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bstract

Lithium-ion batteries have started replacing the conventional aqueous nickel-based battery systems in space applications, such as planetary lan-
ers, rovers, orbiters and satellites. The reasons for such widespread use of these batteries are the savings in mass and volume of the power subsystems,
esulting from their high gravimetric and volumetric energy densities, and their ability to operate at extreme temperatures. In our pursuit to further
nhance the specific energy as well as low-temperature performance of Li-ion batteries, we have been investigating various layered lithiated metal
xides, e.g., LiCoO2, LiNi0.8Co0.2 and LiNi0.8Co0.15Al0.05O2, as well as different low-temperature electrolytes, including ternary and quaternary car-
onate mixtures with various co-solvents. In this paper, we report our recent studies on Li1+x(Co1/3Ni1/3Mn1/3)1−xO2 cathodes, combined with three
ifferent low-temperature electrolytes, i.e.: (1) 1.0 M LiPF6 in EC:EMC (20:80), (2) 1.2 M LiPF6 in EC:EMC (20:80) and (3) 1.2 M LiPF6 in EC:EMC
30:70). Electrical performance characteristics were determined in laboratory glass cells at different discharge rates and different temperatures.

urther, individual electrode kinetics of both Li1+x(Co1/3Ni1/3Mn1/3)1−xO2 cathodes and MCMB graphite anodes were determined at different temper-
tures, using dc micropolarization, Tafel polarization and electrochemical impedance spectroscopy (EIS). Analysis of these data has led to interesting
rends relative to the effects of solvent composition and salt concentration, on the electrical performance and on the kinetics of cathode and anode.
ublished by Elsevier B.V.
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. Introduction

Lithium-ion batteries are preferred to the conventional
queous nickel rechargeable battery systems in several space
pplications, such as planetary landers [1], rovers [2], orbiters
nd satellites. The reasons for such widespread use of Li-ion
atteries are the benefits in mass and volume, both of which
re always critical in any mission, resulting from a three-fold
nhancement in the specific energy and about a six-fold ben-
fit in the energy density. In addition, the ability to operate at
xtreme temperatures greatly simplifies their thermal manage-
ent. A combination of these desirable attributes of lithium-ion
atteries will result in significant enhancement of space mis-
ions, or can even be mission enabling in some cases, e.g., the
n-going Mars Exploration Rovers.

∗ Corresponding author. Tel.: +1 818 354 0110; fax: +1 818 393 6951.
E-mail address: ratnakumar.v.bugga@jpl.nasa.gov (B.V. Ratnakumar).
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In order to address the challenges of future missions to
Moon, Mars and Beyond’ as envisaged by NASA’s Exploration
ystems Mission Directorate (ESMD), we undertook a tech-
ology development endeavor to further enhance the specific
nergy and low-temperature performance of Li-ion batteries. In
his pursuit, we have been examining various layered lithiated

etal oxides as well as different low-temperature electrolytes
3,4]. Compared to the conventional LiCoO2, LiNi0.8Co0.2 and
iNi0.8Co0.15Al0.05O2 cathodes, LiCo1/3Ni1/3Mn1/3O2 (termed
s NMC) cathodes provide higher specific capacity and also
nhanced thermal stability. Accordingly, this material is being
tudied in detail by several research groups, for a range
f applications [5–10]. It would be interesting to verify
he performance of such cathodes in conjunction with low-
emperature electrolytes, and to determine the performance

imiting aspects at low-temperature. Given that the rate capa-
ility of LiCo1/3Ni1/3Mn1/3O2 cathodes has been reported to be
oorer than that of LiCoO2 cathodes [6,7,10] there is particu-
ar interest in determining if the low-temperature capability of

mailto:ratnakumar.v.bugga@jpl.nasa.gov
dx.doi.org/10.1016/j.jpowsour.2006.10.106
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capacities under these conditions are also listed in Table 2. As
may be seen from the figure, at −40 ◦C using a low discharge
rate of C/20, the performance is the best with the electrolyte with
high EC-content, while the low EC solution, especially with
02 M.C. Smart et al. / Journal of P

he material is adversely affected by limited lithium diffusiv-
ty. Choi and Manthiram [10] have reported that over 80% of
he capacity is maintained at 2 C rates compared to the capacity
elivered at C/10, however, the rate capability as a function of
emperature and as function of electrolyte type was not investi-
ated.

In this paper, we studied the electrochemical performance of
i1+x(Co1/3Ni1/3Mn1/3)1−xO2, provided by Argonne National
aboratory, in three different low-temperature electrolytes: (1)
.0 M LiPF6 in EC (ethylene carbonate):EMC (ethyl methyl
arbonate) (20:80, v/v%), (2) 1.2 M LiPF6 in EC:EMC (20:80,
/v%) and (3) 1.2 M LiPF6 in EC:EMC (30:70, v/v%), at differ-
nt discharge rates and temperatures. Even though electrolytes
ith quaternary solvent mixtures and with ester co-solvents

howed impressive low-temperature performance as reported
n our earlier publications, the selected electrolytes are also
xpected to perform well. Besides, the third electrolyte solu-
ion is being examined by DoE for hybrid car applications. In
ddition to the performance at various temperatures, the electro-
hemical kinetics of the LiCo1/3Ni1/3Mn1/3O2 cathodes as well
s the graphitic anodes were determined from dc micropolariza-
ion, Tafel and electrochemical impedance spectroscopy (EIS)
t various temperatures. Interesting trends have been observed
oth in terms of the performance and the electrode kinetics at
ifferent temperature, as a function of the ratio of EC and EMC
nd the concentration of the electrolyte salt.

. Experimental

The cathode and anode materials for these studies contained
i1+x(Co1/3Ni1/3Mn1/3)1−xO2 (x = 0.1) from Seimi, Japan and
CMB-10-28 graphite from Osaka Gas. The cathodes, coated

n Al foil, contained 84% of active material, 8% of conductive
iluent and 8% of binder. The anode, on the other hand, had
he composition of 90% of active material, 2% of vapor grown
arbon fiber (VGCF) as conductive diluent and 8% binder. The
lectrodes thus supplied by Argonne National Laboratory were
rimmed to the size (∼6.5′′ × 1.5′′), bagged with polyethylene
eparators, and rolled into a jelly roll using Teflon mandrills,
hich were later inserted into glass cells sealed with O-ring

eals. The electrode jelly rolls also had reference electrodes
n the form of lithium cold-welded onto Ni foils. The stock
olutions for the electrolytes were obtained from EM Sciences,
nc. All the cell fabrication operations were performed in a dry
oom with less than 1% humidity, while the electrolyte fill-
ng or activation was performed in an argon-filled glove box.
ll the electrochemical performance studies, such as charging,
ischarging and cycling at different temperatures were carried
ut using an Arbin battery system and Tenney Jr environmental
hambers. For basic electrochemical studies, a combination of
n EG&G 273A potentiostat and an EG&G Frequency Response
nalyzer was used with the support of a Softcorr program for
he dc polarization measurements and a M382 program was used
or the electrochemical impedance spectroscopy (EIS) measure-
ents. All measurements were performed at 25 ± 2 ◦C, unless
entioned otherwise.
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. Results and discussions

As mentioned above, the electrochemical performance was
etermined in the three different electrolytes at various rates of
harge and discharge and at different temperatures. To further
nderstand the observed trends in the performance, electrochem-
cal kinetics for both anode and cathode were determined, using
c Tafel and dc micropolarization as well as electrochemical
mpedance spectroscopy.

.1. Electrochemical performance

The typical charge–discharge characteristics of one of the
hree cells during the formation process are illustrated in Fig. 1,
n which the cell voltage, anode potential and cathode poten-
ial are displayed. As may be seen from this figure, the cell is
ell balanced, i.e., the cathode and anode capacities are well
atched with the selected areas and active material loadings. At

he end of charge, the anode potentials remained positive to Li,
hus ensuring that there is some buffer in the anode capacity and
hat there would not be any lithium plating under normal condi-
ions. Table 1 shows further details on the charge and discharge
apacities and coulombic efficiency in the first five formation
ycles. As may be seen from the figure, all these characteristics
re nearly identical for the electrolytes studied here.

Relative to the rate capability at room temperatures, the elec-
rolyte with low salt concentration and low EC-content yielded

89% of the low rate (0.2 C) capacity at 0.8 C, while the elec-
rolyte with higher salt and low EC gave a capacity of 90.5%
nd the cell with high salt and high EC gave ∼93%. Thus, it is
lear that high EC formulations, and electrolytes with high salt
oncentrations, perform better at high discharge rates at ambient
emperatures.

Fig. 2 illustrates the performance of these cells at low tem-
eratures, specifically at −40 ◦C and −50 ◦C. The percent
ig. 1. Charge–discharge curves of LiNi1/3Mn1/3Co1/3O2-C laboratory test cell
ith 1.0 M LiPF6/EC:EMC (20:80) electrolyte solution during the formation

ycles. Also shown are the individual potentials of cathode and anode.
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Fig. 2. Discharge capacities of LiNi1/3Mn1/3Co1/3O2-C laboratory test cells with
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1) 1.0 M LiPF6/EC:EMC (20:80), (2) 1.2 M LiPF6/EC:EMC (20:80) and (3)
.2 M LiPF6PF6/EC:EMC (30:70) electrolyte solutions at different discharge
ates and temperatures.

ow salt concentration gave the poorest performance. At high
ischarge rates, however, the trend is reversed. At a discharge
ate exceeding C/5, the low EC solutions far outperformed
he high EC-content solution, with the high salt concentration,
elping even more. A similar trend is also observed in the dis-
harge capacities at −50 ◦C; the benefits of low EC proportions
re evident even at low discharge rates, i.e., C/10–C/5. These
rends are better illustrated in Fig. 3A and B, which show the
ischarge curves at −40 ◦C at C/15 and C/5, respectively. At
/5, the discharge voltages as well as discharge capacity are
onsiderably diminished in high EC-content electrolyte. The
mproved low-temperature performance in electrolytes with low
C-content, especially at high rates, may be attributed to their

ower viscosity and higher ionic conductivity. The enhanced
erformance delivered with the use of electrolytes containing
igher salt concentration may be understood in terms of reduced
ass transfer polarization, especially at high discharge rates.
hough lower salt concentrations are preferred for lowering the
iscosity and thus improving the ionic conductivity [11] and
erformance characteristics, it appears that at high discharge
ates, the availability of adequate lithium ions at the interface is
ritical, especially at high discharge rates and low temperatures.

.1.1. Electrochemical kinetics
Even though the performance in the three electrolytes is

early identical at ambient temperature, there are some dif-
erences at low temperatures, especially being evident at low
nd high discharge rates. In order to gain further understand-
ng into these performance variations, electrochemical kinetics
ere determined using dc polarization methods as well as elec-

rochemical impedance spectroscopy (EIS).
.1.2. Electrochemical impedance spectroscopy (EIS)
Electrochemical impedance spectroscopy measurements

ere made on the three cells at different temperatures, i.e.,
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Table 2
Summary of performance characteristics graphite–LiNi1/3Co1/3Mn1/3O2 cells in (a) 1.0 M LiPF6/EC:EMC (20:80), (b) 1.2 M LiPF6/EC:EMC (20:80) and (c) 1.2 M
LiPF6/EC:EMC (30:70) electrolyte solutions at different discharge rates and temperatures

Temperature (◦C) Current
(mA)

Rate 1.0 M LiPF6 in EC + EMC
(20:80, v/v%)

1.2 M LiPF6 in EC + EMC
(20:80, v/v%)

1.2 M LiPF6 in EC + EMC
(30:70, v/v%)

Capacity (mAh) Percent (%) Capacity (mAh) Percent (%) Capacity (mAh) Percent (%)

23 25.00 C/5 135.8 100.0 139.1 100.0 126.5 100.0

−40 6.25 C/20 83.4 61.4 81.6 58.7 81.8 64.7
8.33 C/15 81.7 60.2 81.9 58.9 79.5 62.8

12.50 C/10 78.9 58.1 80.3 57.7 73.6 58.2
25.00 C/5 70.9 52.2 75.0 53.9 46.4 36.6
41.67 C/3 34.6 25.5 36.1 25.9 17.3 13.7
62.50 C 13.9 10.3 16.2 11.6 11.1 8.8

−50 6.25 C/20 50.9 37.5 54.2 39.0 44.7 35.3

a
m
o
o
t
a

F
c
(
C

t
c
s

8.33 C/15 36.0 26.5
12.50 C/10 26.1 19.2
25.00 C/5 11.9 8.7

t 25 ◦C, 0 ◦C, −20 ◦C, −30 ◦C and −40 ◦C. These measure-
ents were all made in a fully charged state, i.e., 100% state

f charge (corresponding to the cell being charged to 4.30 V)

ver a wide frequency range of 105 Hz to 10−2 Hz. Fig. 4 shows
he typical Nyquist EIS plot of the cathode, anode and the cell
t −30 ◦C. As may be seen from the figure, the anode seems

ig. 3. Performance characteristics of LiNi1/3Mn1/3Co1/3O2-C laboratory test
ell in (1) 1.0 M LiPF6/EC:EMC (20:80), (2) 1.2 M LiPF6/EC:EMC (20:80) and
3) 1.2 M LiPF6/EC:EMC (30:70), electrolyte solutions at −40 ◦C and at (A)
/15 and (B) C/5 rates.

c
t
i
s
a
t
t
i
a
p
m
o
s
t
i

F
L
a

40.6 29.2 32.2 25.4
35.5 25.5 16.5 13.1
13.3 9.5 5.3 4.2

o be contributing more to the overall cell impedance. This is
onsistent with what we have seen in past with other electrode
ystems, where the anode kinetics tend to be faster than at the
athode at room temperature and at temperatures below −20 ◦C,
he SEI on the surface of the anode typically contributes a signif-
cant portion towards the overall cell impedance. Figs. 5 and 6
how the EIS behavior of the cathode and anode, respectively,
t different temperatures in the three different electrolytes. Even
hough the impedance plots of the cathode look fairly similar,
here are some differences. The series impedance and the overall
mpedance seem to be slightly lower for the high-EC solution
t ambient temperatures, while the trend is reversed at low tem-
eratures. The anode EIS plots (Fig. 6), on the other hand, are
uch more similar in the three electrolytes; at least as a function
f temperature. A more detailed analysis of the EIS data, with
uitable equivalent circuits and a quantitative interpretation in
erms of the changes in the kinetic parameters will be provided
n our future publication. For a semi-quantitative understanding

ig. 4. EIS plots of (1) LiNi1/3Mn1/3Co1/3O2-C laboratory test cell with 1.0 M
iPF6/EC:EMC (20:80) solution at −30 ◦C. Plots 2 and 3 correspond to the
node and cathode behavior.
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ig. 5. EIS plots of LiNi1/3Mn1/3Co1/3O2 cathode in (1) 1.0 M LiPF6/EC:EMC
lectrolyte solutions at (A) 25 ◦C, (B) −20 ◦C and (3) −30 ◦C, respectively.

f the impedance values as a function of the electrolyte com-
osition, the cathode impedance at three different frequencies,
or example, at 200 Hz, 1 Hz and 0.05 Hz, are plotted as a func-
ion of temperature in Fig. 7. The reason for choosing these
hree frequencies is due to the fact that they lie in the ranges
orresponding to the SEI charging, charge transfer kinetics and
iffusional impedance, respectively. As may be seen from the
gure, the impedance values increase sharply at low tempera-

ures, more significantly at low frequencies. This increase is also
ore noticeable with the electrolyte containing high EC, com-

ared to the low-EC formulations. Furthermore, the impedance
t any temperature and frequency is lower for the solution con-
aining low-EC as well as low salt concentration.

.1.3. dc linear polarization
To augment the EIS measurements, dc polarization measure-

ents were made at low polarization (±5 mV), which permits
inearization of the electrochemical rate equation and thus sim-

lifies the determination of polarization resistance or exchange
urrent density. For example, Fig. 8 shows such linear polariza-
ion plots of the carbon anodes in 1.0 M LiPF6/20:80 EC:EMC
olution. From the slopes of such linear plots, the exchange cur-

t
i
L
s
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80), (2) 1.2 M LiPF6/EC:EMC (20:80) and (3) 1.2 M LiPF6/EC:EMC (30:70)

ents were calculated both for the anode and the cathode in the
hree different electrolytes and at different temperatures. Fig. 9
llustrates the Arrhenius plots for the anode kinetics in three dif-
erent electrolytes. As may be seen from the figure, the slopes
or the Arrhenius plots, or the activation energies for anode reac-
ion, are nearly identical in the three electrolytes studied. For the
athode process, however, there is an interesting trend (Fig. 10).
he cathode kinetics in the high EC-content solution were quite

avorable at 25 ◦C, but become more sluggish at low tempera-
ures, compared to the low-EC formulations. This “cross-over”
n behavior occurs around −20 ◦C. A similar trend was also
bserved in the cell performance, which suggests that it may
ow be understood in terms of changes in the cathode kinetics.

.1.4. Tafel polarization
The Tafel measurements were performed once again at slow

nough scan rates to allow near-steady state conditions, but rapid
nough not to cause significant changes in the state of charge for

he materials during these measurements. Fig. 11 shows the typ-
cal Tafel curves of the cathode in one electrolyte, i.e., 1.0 M
iPF6 in EC:EMC (20:80, v/v%). At room temperature not
hown in figure, there is evidence of strong mass transfer interfer-
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Fig. 6. EIS plots of graphite anode in (1) 1.0 M LiPF6/EC:EMC (20:80), (2) 1.2 M LiPF6/EC:EMC (20:80) and (3) 1.2 M LiPF6/EC:EMC (30:70) electrolyte solutions
at (A) 25 ◦C, (B) −20 ◦C and (C) −30 ◦C, respectively.

Fig. 7. Impedance from EIS measurements of LiNi1/3Mn1/3Co1/3O2 cathode in
(1) 1.0 M LiPF6/EC:EMC (20:80), (2) 1.2 M LiPF6/EC:EMC (20:80) and (3)
1.2 M LiPF6/EC:EMC (30:70) electrolyte solutions as a function of temperature
at (A) 200 Hz, (B) 1 Hz and (C) 50 mHz, respectively.

Fig. 8. dc linear polarization plots of graphite anode in 1.0 M LiPF6/EC:EMC
(20:80) electrolyte solution at: (1) 25 ◦C, (2) 0 ◦C, (3) −20 ◦C, (4) −30 ◦C and
(5) −40 ◦C, respectively.
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Fig. 9. Arrhenius plots from linear polarization for the Li intercalation in
graphite in (1) 1.0 M LiPF6/EC:EMC (20:80), (2) 1.2 M LiPF6/EC:EMC (20:80)
and (3) LiPF6/EC:EMC (30:70) electrolyte solutions.

Fig. 10. Arrhenius plots from linear polarization for the charge transfer process
on the LiNi1/3Mn1/3Co1/3O2 cathode in (1) 1.0 M LiPF6/EC:EMC (20:80), (2)
1.2 M LiPF6/EC:EMC (20:80) and (3) 1.2 M LiPF6/EC:EMC (30:70) electrolyte
solutions.

Fig. 11. Tafel polarization plots of LiNi1/3Mn1/3Co1/3O2 cathode in 1.0 M
LiPF6/EC:EMC (20:80) at different temperatures.

Fig. 12. Arrhenius plots from the Tafel polarization for the charge transfer pro-
c
(
s

e
h
i
c
c
t
o
f
a
o
h
t
t
t
b
a
(
k
b

F
g
a

ess on the LiNi1/3Mn1/3Co1/3O2 cathode in (1) 1.0 M LiPF6/EC:EMC (20:80),
2) 1.2 M LiPF6/EC:EMC (20:80) and (3) LiPF6/EC:EMC (30:70) electrolyte
olutions.

nce at high discharge currents. At low temperatures, on the other
and, possibly due to a reduction in the charge transfer kinet-
cs, the mass transfer influence is less significant. After applying
orrections to the mass transfer effects, exchange currents were
alculated from the revised Tafel plots. Figs. 12 and 13 illustrate
he Arrhenius plots, based on these exchange currents for cath-
de and anode, respectively. Consistent with the observations
rom the dc linear polarization results, the cathode kinetics show
strong dependence on the electrolyte composition, with a cross-
ver occurring around −20 ◦C. The anode kinetics, on the other
and, are slowed at low temperature to the same degree in all the
hree electrolytes. This finding is rather counter-intuitive from
he current understanding that the electrolyte composition tends
o affect the composition and morphology of the SEI on the car-
on anode and thus impact Li intercalation/deintercalation at the
node/electrolyte interphase. Even though, such surface films

SEI) are reportedly possible on the cathode, their impact on the
inetics and hence on the cathode performance was believed to
e not as overwhelming.

ig. 13. Arrhenius plots from the Tafel polarization for the Li intercalation in
raphite in (1) 1.0 M LiPF6/EC:EMC (20:80), (2) 1.2 M LiPF6/EC:EMC (20:80)
nd (3) 1.2 M LiPF6/EC:EMC (30:70) electrolyte solutions.
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. Conclusions

The lithiated nickel manganese cobalt oxide Li1+x(Co1/3
i1/3Mn1/3)1−xO2, also termed as NMC cathode shows good

ompatibility with the carbonate-based low-temperature elec-
rolytes. Impressive performances have been realized at low
emperatures of ≤−30 ◦C. Electrolytes containing high salt con-
entration and high EC-content fare well at room temperatures.
t low temperatures, on the other hand, the formulations with

ow EC-content and low salt concentration are preferred. Consis-
ent with the electrical performance, the electrochemical kinetics
f cathode in particular show a strong dependence on the nature
f electrolytes at different temperatures, with a cross-over in
rom high EC solutions to low-EC formulations around −20 ◦C.
he anode kinetics, on the other, decrease monotonously in

he three electrolytes. The activation energies observed for the
harge transfer processes at the cathode as well anode are consis-
ent from the linear and Tafel polarization data. Further studies
n the storage characteristics and high temperature resilience in
hese electrolytes are in progress.
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