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The low-temperature performance limits of Johnson Matttdy) 287 graphite and mesocarbon microbéstCMB) 6-10 coke

were investigated using galvanostatic intermittent titratiGfiTT) and electrochemical impedance spectroscopy. The poor low-
temperature {30°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,g., L 3£Cs, LigsCs, and LiCg. Overall, there is an incomplete transformation from Li-poor

to Li-rich stages when the cutoff potential is limited to 0.0(Vs. Li/Li *) 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 JIM 287 graphite. Howeve®, & the
resistance of solid electrolyte interphase film increases by a factor of over 27, and becomes limiting.
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Lithium-ion batteries are now widely used in civilian applica- nylidene fluoride binder in 1-methyl-2-pyrrolidinone solvent was
tions such as portable telephones and lap-top computers, in whichsed to prepare the coke electrode. After drying overnight at 110°C,
they are typically operated at moderate temperatures and rateghe 2.0 crd geometric area, 0.8 mm thick electrodes were pressed to
However for aerospace applications, good low-temperature perforhe configuration shown previoudly. Electrochemical measure-
mance and high-power density are required. Generally the cell$nents were conducted in a three-electrode polytetrafluoroethylene

show poor electrochemical kinetics in power pulses, especially_ at(PTFE)ceII. Two lithium foils were used as both counter and refer-
low temperature £-30°C). Poor low-temperature performance is ence electrodes. All potentials given ars. the Li/Li* reference

{?)ag)glgrdscﬁl}t(i)o%a{?:nnsSﬁ?t;??ﬁeaggﬁggggém)g?g i?ﬁg%ﬁggaged electrode_ in th(_a electrolyte usddk., 1.0 M lithium hexafluorophos-
high charge-transfer resistance, or low Li diffusivity into carbon, phate (LiPfk) in a 4132 by volume ethylene carbonaeC)-
rather than to Li-ion conductivity in liquid electrolytés. The dif-  Propylene carbonatéPC)-dimethylcarbonatéDMC)-ethyl methyl
ferent low-temperature rate-controlling mechanisms suggested fogarbonate(EMC) mixture (high purity lithium battery grade, Mit-
carbon anodes based on previous low-temperature studies reswtibishi Chemical CompaiyTo determine the solidification tem-
from the use of simple galvanostatic charge-discharge measuremengerature of the electrolyte, a sample was sealed in a glass tube in a
of poor diagnostic ability;®> which only give the total reaction re- glove box, then exposed for 3 days-a0°C, then at-30°C. The
sistance. More powerful diagnostic techniques are therefore needeglygye electrolyte remained completely liquid-a20°C, and only a

for inyestigating t.he reactipns_ o small amount of the solid phase at the bottom of the tube was ob-
Micropertubation techniques such as electrochemical mpedancgerved at-30°C

spectroscopyEIS) and galvanostatic intermittent titratio/@ITT) ; . )
with microcurrent are effective for the determination of reaction Electroche_ml_cal c_ells were assembl_ed n an_ar_gon-ﬂlled glove
kinetics. EIS can give individual reaction resistances for each step i?0%- Charge(lithium intercalation and dischargeflithium extrac-
their time constants are resolvable, and therefore may be used tdon) characteristics were measured betwee®.0 and+1.5V at
determine the reaction kinetics for electrochemical Li insertion into constant current using an Arbin Instrume@ollege Station, TX
carbon as a function of temperatdrR GITT can give the equilib- automatic battery cycler. The graphite sandwich electrode was
rium potential and total reaction resistance for lithium insertion- charged/discharged on one side only, and the intrinsic resistance of
extraction as a function of lithium content if the current is small and the electrode was approximately calculated from the ratio of trans-
the relaxation time is sufficiently long for the equilibrium potential electrode voltage to the dc current pasés@mA for JM 287, 1 mA
to be attained.In this work, the kinetics of Li insertion-extraction for MCMB 6-10)*® Two identical JM 287 graphite anod¢3M1
into Johnson Matthe{dM) 287 graphite and mesocarbon microbead gng 2)and one MCMB 6-10 coke anode were used. The JM1 anode
(MCMB) 6-10 coke at room and low-temperature 30°C) have a5 first charged-discharged at 25°C for two cycles using GITT as a
been investigated using EIS and GITT. series of intermittent charges or discharges at 5 mAfgifa with
Experimental the electrode at open circuit for 2.0 h between each. Its reaction and
) ) intrinsic impedances were then measured during the third charge to
Electrode and cell preparatior-JM 287 graphite powder 509 115 and 75 mV. After discharge to 1.5 V, it was cooled and
(Johnson-Matthey, partlr;:?le dl?meim. 15 pm, Brunauer-Emmett- maintained at-30°C for 2 days. Its EIS were then taken on charge
Teller (BET) area>13.5 nt g—) and MCMB 6-10 cokdca. 6 um, to the above three potentials, and its rate capability then determined.

3.23nt g’l) were used as intercalation anode materials. Composit . . o
graphite electrodes sandwiched between two nickel screen curreenEhe JM2 anode was first charg_e-dlscharge&af_) c for_two com-
lete cycles under GITT conditions at 2 mA/g in the first cycle and

collectors were prepared as in previous work from a mixture of 80P ) . -
wt % JIM 287 (02_58 mg) with 18 wt % each of carbon black and 0-8 MA/g in the second cycle for 4 h eaph, with .2.0 h on open circuit
polyvinylidene fluoride binder in 1-methyl-2-pyrrolidinone solvent. between each. Its EIS were measured in the third charge to 200, 115,

However, 92 wt % MCMB 6-10ca. 80 mg)with 8 wt % polyvi- and 75 mV. After discharge to 1.5V, it was heated and maintained at
25°C for 2 days, and its EIS was again taken on charge to the same
potentials. The MCMB 6-10 coke anode was GITT charge-

* Electrochemical Society Active Member. discharged at-30°C at a current of 0.7 mA/g for 4 h, Wit2 h at
Z E-mail: cswang@tamu.edu open circuit between each charge in the first and third complete
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cycles. However, it was given normal galvanostatic charge- 1.5
discharge at 0.7 mA/g at30°C in the second cycle. In the fourth
charge to 75 mV at-30°C, its reaction and intrinsic impedances 12 1stcycle, 25 °C
were measured by EIS, following which its rate capability was mea- 2ndcycle, 25°C |\ 7
sured at—30°C. {offset 0.15 V for clarity)
0.9 ~

GITT measurements-Lithium was inserted into or extracted
from the graphite anode in a series of intermittent charges or dis-
charges at the above mentioned current for 4.0 h, the electrode bein
held at open circuit for 2.0 h between each charge/discharge. The &
potential was logged at regular time intervals by computerized data 431
acquisition. The total reaction resistance of lithium insertion-
extraction as a function of lithium content was directly calculated
from the ratio of overpotential to charge-discharge current since the ~ °9°
intermittent currents were small and the 2.0 h of relaxation time was s |
sufficiently long for an effective equilibrium potential to be attained.
The intrinsic resistance at different Li content was calculated from

06}

tential vs Li (V)

2nd cycle, 25 °C

the ratio of trans-electrode voltage to the dc current passed. é’ 00s |
EIS measuremenis-In each case, this was taken over the 65 & 15t cycle, 25 °C
kHz to 1.0 mHz frequency range at a potentiostatic signal amplitudeg _—

resis

of 5 mV, using a Solartron 1250 frequency response analyRA)
and a Solatron model 1286 electrochemical interface. Measurementg
were performed after electrodes were left on open circuifb for
potential stabilization. For electrochemical reaction kinetic measure-= o, |
ment, the signal was applied to the current collector on both sides of
the electrode. For intrinsic resistance measurements, the EIS wa
measured between the two sides. All reactions and intrinsic resis-
tances, whether measured from EIS or GITT, were normalized to the
weight of the electrode. Fitting of impedance spectra to the proposec
equivalent circuit was performed by using the catlg,, (Version Capacity (mAh/g)
1.4, Scribner Associate, Inc.
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Figure 1. Typical electrode potential and intrinsic resistance as a function of
capacity for the first and second charge-discharge cycles for JIM 287 anodes
at 25°C from GITT measurements. Charge-discharge current, 5.0 mA/g for
GITT and intrinsic resistance measurement of JM 287 anodes?-0 h, followed by 2.0 h relaxation. Current for intrinsic resistance measure-
during the first and second charge-discharge cycles at 25 andMent 10 mA.
—30°C.—GITT was applied to JM 287 anodes at 25 arD°C to
investigate the reaction kinetics and intrinsic resistance during the
first and second Li insertion-extraction cycle. This procedure wasequilibrium potential and give a more accurate reaction resistance.
used because a pronounced increase in the cycle life of graphitgiore accurate reaction kinetics investigated by EIS are given in a
anodes was observed when the passive SEI layer was formed at lopter section and compared with GITT results. The results shown in
temperature§.Figure 1 shows the typical potential and intrinsic re- Fig. 1 and 2 may be summarized as follows
sistance as a function of capacity for the first and second charge- "1 At 25°C, the reaction resistance of anode JM1 during the first
discharge cycles of the JM1 anode at 25°C under GITT conditionscharge from 1.0 to 0.2 V behaved in a manner similar to the open-
The Open-Cil’CUit potential, reaction and intrinsic resistances of thq:”'cu't potent|a|(F|g Za)l and the Overpotentia| in the first Charge
second charge-discharge cycles at 253®11) and —30°C (JM2)  This result suggests that the solvent co-insertion and SEI film for-
are shown in Fig. 2. Previous reaction resistance study using GITTmation controls the reaction rate for initial Li insertion. As was
measurements at 25°C showed that 2 h of relaxation time after inprevious|y suggesteﬁthe two potential plateaus at around 1.0 and
termittent charge-discharge at 5.1 mA/g is sufficiently long for JM 0.7 V during initial Li insertion into the JM1 anode resulted from a
287 graphite to reach equilibrium potentfatiowever, this may not  combination of solvent co-insertion and electrolyte decomposition
be true at—30°C when the reaction resistance is over ten times(i.e., SEI formation). Below 0.2 V, the reaction resistance shows a
higher. Therefore, an intermittent current of 2.0 mA/g-80°C was  typical stage transformation characteg. gradually increasing in
used instead of the 5 mA/g value at 25°C. Although a 2.0 h relax-the potential plateau region, then falling in the single-phase refgion.
ation time with 4.0 h, 2.0 mA/g intermittent charge/discharge con- 2. At —30°C, the open-circuit potential plateau at around 1.0 V
ditions may still be insufficient to reach true equilibrium at tempera- during the first charge cycle became lower and flatter, and the reac-
ture under —30°C, the reaction resistance as measured istion resistance gradually increased as Li insertion proceeds in the
nevertheless very useful for a relative comparison of the reactiorpotential plateau region, corresponding to typical stage transforma-
kinetics at different temperatures and different Li insertion levels intion (Fig. 2a). This suggests that at low temperatures, electrolyte
the first cycle. A further decrease in the GITT current or a further decomposition is slightly reduced, but solvent co-intercalation is not
increase in the relaxation time in the first Li insertion-extraction inhibited and induces a large increase in intrinsic resistance, as Fig.
cycle at—30°C is limited by the time required to fully charge the 2a shows.
electrode to 0.0 V to 450 mAh/@-ig. 2a)under this regime. This is 3. The temperature has little influence on the initial chalge
because the continued growth of the SEI film during the first cycle,insertion)capacity of JM 287 graphite anode above 0.2R%. 2a).
which makes results obtained at long times sufficiently different to Similar behavior was also reported for the intial charge of an
prevent direct comparison. A final problem with long total charging MCMB6-28 anode in an EC-EMQ1:4) solution at 20 and at
times is the increasing anode self-discharge. Because the capacity in20°C8 However, the dischargé.i extraction)capacity at—30°C
the second cycle is much smallg20 mAh/g), the current for the is considerably less than that at 25°C even at the low charge-
JM2 anode was decreased to 0.8 mA/g to more closely approach théischarge current of 2 mA/g compared with 5 mA/g at 25°C. This

Results and Discussion
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Figure 2. Dependence of open-circuit potential, reaction resistance, and intrinsic resistance for JM 287 anodes on Li contenfinstthed(b) second GITT
charge-discharge cycles at 25°C and0°C. Charge-discharge current at 25°C, 5.0 mA/g; 30°C, 2.0 mA/g in the first cycle, 0.8 mA/g in the second cycle.
Intermittent current imposed for 4.0 h, followed by 2.0 h relaxation. Current for intrinsic resistance measurement: 10 mA.

results from the large Li insertion polarization, limiting Li insertion a change in temperature from 25+a10°C wasca. 600 mV at a Li
to only Lip,Ce, as is shown by the 170 mV open-circuit potential at extraction current of 0.285 mA/ch|f the Li insertion polarization

the end of chargéFig. 2a), which is higher than the 117 M¥qui- s the same as that for extraction, the corresponding 600 mV over-
librium potential between the b5Ls and L sCs and the 81 m?/ potential would be much higher than the total potential range
equilibrium potential between iCq and LiC; (assuming that little (<200 mV) for all three stage transformations, which would result
change of these potentials with temperature ogclirs other words,  in almost zero Li insertion capacity.

the high polarization of the insertion reaction limits Li insertion 4. Three potential plateaus and three reaction peaks for the JM
capacity on charging to 0.0 V, because this potential cannot be ca>g7 anode cycling at-30°C can be observed in Fig. 2b, although
thodically exceeded to avoid metallic lithium deposition. AIMost ey are not as prominent as at 25°C. While a horizontal baseline for
66% of the total Li at full charge is stored in graphite in the last two reaction resistance is observed at 25°C—80°C it increased with
stage transformations at potentials frofi17 mV to 0.0 V. This i content. This may be satisfactorily explained using the shrinking
high polarization corresponded to a reaction resistance at least g, eacted core model. For example, during Li insertion into graph-
times higher than that at 25°Fig. 2a). If the low extraction capac- ite, the Li-poor phase kiszCs is covered by a Lirich phase

ity results from a high Li insertion polarization as discussed above, . -
decreasing the Li insertion current should increase the Li insertion-'05Cs at potentials around 117 mV. As the phase boundary be-

and extraction capacity. As expected, the Li extraction capacity durfWeen LpsCs and Li 3Cs moves towards the particle center, the Li
ing the second cycle with a lo0.8 A/g) intermittent charge- d|ffL_JS|on Ien_gth_gradually increases, giving an increase in concen-
discharge current increased to 142 mA/g,(4Cs) at —30°C (Fig. tratlon_polarlzatlon. When the_potentlal is Iow_er than the equilibrium
2b). An important result from Fig. 2b is that the anode reaction Potential between kisCs and Li,Ce, the new LiCg covers the sec-
resistance for Li insertion at30°C is similar to that for Li extrac-  ©nd (LiosCe) layer, even though some ddLCs still exists in the

tion. The reaction resistance measured by GITT is the sum of resiscore. The phase transformations involving the three phases increase
tances for the electrolyte, SEI film, charge-transfer, stage transforthe reaction resistance, and potential does not go back to the original
mation, and Li diffusion in graphit&The first three resistances are Vvalue even when the btCqs core disappears. This is because the
all similar during insertion and extractidnso the similarity of the  LiysCs to Li;Cg phase transformation and concentration polariza-
corresponding reaction resistances suggests that the concentratitions are still present. The incomplete stage transformation limits the
resistances are also similar, provided that the corresponding stageverall capacity, and results in an increase in the reaction resistance
transformation resistances are also comparable. This differs fronbaseline with increasing Li content, as Fig. 2b shows.

previous suggestions that the concentration dependence of Li diffu- The above analysis suggests that the limited low-temperature
sivity would result in higher concentration polarization insertion performance of graphite anodes may be largely attributed to the
compared with extraction, giving a low Li insertion capadityre- existence of a higher polarization or overpotential than the stage
vious work showed that the increase in polarization resulting from transformation plateau potential, limiting the amount of Li insertion,
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Figure 3. Nyquist plots for reaction kinetic impedance measured at 200, () Re Z (G2 g)

115, and 75 mV durinda) third Li insertion into JM 287 anodé€IM1) at

25°C and(b) fourth Li insertion at—30°C. Before measurement, electrode Figure 4. Nyquist plots for reaction kinetics impedance measured at 200,

subjected to 2 GITT cycles at 25°Ce., charge/discharge at 5.0 mA/g for 4.0 115, and 75 mV durinda) third Li insertion into JM 287 anod€IM2) at

h, followed by 2.0 h relaxation. Solid line: fitted results from the equivalent —30°C and(b) fourth Li insertion, conducted at 25°C. Before measurement,

c@rcuit in Fig. 5 obtained using the code Zvidwersion 1.4, Scribner Asso-  electrode subjected to 2 GIT cycles-aB0°C, i.e., charge-discharge at 0.8

ciate, Inc.). mA/g for 4.0 h, followed by 2.0 h relaxation. Solid lines: fitted results from
the equivalent circuit in Fig. 5 obtained using the code Zvigersion 1.4,
Scribner Associate, Ing.

and thus the extraction capacity. This low-temperature behavior may

be improved by increasing the Li insertion-extraction kinetics at low

temperaturess.g., by measuring the reaction resistance change fronfleépressed semicirclig. 4b). This result suggests that the effects
25 to —30°C, and determining the rate-controlling step using EIS, of temperature on the SEI film and charge-transfer impedances are

and then finding a means of decreasing its reaction resistance. Tgifferent. To analyze the influence of temperature on reaction kinet-

examine the limiting step at low temperatures, EIS was applied tolCS: the EIS values in Fig. 3 and 4 were fitted using the equivalent

the graphite anodes at 25 ard0°C. circuit shown in Fig. 5 In Fig. 5, the constant phase elemefts,
andQ are put in parallel wittRgg, andR; to fit the depressed SEI

EIS measurement of JM 287 graphite anodes at 25 andfilm and charge-transfer semicircle, respectively. is a con-
—30°C.—After two GITT charge-discharge cycles at 25CB41) stant phase element to simulate the Warburg impedaritiee gen-
and at—30°C (JM2), the reaction and intrinsitstrictly speaking, ~ €ral expression for the admittance response of the constant phase
transmissivejmpedances were measured under the conditions indi-€lement(CPE) istt
cated earlier. To investigate the effect of precycling temperature on _ n ) n oo
subsequent reaction kinetics, the temperatures of the JM1 and JM2 Yepe = Yeo© cognm/2) + i¥eo® sin(nm/2)
electrodes were switched before the fourth cyskee Experimental herew is the anqular fr n fid= (—1)“2 Depending on
section). The reaction impedance and intrinsic impedance were thevr’\: erew IS the angular irequency, anc (—1)™ Depending 0
measured again at 0.2, 0.115, and 0.075 V, following a 2.0 h relax"€ value ofn, th? CPE can have ?lv"’_mety of responses. #0, "F
ation time. Figure 3 shows reaction kinetic impedance of JM1 dur-TéPresents a resistance with= Y. ~; if n = 1, a capacitance with
ing the third charge to 200, 115, and 75 mV at 25°C, and during theC = Y¢, and ifn = 0.5, a Warburg impedance. .
fourth charge to the same potentials-s30°C. Figure 4 shows the  Since the Warburg impedance a80°C shows some noise, the
same data of the JM2 electrode on the third charge 30°C, and linear portion in the low-frequency region was not simulatee.,
on the fourth charge at 25°C. The impedances in Fig. 3 and 4 arQw = 0)- _ . o
typical of the graphite electrodée., two separate depressed semi-  The fitted impedances using the proposed equivalent circuit de-
circles in the high frequency range with a linear portion at low scribed the two depressed semlcwcles satlsfactor!ly 'for Q|ﬁerent
frequency. However, the latter were merged into a single depressetgmperatures and potentials, as is shown by the solid lines in Fig. 3
semicircle in Fig. 4b. The depressed semicircle at high frequency itind 4, and the fitted parameters are listed in Table I.
attributed to the SEI film, and the second semicircle in the middle
frequency region is ascribed to the charge-transfer reaction. The
linear portion at low-frequency is characteristic of Li diffusion in Qser
graphite. The intersection of the high-frequency line with the real
axis is the electrolyte resistance from the reference electrode to the Ry
graphite electrode, including the part within its porosity. The mea- a
sured electrolyte resistance changed slightly with potential, which Q.

- . . RSEI RCI

may be attributed to changes in anode surface area and pore dian
eter. On switching the temperature from 25+80°C for JM1 in ‘/\/\/\"<>
Fig. 3, and from—30 to 25°C for JM2 in Fig. 4, the two depressed
semicircles tended to overldfig. 3b)or even merge into a single  Figure 5. Equivalent circuit of reaction impedance for Li-ion battery anode.

L1g

Downloaded on 2018-02-02 to IP 129.2.180.179 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

A758 Journal of The Electrochemical Society9 (6) A754-A760(2002)

Table I. Parameter values obtained from experimental impedance spectra of JM 287 graphite electrodes at 25 aréB0°C.

25°C —-30°C
Sample 200 mV 115 mVvV 75 mV 200 mV 115 mVvV 75 mV R(-30)/R2s)
M1 R, (Qg) 0.48 0.5 0.53 6.11 6.35 6.12 12.3
Rsei (2 9) 0.69 0.57 0.88 18.04 19.47 22 27.8
Ry (Q 0) 0.47 0.45 0.22 10.73 11.62 9.84 28.24
Ysg (F) 0.12 0.08 0.12 0.04 0.04 0.05
Y (WF) 0.82 1.4 0.4 0.8 0.82 0.6
Nsgr 0.66 0.7 0.64 0.58 0.59 0.58
Net 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
M2 R Qg 0.54 0.53 0.55 5.44 5.62 55 10.22
Rsgr (Q @) 0.66 0.6 0.63 17.2 21.2 21.3 31.6
Ry (Q @) 0.21 0.21 0.233 10 8.55 8.06 40.75
Ysei (WF) 0.22 0.12 0.13 0.19 0.3 0.34
Yo (bF) 0.23 0.31 0.29 3.3 47 5.2
Nsey 0.72 0.82 0.82 0.53 0.5 0.48
Ne 0.71 0.66 0.67 0.78 0.9 0.91
3R 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, coneB@t€d at

JM2: after two GIT cycles at-30°C, EIS conducted on JM2 anode during the third charge3f°C and during the fourth charge, conducted at 25°C.

R(-30)/R25): average resistance ratio-aB0°C to that at 25°CR(_3) : average resistance at three potentia0, 1115, and 75 mV)-30°C; R,s5) : average resistance at the
same potentials, 25°C.

The phase transformation resistance is not included in the experi- When the temperature was decreased from 2530°C, elec-
mental EIS results because the small 5 mV potentiostatic signatrolyte resistance only increased 10-12 times. In contrast, the corre-
amplitude results in an essentially constant state of charge during theponding SEI film and charge-transfer resistances increased 27-28
measurements. However, it is included in the total reaction resistimes over this temperature range. Moreover, Fig. 3 and 4 and Table
tance measured from GITT, so it may be derived from the difference| show that precycling at-30°C decreases the charge-transfer re-
between the twd.Table | shows that the sum of the electrolyte, SEI sjstance only slightly in subsequent cycling at 25°C. In addition,

film, and charge-transfer resistances for the JM1 anode at 25°C igytrinsic resistances measured using EIS at both 25 aB88°C
around 1.52-1.64) g. The baseline total reaction resistariegcept  show pure electronic resistance characteristics, whose values are

that for Li diffusion) measured via GITT was around(® g (Fig.  shown in Table II. Table Il and Fig. 2 shows that temperature has no
2b). Hence the JM1 anode stage transformation resistance is arourghvious influence on the intrinsic resistance.

3.26-3.48() g. The JM1 resistances at 25°C in decreasing order

were; stage transformation  (3.26-348g) > SEI  film GITT and intrinsic resistance measurement of MCMB 6-10 coke
(0.57-0.88() g) > electrolyte (0.48-0.58) g) > charge-transfer ~anode during the first and third charge-discharge cycles at
(0.22-0.47Q) g). The diffusion resistance changes from 0 t613) —30°C.—As discussed earlier, the poor low-temperature perfor-
(Fig. 2b). Thus, stage transformation is the rate-controlling step formance of graphite is limited by a higher polarization than that of the
JM 287 graphite anodes at 25°C. stage transformation plateau potential. This limits the amount of Li

If it is considered that the open-circuit potential following 2 h insertion, thus the extraction capacity. This poor low-temperature
relaxation after intermittent charge-discharge at 0.8 mA/g approxi-behavior may be improved by using a coke which shows no phase
mates to the equilibrium potential, the phase transformation resistransformation during Li insertion-extraction. For such coke anodes,
tance at—30°C can be estimated from the first stage transformationthe equilibrium Li carbon content smoothly increases with decreas-
at 0.2 V under conditions where no multiple phases coexist. Theing equilibrium potential, and no phase transformation resistance
total reaction resistance at30°C at the start of stage transforma- eXists during Li insertion-extraction. Figure 6 shows the potential
tion at 0.2 V isca. 50 Q g (Fig. 2b), and the sum of the electrolyte, and intrinsic resistance as a function of capacity for the first GITT
SEI film, and charge-transfer resistances is 32.6-8bgi(Table I).  charge-discharge cycles of the MCMB coke anode-80°C. The
Therefore the stage transformation resistance is around 14.6317.4 open-circuit potential, reaction, and intrinsic resistances of MCMB
g. Hence the resistances for JM 287 anodes3@°C in decreasing ~ Coke at different Li insertion-extraction levels in the first and third
order are SElI (17.2-21Q g) > stage transformation ~charge-discharge cycles at30°C are shown in Fig. 7. A low cur-
(14.6-17.4Q g) > charge-transfer  (8.1-104Q g) > electrolyte
(5.4-5.5Q g). From this analysis, the key to improving the low-
temperature performance of graphite anodes is to decrease the low-
temperature SEI film, stage transformation, and charge-transfer re-
sistances so that the anode polarization at the desired charge-
discharge current is lower than the equilibrium potential difference Intrinsic resistancé() g)
between Lj<C¢ and Li,Cq, i.e., 75 mV. The EC-PC-DMC-EMC

Table Il. Intrinsic resistance obtained from experimental imped-
ance spectra of JM 287 graphite electrode at 25 ane-30°C.

electrolyte does not limit low-temperature graphite anode perfor-  Potential(mV) 25°C —-30°C
mance even through some solid ph_ase was observe_d in the_EC-PC- 200 0.028 0.026
DMC-EMC electrolyte at—30°C, in agreement with previous 115 0.025 0.024
analyses:® 75 0.022 0.022
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Figure 6. Potential and intrinsic resistance as a function of capacity for the €
first GITT charge-discharge cycles for MCMB 6-10 anodes—&0°C.
Charge-discharge current: 0.7 mA/g, then 1.7 mA/g after 80 mAh/g in first . . . . . . " L 0
cycle, 0.7 mA/g in the third cycle. Intermittent current imposed for 4.0 h, 0 2 4 60 80 100 120 140 160 180
followed by 2.0 h relaxation. Current for intrinsic resistance measurement: Capacity / mAh/g

1.0 mA.
Figure 7. Dependence of open-circuit potential, reaction resistance, and in-
trinsic resistance for MCMB 6-10 anode on Li content in the first and third

. . . P GIT charge-discharge cycles-aB0°C. Charge-discharge current during first
rent density(0.7 mA/g)was used in order to achieve the equilibrium cycle initially 0.7 mAJg, increased to 1.7 mA/g after 80 mAh/g, then main-

potential after 2.0 h of relaxation. To verify whether this value is tained at 0.7 mA/g during second cycle. Intermittent current imposed for 4.0

sufficiently low to attain equilibrium after 2.0 h relaxation time, the p ‘followed by 2.0 h relaxation. Current for intrinsic resistance measurement:
Li insertion current was increased from 0.7 to 1.7 mA/g after 80 1.0 mA.
mAh/g (Fig. 6). No reaction resistance change was observed on
changing the currenfFig. 7), so the relaxation time used is suffi-
cient to reach equilibrium under these conditions. From a compari-
son of Fig. 2 and 7 the differences between MCMB coke and JM
287 graphite anodes may be summarized as follows 20
1. Figure 7 shows that the open-circuit potential of the MCMB
6-10 anode decreases gradually with Li insertion capacity in bothg
the first and third charge-discharge cycles-&80°C. No potential N
plateaus or reaction resistance peaks related to solvent coinsertio—
and stage transformation were observed in these cycles. In the firs
discharge cycle, the reaction resistance of MCMB 6-10 is similar to 10 20 30 40 50 60 70
or slightly higher than that of JM 287 and its first Li insertion ca- (8) ReZ(Qg)
pacity is much less. However its Li extraction capacity is much
higher than that of JM graphite, as a comparison of Fig. 2 and 7
shows. This result confirms the hypothesis that the ratio of the over-
potential to the plateau potential of the Li-rich phase controls the
low-temperature performance of carbon anodes. T
2. The irreversible capacity of the MCMB 6-10 anode attributed 0,000 1 . Rt N
to SEI formation in the first charge-discharge cycle is 95 miig.
7). The change of intrinsic resistance seen before 80 mAh/g canno
be explained by SEI formation because it is still seen in the third
charge-discharge cycle, where the electrode is almost completel 0,004
reversible(Fig. 7). The intrinsic resistance peaks appeared at arounc .
0.6 V in both the first and third cyclg§ig. 7), which suggests that . .
the Li storage mechanisms above and below 0.6 V may be different 0.472 0.476 0480 0.484
3. The intrinsic resistance of MCMB 6-10 at30°C is at least (b) ReZ(Qg)
ten times higher than that of JM 287 at the same temperéfige2
and 7), and it increases quickly on charge-discharge cycling. Figure 8. (a) Reaction andb) intrinsic impedances of MCMB 6-10 elec-
trodes on the fourth charge to 75 mV aB0°C. Before measurement, the
EIS measurement of the MCMB 6-10 coke anode atelectrode was subjected to two GITT cycles and one galvanostatic charge-
—30°C.—Figure 8 shows the EIS reaction and intrinsic impedanceslischarge cycle at30°C.

10+

0.004

-imZ(Qg)
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Figure 9. (a) Li insertion rate capability andb) variation of Li insertion
capacity with open-circuit potential for JM 287 and MCMB 6-10 anodes at
—30°C.

of MCMB 6-10 anode at-30°C obtained on the fourth charge to
0.075V, after 2.0 h relaxation. As with graphite, the reaction imped-

Journal of The Electrochemical Societ#49 (6) A754-A760(2002)

287, the intrinsic impedance of MCMB 6-10 coke shows a de-
pressed semicircle, which suggests that SEI film formation between
the carbon particles takes pla@€g. 8b).

Rate capability of JM 287 graphite and MCMB 6-10 coke
anodes at-30°C.—The rate capability for Li insertion into JM 287
graphite and MCMB 6-10 coke anodes-a80°C was measured and
is shown in Fig. 9a. As the current increases, rate capability for IM
287 graphite first decreases more rapidly than that of MCMB 6-10
coke, after which the rates become similar. The insertion rate capa-
bility as a function of normalized current for both JM 287 and
MCMB 6-10 (Fig. 9a)is similar to the behavior of the Li insertion
capacity change with open-circuit potentidig. 9b). This result
again confirms that the limiting low-temperature Li insertion capac-
ity may be attributed to the low plateau potential.

Conclusions

This electrochemical impedance spectroscdpyS) and gal-
vanostatic intermittent titratio(GITT) study of the low-temperature
performance of JM 287 graphite and MCMB coke anodes shows
that the limited Li insertion into graphite at30°C may be largely
attributed to the fact that its polarizatiorg., overpotential, is larger
than the equilibrium plateau potential for the Li-rich phase. This
results in incomplete stage transformation and a low Li insertion
capacity. The high polarization in both cases is mainly caused by the
high SEI film resistance, which is more than 27 times higher at
—30°C compared with the value at 25°C. In contrast, the resistivity
of the liquid electrolyte shows only a 10-fold increase on going from
25 to —30°C. Initial precycling of the anodes at low temperature
increases the reaction kinetics at room temperature only marginally.
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