract).  ecsdl.org/site/terms_userms of use (see 
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Table I. Parameter values obtained from experimental impedance spectra of JM 287 graphite electrodes at 25 andÀ30°C.

Sample

25°C 230°C

R(230) /R(25)200 mV 115 mV 75 mV 200 mV 115 mV 75 mV

JM1 RL ~V g! 0.48 0.5 0.53 6.11 6.35 6.12 12.3
RSEI ~V g! 0.69 0.57 0.88 18.04 19.47 22 27.8
Rct ~V g! 0.47 0.45 0.22 10.73 11.62 9.84 28.24
YSEI ~mF! 0.12 0.08 0.12 0.04 0.04 0.05
Yct ~mF! 0.82 1.4 0.4 0.8 0.82 0.6

nSEI 0.66 0.7 0.64 0.58 0.59 0.58
nct 0.88 0.83 1 0.7 0.62 0.74

S R 1.64 1.52 1.63 34.88 37.44 37.96 23.02

JM2 RL ~V g! 0.54 0.53 0.55 5.44 5.62 5.5 10.22
RSEI ~V g! 0.66 0.6 0.63 17.2 21.2 21.3 31.6
Rct ~V g! 0.21 0.21 0.233 10 8.55 8.06 40.75
YSEI ~mF! 0.22 0.12 0.13 0.19 0.3 0.34
Yct ~mF! 0.23 0.31 0.29 3.3 4.7 5.2

nSEI 0.72 0.82 0.82 0.53 0.5 0.48
nct 0.71 0.66 0.67 0.78 0.9 0.91

S R 1.41 1.34 1.413 32.64 35.37 34.86 24.71

JM1: after two GIT cycles at 25°C, EIS conducted on JM1 anode during the third charge at 25°C and during the fourth charge, conducted at230°C.
JM2: after two GIT cycles at230°C, EIS conducted on JM2 anode during the third charge at230°C and during the fourth charge, conducted at 25°C.
R(230) /R(25) : average resistance ratio at230°C to that at 25°C;R(230) : average resistance at three potentials~200, 1115, and 75 mV!,230°C; R(25) : average resistance at th
same potentials, 25°C.
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The phase transformation resistance is not included in the ex
mental EIS results because the small 5 mV potentiostatic si
amplitude results in an essentially constant state of charge durin
measurements. However, it is included in the total reaction re
tance measured from GITT, so it may be derived from the differe
between the two.7 Table I shows that the sum of the electrolyte, S
film, and charge-transfer resistances for the JM1 anode at 25°
around 1.52-1.64V g. The baseline total reaction resistance~except
that for Li diffusion! measured via GITT was around 5V g ~Fig.
2b!. Hence the JM1 anode stage transformation resistance is ar
3.26-3.48V g. The JM1 resistances at 25°C in decreasing or
were; stage transformation (3.26-3.48V g) . SEI film
(0.57-0.88V g) . electrolyte (0.48-0.53V g) . charge-transfer
~0.22-0.47V g!. The diffusion resistance changes from 0 to 3V g
~Fig. 2b!. Thus, stage transformation is the rate-controlling step
JM 287 graphite anodes at 25°C.

If it is considered that the open-circuit potential following 2
relaxation after intermittent charge-discharge at 0.8 mA/g appr
mates to the equilibrium potential, the phase transformation re
tance at230°C can be estimated from the first stage transforma
at 0.2 V under conditions where no multiple phases coexist.
total reaction resistance at230°C at the start of stage transform
tion at 0.2 V isca. 50 V g ~Fig. 2b!, and the sum of the electrolyte
SEI film, and charge-transfer resistances is 32.6-35.4V g ~Table I!.
Therefore the stage transformation resistance is around 14.6-17V
g. Hence the resistances for JM 287 anodes at230°C in decreasing
order are SEI (17.2-21.3V g) . stage transformation
(14.6-17.4V g) . charge-transfer (8.1-10.0V g) . electrolyte
~5.4-5.5 V g!. From this analysis, the key to improving the low
temperature performance of graphite anodes is to decrease the
temperature SEI film, stage transformation, and charge-transfe
sistances so that the anode polarization at the desired ch
discharge current is lower than the equilibrium potential differen
between Li0.5C6 and Li1C6 , i.e., 75 mV. The EC-PC-DMC-EMC
electrolyte does not limit low-temperature graphite anode per
mance even through some solid phase was observed in the EC
DMC-EMC electrolyte at230°C, in agreement with previou
analyses.1,3
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When the temperature was decreased from 25 to230°C, elec-
trolyte resistance only increased 10-12 times. In contrast, the co
sponding SEI film and charge-transfer resistances increased 2
times over this temperature range. Moreover, Fig. 3 and 4 and T
I show that precycling at230°C decreases the charge-transfer
sistance only slightly in subsequent cycling at 25°C. In additi
intrinsic resistances measured using EIS at both 25 and230°C
show pure electronic resistance characteristics, whose values
shown in Table II. Table II and Fig. 2 shows that temperature has
obvious influence on the intrinsic resistance.

GITT and intrinsic resistance measurement of MCMB 6-10 c
anode during the first and third charge-discharge cycles
230°C.—As discussed earlier, the poor low-temperature per
mance of graphite is limited by a higher polarization than that of
stage transformation plateau potential. This limits the amount o
insertion, thus the extraction capacity. This poor low-temperat
behavior may be improved by using a coke which shows no ph
transformation during Li insertion-extraction. For such coke anod
the equilibrium Li carbon content smoothly increases with decre
ing equilibrium potential, and no phase transformation resista
exists during Li insertion-extraction. Figure 6 shows the poten
and intrinsic resistance as a function of capacity for the first GI
charge-discharge cycles of the MCMB coke anode at230°C. The
open-circuit potential, reaction, and intrinsic resistances of MCM
coke at different Li insertion-extraction levels in the first and th
charge-discharge cycles at230°C are shown in Fig. 7. A low cur-

Table II. Intrinsic resistance obtained from experimental imped-
ance spectra of JM 287 graphite electrode at 25 andÀ30°C.

Potential~mV!

Intrinsic resistance~V g!

25°C 230°C

200 0.028 0.026
115 0.025 0.024
75 0.022 0.022
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Dow
rent density~0.7 mA/g!was used in order to achieve the equilibriu
potential after 2.0 h of relaxation. To verify whether this value
sufficiently low to attain equilibrium after 2.0 h relaxation time, th
Li insertion current was increased from 0.7 to 1.7 mA/g after
mAh/g ~Fig. 6!. No reaction resistance change was observed
changing the current~Fig. 7!, so the relaxation time used is suf
cient to reach equilibrium under these conditions. From a comp
son of Fig. 2 and 7 the differences between MCMB coke and
287 graphite anodes may be summarized as follows

1. Figure 7 shows that the open-circuit potential of the MCM
6-10 anode decreases gradually with Li insertion capacity in b
the first and third charge-discharge cycles at230°C. No potential
plateaus or reaction resistance peaks related to solvent coinse
and stage transformation were observed in these cycles. In the
discharge cycle, the reaction resistance of MCMB 6-10 is simila
or slightly higher than that of JM 287 and its first Li insertion c
pacity is much less. However its Li extraction capacity is mu
higher than that of JM graphite, as a comparison of Fig. 2 an
shows. This result confirms the hypothesis that the ratio of the o
potential to the plateau potential of the Li-rich phase controls
low-temperature performance of carbon anodes.

2. The irreversible capacity of the MCMB 6-10 anode attribut
to SEI formation in the first charge-discharge cycle is 95 mA/g~Fig.
7!. The change of intrinsic resistance seen before 80 mAh/g ca
be explained by SEI formation because it is still seen in the th
charge-discharge cycle, where the electrode is almost compl
reversible~Fig. 7!. The intrinsic resistance peaks appeared at aro
0.6 V in both the first and third cycles~Fig. 7!, which suggests tha
the Li storage mechanisms above and below 0.6 V may be differ

3. The intrinsic resistance of MCMB 6-10 at230°C is at least
ten times higher than that of JM 287 at the same temperature~Fig. 2
and 7!, and it increases quickly on charge-discharge cycling.

EIS measurement of the MCMB 6-10 coke anode
230°C.—Figure 8 shows the EIS reaction and intrinsic impedan

Figure 6. Potential and intrinsic resistance as a function of capacity for
first GITT charge-discharge cycles for MCMB 6-10 anodes at230°C.
Charge-discharge current: 0.7 mA/g, then 1.7 mA/g after 80 mAh/g in
cycle, 0.7 mA/g in the third cycle. Intermittent current imposed for 4.0
followed by 2.0 h relaxation. Current for intrinsic resistance measurem
1.0 mA.
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Figure 8. ~a! Reaction and~b! intrinsic impedances of MCMB 6-10 elec
trodes on the fourth charge to 75 mV at230°C. Before measurement, th
electrode was subjected to two GITT cycles and one galvanostatic cha
discharge cycle at230°C.

t

t:

Figure 7. Dependence of open-circuit potential, reaction resistance, and
trinsic resistance for MCMB 6-10 anode on Li content in the first and th
GIT charge-discharge cycles at230°C. Charge-discharge current during fir
cycle initially 0.7 mA/g, increased to 1.7 mA/g after 80 mAh/g, then ma
tained at 0.7 mA/g during second cycle. Intermittent current imposed for
h, followed by 2.0 h relaxation. Current for intrinsic resistance measurem
1.0 mA.
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Dow
of MCMB 6-10 anode at230°C obtained on the fourth charge
0.075 V, after 2.0 h relaxation. As with graphite, the reaction imp
ance shows two depressed semicircles in the high frequency re
representing the SEI film and charge-transfer impedances. The
ing line in the low frequency region showed a great deal of no
and is not shown in Fig. 8a. The line showing the reaction imp
ance in Fig. 8a was fitted using equivalent circuit in Fig. 5. The S
film, charge-transfer, and electrolyte resistances were 34.1, 23,
12 V g, respectively. The total reaction resistance at 0.075 V
tained via GITT isca. 85 V g ~Fig. 7!. Hence, the Li diffusion
resistance isca. 15 V g. Therefore, the rate-determining process
MCMB 6-10 anodes at230°C is the SEI film resistance at 34.1V
g, which is almost double the value for JM 287 anodes. Unlike

Figure 9. ~a! Li insertion rate capability and~b! variation of Li insertion
capacity with open-circuit potential for JM 287 and MCMB 6-10 anodes
230°C.
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287, the intrinsic impedance of MCMB 6-10 coke shows a d
pressed semicircle, which suggests that SEI film formation betw
the carbon particles takes place~Fig. 8b!.

Rate capability of JM 287 graphite and MCMB 6-10 co
anodes at230°C.—The rate capability for Li insertion into JM 28
graphite and MCMB 6-10 coke anodes at230°C was measured an
is shown in Fig. 9a. As the current increases, rate capability for
287 graphite first decreases more rapidly than that of MCMB 6
coke, after which the rates become similar. The insertion rate c
bility as a function of normalized current for both JM 287 an
MCMB 6-10 ~Fig. 9a! is similar to the behavior of the Li insertion
capacity change with open-circuit potential~Fig. 9b!. This result
again confirms that the limiting low-temperature Li insertion cap
ity may be attributed to the low plateau potential.

Conclusions

This electrochemical impedance spectroscopy~EIS! and gal-
vanostatic intermittent titration~GITT! study of the low-temperature
performance of JM 287 graphite and MCMB coke anodes sho
that the limited Li insertion into graphite at230°C may be largely
attributed to the fact that its polarization,i.e., overpotential, is larger
than the equilibrium plateau potential for the Li-rich phase. T
results in incomplete stage transformation and a low Li insert
capacity. The high polarization in both cases is mainly caused by
high SEI film resistance, which is more than 27 times higher
230°C compared with the value at 25°C. In contrast, the resisti
of the liquid electrolyte shows only a 10-fold increase on going fro
25 to 230°C. Initial precycling of the anodes at low temperatu
increases the reaction kinetics at room temperature only margin
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