
A

l
a
w
L
q
e
v
t
l
c
d
(
c
s
©

K

1

b
f
a
c
c
t
e
(
i

0
d

Journal of Power Sources 165 (2007) 535–543

Gel polymer electrolyte lithium-ion cells with improved
low temperature performance

M.C. Smart a,∗, B.V. Ratnakumar a, A. Behar a, L.D. Whitcanack a, J.-S. Yu b, M. Alamgir c

a Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Drive, Pasadena, CA 91109, United States
b LG Chem/Research Park, P.O. Box 61Yu Song, Science Town, Daejon, Republic of Korea

c Compact Power, Inc., 1857 Technology Drive, Troy, MI 48083, United States

Available online 17 November 2006

bstract

For a number of NASA’s future planetary and terrestrial applications, high energy density rechargeable lithium batteries that can operate at very
ow temperature are desired. In the pursuit of developing Li-ion batteries with improved low temperature performance, we have also focused on
ssessing the viability of using gel polymer systems, due to their desirable form factor and enhanced safety characteristics. In the present study
e have evaluated three classes of promising liquid low-temperature electrolytes that have been impregnated into gel polymer electrolyte carbon-
iMn2O4-based Li-ion cells (manufactured by LG Chem. Inc.), consisting of: (a) binary EC + EMC mixtures with very low EC-content (10%), (b)
uaternary carbonate mixtures with low EC-content (16–20%), and (c) ternary electrolytes with very low EC-content (10%) and high proportions of
ster co-solvents (i.e., 80%). These electrolytes have been compared with a baseline formulation (i.e., 1.0 M LiPF6 in EC + DEC + DMC (1:1:1%,
/v/v), where EC, ethylene carbonate, DEC, diethyl carbonate, and DMC, dimethyl carbonate). We have performed a number of characterization
ests on these cells, including: determining the rate capacity as a function of temperature (with preceding charge at room temperature and also at
ow temperature), the cycle life performance (both 100% DOD and 30% DOD low earth orbit cycling), the pulse capability, and the impedance
haracteristics at different temperatures. We have obtained excellent performance at low temperatures with ester-based electrolytes, including the
emonstration of >80% of the room temperature capacity at −60 ◦C using a C/20 discharge rate with cells containing 1.0 M LiPF6 in EC + EMC + MB

1:1:8%, v/v/v) (MB, methyl butyrate) and 1.0 M LiPF6 in EC + EMC + EB (1:1:8%, v/v/v) (EB, ethyl butyrate) electrolytes. In addition, cells
ontaining the ester-based electrolytes were observed to support 5C pulses at −40 ◦C, while still maintaining a voltage >2.5 V at 100 and 80%
tate-of-charge (SOC).

2006 Elsevier B.V. All rights reserved.
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. Introduction

Due to the attractive performance characteristics, lithium-ion
atteries have been identified as the battery chemistry of choice
or a number of NASA’s future applications, including Mars
nd Lunar orbiters, rovers and landers [1]. Some future appli-
ations typically will require high specific energy batteries that
an operate at very low temperatures (down to −80 ◦C). In addi-
ion to aerospace applications, JPL has interest in identifying

nergy storage devices that can operate at very low temperatures
<−50 ◦C) for terrestrial applications, including balloon exper-
ments (i.e., PAUSE Aerobot) and remote Antarctic data col-

∗ Corresponding author.
E-mail address: Marshall.C.Smart@jpl.nasa.gov (M.C. Smart).
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ection facilities. Furthermore, NASA requires enhanced safety
or a number of future human missions, for which gel poly-
er electrolyte-based pouch cell systems are inherently more

uitable than traditional liquid electrolyte-based lithium-ion cell
esigns.

Currently, the state-of-art lithium-ion system has been
emonstrated to operate over a wide range of temperatures
−40 to +40 ◦C); however, the performance is severely lim-
ted at temperatures below −40 ◦C. These limitations at very
ow temperatures are due to poor electrolyte conductivity, poor
ithium intercalation kinetics at the SEI-covered electrode sur-
aces, and poor ionic diffusion in the electrode bulk. To address

hese limitations, we have focused our efforts upon the devel-
pment of electrolyte solutions that possess high conductivity,
ood chemical and electrochemical stability, good electrode pas-
ivating characteristics (i.e., capable of producing protective and

mailto:Marshall.C.Smart@jpl.nasa.gov
dx.doi.org/10.1016/j.jpowsour.2006.10.038
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onically conductive surface films), and a wide liquid range
low freezing point). In this paper, we would like to discuss
ur recent results relating to the investigation of various liquid
lectrolyte formulations that have been incorporated in pro-
otype high-power and high-energy, gel polymer electrolyte
ithium-ion cells fabricated by LG Chem. Inc. (and its US unit
ompact Power, Inc.). Although it is generally anticipated that
el polymer electrolyte systems are less suited for enhanced
ow temperature operation compared with the traditional liquid-
ased Li-ion electrolyte systems, the excellent performance
ttributes of the high-power LG Chem. 7 Ah cells suggested
ood low temperature capability could also be achieved in gel
olymers cells with optimization of the liquid component of the
lectrolyte. The electrolytes studied include multi-component
ll carbonate blends, formulations containing ester-based co-
olvents, and solutions containing electrolyte “SEI promoting”
dditives. In previous work, we have demonstrated that multi-
omponent electrolyte formulations, especially with low EC-
ontent, have improved low temperature performance [2–4].
or further improvements, the use of aliphatic esters have been

dentified as promising co-solvents to improve electrolyte char-
cteristics at low temperature and research in this area has
een actively pursued at JPL [5,6] and by others [7–10] In
ur research, we have found that higher molecular weight ester
end to display improved stability electrochemically and are
referred over lower molecular weight esters (such as methyl
cetate and ethyl acetate) for robust low temperature perfor-
ance over the life of the cell, although the latter co-solvents

an often yield excellent low temperature capability in the ini-
ial stages of cell life [6]. Thus, recent work has focused upon
he development of formulations containing higher molecu-
ar weight co-solvents, such as methyl butyrate (MB), ethyl
utyrate (EB), methyl propionate (MP), and ethyl propionate
EP), which display impressive liquidus temperature ranges
nd adequate stability [11,12]. The electrolytes evaluated for
his study involve formulations which were previously inves-
igated in experimental MCMB-LiNixCo1−xO2 three-electrode
ells and electrochemically characterized by a number of tech-
iques, the results of which will be communicated in another
ublication.

In the current study, we evaluated a number of different low
emperature electrolytes, including all carbonate-based mixtures
nd ester-containing mixtures, which were developed and pre-
ared at JPL and then impregnated into gel polymer Li-ion
ells manufactured by LG Chem. Inc. The electrolytes studied
nclude:

1) 1.0 M LiPF6 in EC + EMC (1:9%, v/v).
2) 1.0 M LiPF6 in EC + EMC + EB (1:1:8%, v/v/v).
3) 1.0 M LiPF6 in EC + EMC + MB (1:1:8%, v/v/v).
4) 1.0 M LiPF6 in EC + DEC + DMC + EMC (1:1:1:2%,
v/v/v/v).
5) 1.0 M LiPF6 in EC + DEC + DMC + EMC (1:1:1:3%,

v/v/v/v).
6) 1.0 M LiPF6 in EC + DEC + DMC (1:1:1%, v/v/v) (Base-

line).

u
n
i
t
w
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The intent of the study was to compare three classes of
romising low temperature electrolyte with the baseline formu-
ation (i.e., 1.0 M LiPF6 in EC + DEC + DMC (1:1:1%, v/v/v)),
onsisting of: (a) binary EC + EMC mixtures with very low
C-content (10%), (b) quaternary carbonate mixtures with low
C-content (16–20%), and (c) electrolytes with low EC-content

10%) and high proportions of ester co-solvents (i.e., 80%). We
ave performed a number of characterization tests on the cells,
ncluding: determining the rate capacity as a function of temper-
ture (both charge at room temperature and low temperature),
he cycle life performance (both 100% DOD and 30% DOD
EO), the pulse capability, and the impedance characteristics at
ifferent temperatures.

. Experimental

A number of 7 Ah prismatic, pouch design cells were fab-
icated by Compact Power, Inc. (LG Chem), consisting of
iMn2O4-based cathode material, graphite anode material, and
proprietary gel polymer electrolyte and delivered to JPL for

erformance characterization. As mentioned above, these cells
ossessed a number of different liquid electrolytes including two
aseline electrolytes (a LG Chem formulation and a ternary EC-
ased electrolyte), optimized all carbonate-based blends with
ow EC-content, and ester-containing electrolytes developed at
PL. The carbonate-based solvents, ethylene carbonate (EC),
imethyl carbonate (DMC), diethyl carbonate (DEC), and ethyl
ethyl carbonate (EMC) containing LiPF6 salt in the desired

oncentration, were purchased form Mitsubishi Chemicals (bat-
ery grade) with less than 50 ppm of water. The ester solvents,
ethyl butyrate (MB) and ethyl butyrate (EB), were purchased

rom Aldrich and stored over Li metal chips and/or molecu-
ar sieves prior to use. The cells were evaluated in terms of:
i) the room temperature rate capability; (ii) cycle life perfor-
ance at room temperature (30% DOD low-earth-orbit [LEO]

est and 100% DOD test), (iii) the discharge characteristics at
ow temperature (with both charging at room temperature and
t low temperatures), (iv) the impedance characteristics over a
ide temperature range, and the (v) polarization behavior of the

ells as a function of temperature. Charge-discharge measure-
ents and cycling tests were performed with a Maccor battery

ycler. A Tenney environmental chamber was used to maintain
he desired temperature within ±1 ◦C for the cells (convectively
ooled). Temperature measurements were performed using ther-
ocouples attached to the cells.

. Results and discussions

.1. Cycle life performance

The first batch of cells fabricated and delivered to JPL, con-
isting of the LG Chem. baseline electrolyte formulation (Jan-
ary 2002) in a high-power cell design, were subjected to a

umber of generic performance characterization tests with the
ntent of evaluating their attributes over a wide range of condi-
ions. As illustrated in Fig. 1, excellent cycle life performance
as obtained when the cells were tested according to a standard
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ig. 1. Room temperature cycle life (100% DOD) performance of 7 Ah cells
ith the baseline electrolyte.

00% DOD test regime (C/5 charge to 4.1 V and C/5 discharge
o 3.0 V) at room temperature. As shown, the cell has completed
ver 3450 cycles with minimal capacity fade (0.010% cycle−1),
orresponding to over 71.6% of the initial capacity (∼88% at
ycle #1000). During the course of this test, very stable perfor-
ance continues to be observed with high columbic efficiency

>99%) and excellent watt-hour efficiency (98.1%) delivered
fter 3000 cycles completed (over 3.5 years of operation).

In addition to evaluating the performance under 100% DOD
onditions, cells were also subjected to 30% DOD low-earth-
rbit (LEO) cycle life testing to determine the viability of the
echnology to meet the requirements of planetary orbiter applica-
ions. This test consists of a 60-min charge period (0.4 C in-rush

harge current to 4.0 V) and a 30-min discharge period (0.6C dis-
harge rate). As illustrated in Fig. 2, excellent performance has
een obtained to-date with over 21,500 cycles being delivered
ith minimal decay in the end of discharge voltage observed

s
(
n
c

Fig. 2. End-of-discharge voltage (V) of a low-earth-orbit (LEO) cycle life
ig. 3. Discharge capacity (100% DOD) determined during low-earth-orbit
LEO) cycle life (30% DOD) testing performed on a 7 Ah with baseline chem-
stry at 23 ◦C.

∼ 207 mV). Throughout this test, 100% DOD capacity checks
ave been performed, to determine the loss in capacity as a result
f cycling. After completing 21,000 cycles, the cell delivered
.17 Ah, or over 72% of the initial capacity, as shown in Fig. 3.

.2. High rate discharge and pulse capability at various
emperatures

In the course of our studies, we placed emphasis upon evaluat-
ng the high rate and pulse discharge characteristics as a function
f temperature. The main objective in performing pulse testing
t to assess the technology’s potential to meet future mission

pacecraft power requirements during entry, descent and landing
EDL) procedures as well as for surface operations and commu-
ications, however, the performance was also assessed in the
ontext of hybrid, electric vehicles and DOE’s requirements. As

(30% DOD) performance of 7 Ah with baseline chemistry at 23 ◦C.
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ig. 4. Continuous high rate discharge characterization of a 7 Ah cell containing
.0 M LiPF6 EC + DEC + DMC + EMC (1:1:1:3%, v/v/v/v) electrolyte at 20 ◦C
sing C (7.00 A) to 6C (42 A) discharge rates.

llustrated in Fig. 4, good high rate capability was obtained with
he cells containing the quaternary low temperature electrolyte
t ambient temperatures, with nearly full capacity being deliv-
red at a 6C rate (42 A). A notable aspect of these findings is
hat the results were obtained on an aged and cycled cell, and
ven better performance is anticipated with a fresh cell in which
he impedance growth is minimized.

In addition to evaluating the performance of the cells under
ontinuous discharge conditions, effort was focused upon deter-
ining the pulse discharge characteristics at various tempera-

ures and state-of-charge. As illustrated in Fig. 5, good pulse
ate capability was demonstrated at temperatures as low as
35 ◦C, in which 5C pulses (each 2 s in duration) are supported
t various states-of-charge (100, 80, 60, and 50% SOC), with
cell containing the 1.0 M LiPF6 in EC + DEC + DMC + EMC

1:1:1:3%, v/v/v/v) electrolyte. With the use of more aggressive
ster-containing electrolytes, the operational temperature range

s
w
g
c

Fig. 5. High rate pulse discharge performance at −35 ◦C of a 7 Ah cell containing
Sources 165 (2007) 535–543

an be extended to −40 ◦C, as illustrated in Fig. 6. As shown in
he figure, a cell containing a 1.0 M LiPF6 in EC + EMC + EB
1:1:8%, v/v/v) electrolyte supported the 35 A pulses at −40 ◦C,
eing above 2.5 V for the 100% SOC and 80% SOC condi-
ion. The data helps to illustrate the superiority of ester-based
lectrolytes containing low ethylene carbonate content at tem-
eratures below −30 ◦C. This test helps to illustrate that the
echnology has great promise to support hybrid electric vehicle
pplications, specifically demonstrating the capability to provide
dequate “cold-cranking” performance at low temperatures.

.3. Discharge characteristics at low temperatures

Since many of NASA missions require good performance
t low temperatures, emphasis was placed upon evaluating the
ischarge characteristics of the cells at low temperatures (−20
o −60 ◦C), using conditions of charging at both ambient and
ow temperatures. Extensive discharge characterization was per-
ormed (with both charges at room temperature and at low
emperature) in an attempt to evaluate the performance of vari-
us low temperature electrolytes. As shown in Table 1, a number
f cells containing different low temperature electrolyte varia-
ions were subjected to a number of discharge rates (C/400 to
/2) over a wide range of temperatures (+25 to −70 ◦C) in an
ttempt to map the performance characteristics and ascertain any
lectrolyte trends. During the course of the evaluation, the cells
ere routinely discharged to low potential (i.e., 2.0 V) at low

emperature to extract the maximum capacity. It is recognized
hat discharging LiMn2O4-based systems to low voltage is asso-
iated with possible degradation of the LiMn2O4 cathode due to
he occurrence of a Jahn-Teller distortion of the crystallographic

tructure and an increase in the concentration of Mn3+(d4) ions
hich can undergo disproportionation to produce soluble man-
anese species (i.e., Mn2+) [13,14]. Additionally, there is some
oncern that the anode potential becomes sufficiently positive

the 1.0 M LiPF6 EC + DEC + DMC + EMC (1:1:1:3%, v/v/v/v) electrolyte.
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Table 1

Temperature (◦C) Rate Current (A) 1.0 M LiPF6 EC + EMC
+ MB (1:1:8%, v/v/v)

1.0 M LiPF6 (1:1:8%,
EC + EMC + EB, v/v/v)

1.0 M LiPF6 EC + EMC
(1:9%, v/v)

1.0 M LiPF6 EC + DEC + DMC
+ EMC (1:1:1:2%, v/v/v/v)

1.0 M LiPF6 EC + DEC
+ DMC (1:1:1%, v/v/v)

Capacity
(Ah)

% of room
temperature

Capacity
(Ah)

% of room
temperature

Capacity
(Ah)

% of room
temperature

Capacity
(Ah)

% of room
temperature

Capacity
(Ah)

% of room
temperature

25 C/5 1.400 6.2414 100.00 6.8248 100.00 7.0407 100 7.2043 100.00 6.9457 100.00

−20 C 7.000 5.4243 86.91 6.4728 91.93 6.7420 93.58 6.5237 93.92
C/2 3.500 5.6403 90.37 6.4186 94.05 6.7259 95.53 6.8613 95.24 6.6481 95.72
C/5 1.400 5.7247 91.72 6.4568 94.61 6.7826 96.33 6.9155 96.69 6.6935 96.37
C/10 0.700 5.7591 92.27 6.4863 95.04 6.7963 96.53 6.9321 96.22 6.7051 96.54
C/20 0.350 5.8354 93.49 6.5095 95.38 6.8222 96.90 6.636 96.63 6.7240 96.81

−40 C 7.000 5.2190 83.62 6.1753 87.71 6.4061 88.92 6.2012 89.28
C/2 3.500 5.5965 89.67 6.4846 95.01 6.6697 94.73 6.7680 93.94 6.5385 94.14
C/5 1.400 5.7694 92.44 6.4868 95.05 6.6779 94.85 6.7553 93.77 6.5302 94.02
C/10 0.700 5.7305 91.81 6.5460 95.91 6.7495 95.86 6.8925 95.67 6.6623 95.92
C/20 0.350 5.7840 92.67 6.5890 96.54 6.7802 96.30 6.9224 96.09 6.6636 95.94
C/50 0.140 6.5944 96.62 6.7942 96.50 6.9315 96.21 6.6648 95.96
C/100 0.070 5.8941 94.43 6.7786 99.32 6.9562 76.80 7.1013 98.57 6.8060 97.99

−50 C/2 3.500 5.3223 85.27 6.2761 91.96 6.5156 92.54 6.4899 90.08 0.2566 3.70
C/5 1.400 5.2514 84.14 5.6844 83.29 5.7422 81.56 5.4397 75.51 4.9223 70.87
C/10 0.700 5.5378 88.73 6.1578 90.23 6.3301 89.91 6.2036 86.11 5.9543 85.73
C/20 0.350 5.7703 92.45 6.4543 94.57 6.6374 94.27 6.6857 92.80 6.4549 92.93
C/50 0.140 5.9414 95.19 6.6743 97.80 6.8331 97.05 6.9836 96.94 6.7418 97.06
C/100 0.070 6.0187 96.43 6.8250 100.00 6.9646 98.92 7.1174 98.79 6.8378 98.45

−60 C/2 3.500 5.3232 85.29 6.3245 92.67 6.4635 91.80 0.2700 3.75 0.0164 0.24
C/5 1.400 3.3658 53.93 2.6442 38.74 1.4604 20.74 0.2059 2.86 0.0966 1.39
C/10 0.700 4.3151 69.14 4.1638 61.01 3.7109 52.71 1.1646 16.17 0.4945 7.12
C/20 0.350 5.2938 84.82 5.3550 78.46 5.1971 73.81 4.3983 61.05 1.8178 26.17
C/50 0.140 5.7834 92.66 6.2789 92.00 6.3613 90.35 6.0935 84.98 4.9894 71.83
C/100 0.070 6.1528 98.58 6.5854 96.49 6.7340 95.64 6.7543 93.75 6.1563 88.64

−70 C/20 0.350 2.0645 33.08 0.7782 11.40 0.4029 5.72 0.0005 1.39 0.0005 0.01
C/50 0.140 4.3723 70.05 3.6773 53.88 3.882 37.76 0.5842 8.11 0.0122 0.18
C/100 0.070 5.3431 85.61 5.3486 78.37 4.9245 69.94 3.5854 49.77 0.0957 1.38
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ity being observed, as shown in Fig. 9. It should be noted that
the EC + EMC solution performed nearly as well, illustrating
that the improved low temperature performance is significantly
Fig. 6. High rate pulse discharge performance at −40 ◦C of a 7 Ah ce

uch that copper dissolution in the media is accelerated [15,16].
owever, these processes are likely to occur at significant rates,
ue to polarization effects at low temperature the applied volt-
ge does not the reflect the local electrochemical potential, which
ould be higher than observed. The copper dissolution process
ay not be an issue, since it has been shown to occur only at

otentials 3.1 V versus Li+/Li or higher, while the anode poten-
ial maximum typically recorded on such discharges is lower
han 1.5 V versus Li+/Li, even under these deep discharge con-
itions.

When the rate capability of the cell containing one
f the JPL quaternary liquid electrolytes, 1.0 M LiPF6 in
C + DEC + DMC + EMC (1:1:1:3%, v/v/v/v) was evaluated at
20 ◦C (with both charge and discharge performed at low tem-

erature), good performance was obtained with over 94% of the
oom temperature capacity delivered at a C/2 rate (6.636 Ah),
s shown in Fig. 7. In order to obtain full state of charge
rior to discharge, long charge periods were necessitated due
o the low temperatures, a characteristic typically displayed by

ost lithium-ion cell chemistries and designs. Improving the
harge acceptance characteristics, especially at low temperature,
emains to be a focus of future interest. Excellent performance
as also obtained at −30 ◦C, with over 76% of the room tem-
erature capacity being delivered using a C/2 discharge rate
3.50 A), with the cell also being charged at low temperature.

For temperatures below −30 ◦C, the discharge characteriza-
ion tests were performed utilizing a room temperature charge

ethodology, due to the slow charge kinetics and the possibil-
ty of lithium plating occurring on the anode, which can lead to
remature cell degradation [17]. As illustrated in Fig. 8, when
cell containing the 1.0 M LiPF6 in EC + DEC + DMC + EMC
1:1:1:3%, v/v/v/v) electrolyte was charged at room tempera-
ure and discharged at −40 ◦C, excellent capacity was delivered
sing a C/10 discharge rate with nearly full capacity (>99% of
he room temperature value) being delivered when a low end-

F
L
c
(
w

taining the 1.0 M LiPF6 EC + EMC + MB (1:1:8%, v/v/v) electrolyte.

f-discharge voltage is used. In addition, over 94% of the room
emperature capacity is delivered using a C/5 discharge rate,
ith a substantial portion of the capacity being delivered with

n operating cell voltage of above 2.50 V.
When the discharge performance of the cells containing

he different electrolytes was compared at −60 ◦C using a
/20 rate (with charging the cells at room temperature prior

o discharge at low temperature), the cells containing the
.0 M LiPF6 EC + EMC + MB (1:1:8%, v/v/v) and 1.0 M LiPF6
C + EMC + EB (1:1:8%, v/v/v) electrolytes displayed the best
erformance with over 80% of the room temperature capac-
ig. 7. Discharge rate characterization test of a 7 Ah cell containing 1.0 M
iPF6 EC + DEC + DMC + EMC (1:1:1:3%, v/v/v/v) electrolyte at −20 ◦C. The
harge consisted of using a C/10 (0.700 A) rate to 4.10 V with a 0.025 A cut-off
∼C/280) and a C10, C/5, C/3, and C discharge rates. Both charge and discharge
ere performed at −20 ◦C.
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Fig. 8. Discharge capacity (Ah) of a 7 Ah cell containing 1.0 M LiPF6

EC + DEC + DMC + EMC (1:1:1:3%, v/v/v/v) electrolyte at −40 ◦C using a C/5
(1.40 A) and C/10 (0.700 A) discharge rate to 2.0 V, compared to the perfor-
m
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Fig. 10. Discharge capacity (Ah) of a 7 Ah cell containing 1.0 M LiPF6

EC + EMC + EB (1:1:8%, v/v/v) electrolyte at −60 ◦C using a various rates
ranging from C/100 (0.070 A) to C/2 (3.50 A) discharge rates, compared to
the performance obtained at 23 ◦C. (Cell charge at room temperature prior to
discharge at low temperature.)

Fig. 11. Discharge capacity (Ah) of a 7 Ah cell containing 1.0 M LiPF6
ance obtained at 23 ◦C. (Cell charge at room temperature prior to discharge at
ow temperature.)

nfluenced by the EC-content, with solutions containing low
roportions of EC (<15%) being preferred for operation at tem-
eratures below −50 ◦C. In contrast, the cell containing the
aseline ternary carbonate electrolyte delivered less than 30% of
he room temperature capacity with low operating voltage. As
hown in Fig. 10, good performance was obtained over a range
f discharge rates (C/5 to C/100) at −60 ◦C with the cell contain-
ng the 1.0 M LiPF6 EC + EMC + EB (1:1:8%, v/v/v) electrolyte.
nterestingly, the cell was also observed to support a C/2 dis-
harge rate at −60 ◦C, presumably due to a self-heating effect
pon discharge. However, prior to this internal cell heating, the
oltage was observed to dip to potentials as low as ∼1.8 V, being
rohibitively low for a number of applications. Further improved
erformance at −60 ◦C was observed with the cell containing

he 1.0 M LiPF6 EC + EMC + MB (1:1:8%, v/v/v) electrolyte, as
hown in Fig. 11.

ig. 9. Discharge capacity (Ah) of a 7 Ah cells containing various low tempera-
ure electrolytes at −60 ◦C using a C/20 (0.35 A) discharge rate to 2.0 V. (Cells
harge at room temperature prior to discharge at low temperature using a C/5
harge rate to 4.1 V.)

EC + EMC + MB (1:1:8%, v/v/v) electrolyte at −60 ◦C using a various rates
ranging from C/100 (0.070 A) to C/2 (3.50 A) discharge rates, compared to the
performance obtained at 23 ◦C. (Cell charge at room temperature prior to dis-
charge at low temperature.)

Fig. 12. Discharge capacity (Ah) of a 7 Ah cells containing various low tem-
perature electrolytes at −70 ◦C using a C/100 (0.070 A) discharge rate to 2.0 V.
(Cells charge at room temperature prior to discharge at low temperature using a
C/5 charge rate to 4.1 V.)
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ischarge.)

This trend is maintained at −70 ◦C, where the cells containing
he ester-based electrolytes continued to outperform the all car-
onate blends, with the methyl butyrate-based system displaying
he best performance with ∼85% of the room temperature capac-
ty being delivered at low rate (i.e., C/100 or 0.070 A discharge
urrent), as shown in Fig. 12. It should be noted that the base-

ine formulation, which contains a relatively high proportion of
thylene carbonate (33%), delivered negligible capacity under
hese conditions. These results illustrate the beneficial effect the
ster co-solvents have upon the low temperature capability of

“
e

t

ig. 14. Discharge profile of a 7 Ah cells containing 1.0 M LiPF6 EC + EMC + MB (
ubjected to a duty cycle consisting of alternating 0.250 A for 2 min and 0.750 A for 0.
sing a C/5 charge rate to 4.1 V.)
MB (1:1:8%, v/v/v) electrolyte at −80 ◦C using a C/400 (17.5 mA) discharge
sing a C/5 charge rate to 4.1 V and allowed to soak at −80 ◦C for 12 h prior to

he cells, mainly due to higher ionic conductivity of the solu-
ions at these temperatures as a result of the lower viscosities
nd melting points. Cells containing the ester-based electrolytes
ere also observed to operate at temperatures as low as −80 ◦C,

lbeit at low discharge rates (C/400), as shown in Fig. 13. This
nding may be significant for many applications which require a

survival” mode at very low temperatures without the available
nergy to power auxiliary heaters.

In addition to performing generic discharge characterization
ests, a number of application specific tests at low temperature

1:1:8%, v/v/v) and 1.0 M LiPF6 EC + DEC + DMC (1:1:1%, v/v/v) electrolyte
50 min. (Cell charged at room temperature prior to discharge at low temperature
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ere performed for both planetary and terrestrial applications.
or example, some cells were subjected to Mars surface oper-
tion mission simulation testing, patterned after typical load
rofiles experienced by the Mars Exploration Rover mission.
n addition, a number of cells were tested to determine their
pplicability for NASA/NSF terrestrial applications, including
alloon experiments (i.e., PAUSE Aerobot) and remote Antarc-
ic data collection facilities. For example, cells were subjected
o a duty cycle consisting of alternating 0.250 A for 2 min
nd 0.750 A for 0.50 min at −60 ◦C, as illustrated in Fig. 14.
s shown in the figure, the cell containing the 1.0 M LiPF6
C + EMC + MB (1:1:8%, v/v/v) electrolyte delivered superior
erformance compared to the baseline formulation, being capa-
le of operating three times longer. The aim of this testing was
o determine the general capability and the viability of replac-
ng currently used chemistries (i.e., primary Li-SO2 cells) with
i-ion cells containing low temperature electrolytes.

. Conclusions

In this paper, we have evaluated high rate, gel-polymer
ithium-ion prototype cells (fabricated by Compact Power, Inc.)
o determine their viability for a number of NASA and DOD
pplications. We have demonstrated that the cells possess: (i)
ood cycle life performance (both at 100 and 30% DOD), (ii)
xcellent discharge characteristics at low temperature, and (iii)
xcellent pulse discharge behavior over a range of temperatures.
ith cells containing a low temperature quaternary electrolyte

ormulation, excellent performance was obtained at −40 ◦C
sing a C/10 discharge rate (room temperature charge), with
early full capacity being delivered. Excellent high rate pulse
ischarge behavior was also observed over a wide range of tem-
eratures, with 5C pulses being able to be supported at tempera-
ures as low as −35 ◦C in the case with the quaternary carbonate-
ased electrolyte and −40 ◦C in the case of the ester-based elec-
rolyte. The cells containing the 1.0 M LiPF6 in EC + EMC + MB
1:1:8%, v/v/v) and 1.0 M LiPF6 in EC + EMC + EB (1:1:8%,

/v/v) electrolytes displayed especially good performance at
ery low temperatures (−60 to −80 ◦C), with over 80% of the
oom temperature capacity being delivered at −60 ◦C using a
/20 discharge rate.
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