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Abstract: To improve the low-temperature performances of Li-ion cells, three types of linear carboxylic ester-based electrolyte, such
as EC/EMC/EA (1:1:2, mass ratio), EC/EMC/EP (1:1:2, mass ratio) and EC/EMC/EB (1:1:2, mass ratio), were prepared to substitute
for industrial electrolyte (EC/EMC/DMC). Then, 18650-type LiMn,O4—graphite cells (nominal capacity of 1150 mA-h) were
assembled and studied. Results show that the cells containing three types of electrolyte are able to undertake 5C discharging current
with above 93% capacity retention at —20 °C. Electrochemical impedance spectra show that the discharge capacity fading of Li-ion
cells at low temperature is mainly ascribed to the charge transfer resistance increasing with temperature decreasing. In comparison,
the cells containing electrolyte of 1.0 mol/L LiPF¢ in EC/EMC/EA (1:1:2, mass ratio) have the highest capacity retention of 90% at
—40 °C and 44.41% at —60 °C, due to its lowest charge-transfer resistance.
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1 Introduction

Li-ion cells have been widely applied in human’s
daily life [1,2] since they were introduced into the
market twenty years ago. Recently, NASA is considered
introducing Li-ion cells to power Rovers and Landers in
Mars exploration missions [3]. However, due to the poor
performance of Li-ion cells at low temperatures, it is
difficult to be well used in aerospace, military and other
special areas. The freezing point of commercial
electrolytes is about —30 °C, while the above-mentioned
fields require Li-ion cells to be able to operate below
—40 °C [4]. Therefore, it is of great significance to
improve the low-temperature properties of Li-ion cells,
which not only is related with electrodes, but also refers
to electrolyte [5—9].

Adjusting the electrolyte formulation was known as
one of the most effective and economic methods for
improving the low-temperature performances of Li-ion
cells [10—14]. With a certain proportion, EC/DMC/EMC
ternary solvent mixture is commonly used as commercial
electrolyte of Li-ion cells. A kind of electrolyte with 1.0

mol/L LiPFg in EC/DMC/EMC (8.3:25:66.7, mass ratio)
was optimized, and with this electrolyte composition, the
cells retained 90.3% of the discharge capacity at 0.1C
and —40 °C [15]. Another kind of electrolyte with 1.0
mol/L LiPFg in EC/DEC/DMC/EMC (1:1:1:3, volume
ratio) was proposed, with which cells delivered the
improved low-temperature performance by comparison
with a number of ternary and quaternary carbonate-based
electrolytes [16]. Because the performance of the
electrolyte based on the polybasic carbonate mixture at
low temperatures is limited, linear carboxylic ester has
been recommended as modifying agent, which has lower
melting point and viscosity than the liner carbonate,
guaranteeing a higher conductivity of electrolyte at low
temperatures. The conductivity of binary and ternary
mixtures containing EA or EB reaches 7 mS/cm at
=20 °C and 5 mS/cm at —35 °C, respectively, while that
of the base electrolyte was 2 mS/cm at —20 °C [17]. The
performance at low temperatures of LiMn,04-based Li-
ion cells was studied. Results showed that cells with
electrolyte compositions of 1.0 mol/L LiPFg in EC/EMC/
MB (1:1:0.08, volume ratio) and EC/EMC/EB (1:1:0.08,
volume ratio) discharged 80% capacity at —60 °C [18].
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In this work, the electrolytes of 1.0 mol/L LiPFy in
EC/EMC/DMC (1:1:1, mass ratio), 1.0 mol/L LiPF4 in
EC/EMC/EA (1:1:2, mass ratio), 1.0 mol/L LiPF¢ in
EC/EMC/EP (1:1:2, mass ratio) and 1.0 mol/L LiPF¢ in
EC/EMC/EB (1:1:2, mass ratio) were prepared to study
the effect of linear carboxylic esters on the low
temperature discharge property and the kinetics behavior
of the LiMn,Os—graphite cells. Focusing upon the
improved rate capability at low temperatures (i.e.,
=20 °C to —40 °C), this approach was demonstrated well
over a wide temperature range in LiMn,O,—graphite full
cells. The most surprising finding from this work was
that a decrease in charge-transfer resistance (R.) rather
than bulk resistance (R,) was the main reason for
improving the low temperature performance of the full
cells.

2 Experimental

LiPF¢, EC, EMC, EA, EP and EB were purchased
from Guangzhou Tinci Materials Technology Co., Ltd.,
China. In a glove box (both oxygen and water contents
<2x107%), LiPF, (1 mol/L) was dissolved in EC/EMC/
DMC (1:1:1, mass ratio), EC/EMC/EA (1:1:2, mass
ratio), EC/EMC/EP (1:1:2, mass ratio), EC/EMC/EB
(1:1:2, mass ratio) solvent mixture, respectively. The
water content of the electrolytes was determined less
than 10~ by Karl-Fischer 798 MPT Titrino. An
additional 2.0 % (mass fraction) of vinylene carbonate
(VC) was added into each mixture to assist the formation
of the solid electrolyte interphase (SEI). In the glove box,
18650 LiMn,04—graphite cells were assembled.

In order to provide a constant temperature, a
high—low temperature test-chamber (GDH—-2005C) was
used. The discharge performance at low temperatures
was evaluated by Neware charge/discharge instrument.
An electrochemical measurement system (PARSTAT
2273) was employed to measure the ionic conductivity of
the electrolyte and the electrochemical impedance
spectroscopy (EIS) of the cells. By applying a DC bias
with its value equal to the open circuit voltage (OCV) of
the cells and an AC oscillation of 5 mV over the
frequencies from 100 kHz to 0.01 Hz, the AC impedance
of the cells was potentiostatically recorded. The obtained
EISs were analyzed by ZView software (Scribner and
Associates).

3 Results and discussion

3.1 Ionic conductivity

Low ionic conductivity is one of the main factors
deteriorating the low temperature performances of cells
[19,20]. Considering the fact that the solubility of lithium
salts will decrease with temperature decreasing, the

concentration of 1 mol/L of LiPF¢ was chosen. The ionic
conductivities of electrolyte with the composition of
1.0 mol/L LiPF¢ in EC/EMC/EA (1:1:2, mass ratio),
1.0 mol/L LiPF¢ in EC/EMC/EP (1:1:2, mass ratio) and
1.0 mol/L LiPF¢ in EC/EMC/EB (1:1:2, mass ratio) were
measured and compared with those of commercial
electrolyte of 1.0 mol/L LiPFs in EC/EMC/DMC (1:1:1,
mass ratio), as shown in Fig. 1. The results show that
ionic conductivity decreases with temperature decreasing,
and the linear carboxylic esters-based electrolyte has a
superiority of ionic conductivity at lower temperatures
compared with commercial electrolyte of 1.0 mol/L
LiPFs in EC/EMC/DMC (1:1:1, mass ratio). The
electrolyte of 1.0 mol/L LiPF¢ in EC/EMC/EA (1:1:2,
mass ratio) has the highest conductivity of 9.15 mS/cm at
25 °C, 4.01 mS/cm at =20 °C, 1.7 mS/cm at —40 °C and
0.66 mS/cm at —60 °C, respectively. However, the
conductivity gap between the four electrolytes becomes
narrower as temperature decreases. For example, the gap
between electrolyte of 1.0 mol/L LiPF¢ in EC/EMC/EA
(1:1:2, mass ratio) and commercial electrolyte of 1.0
mol/L LiPF¢ in EC/EMC/DMC (1:1:1, mass ratio) is 1.7
mS/cm at —20 °C, but it declines to 0.98 mS/cm as the
temperature decreases to —40 °C, the conductivity gap is
no more than 0.3 mS/cm at —60 °C .This phenomenon is
in accordance with the results of XIAO et al [15].
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Fig. 1 Ionic conductivity — temperature curves of different
electrolytes

3.2 Discharge capacity of LiMn,O,—graphite cells

The discharge curves of LiMn,O4—graphite cells
with different electrolytes at —20, —40 and —60 °C are
shown in Fig. 2. The cells are discharged to 2.5 V at
0.5C rate under —20 °C, discharged to 2.0 V at 0.2C rate
under —40 °C and discharged to 2.0 V at 0.1C rate under
—60 °C. It can be seen from Fig. 2(a) that the difference
of the capacity retentions of LiMn,Os—graphite cells
containing different electrolytes is no more than 5% at
—20 °C. However, as shown in Fig. 2(b), the capacity
retention (with respect to the capacity obtained at
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Fig. 2 Discharge curves at =20 °C (a), =40 °C (b) and —60 °C
(c) of LiMn,O,4—graphite cells containing different electrolytes

25 °C) of the cells with electrolyte containing carboxylic
ester is over 95% at —40 °C, while the capacity retention
of the cell with 1.0 mol/L LiPFs in EC/EMC/DMC
(1:1:1, mass ratio) base electrolyte is only 8.44% at
—40 °C. As temperature further decreases to —60 °C, the
capacity retention of the cells with 1.0 mol/L LiPF¢ in
EC/EMC/EA (1:1:2, mass ratio) electrolyte can still
reach 44.41%, whereas the cell with 1.0 mol/L LiPFg in
EC/EMC/DMC (1:1:1, mass ratio) electrolyte cannot
operate (see Fig. 2(c)). Furthermore, as to the discharge
voltage plateaus at —20, —40 and —60 °C, that of the

LiMn,O,—graphite cell using 1.0 mol/L LiPFs in
EC/EMC/EA (1:1:2, mass ratio) electrolyte is the highest,
which indicates that its polarization is the lowest among
the cells with four types of electrolyte.

The rate discharge characteristic at low
temperatures is determined as shown in Fig. 3. From
Fig. 3(a), the capacity retentions with 5C (5.5 A) rate at
—20 °C (with respect to the capacity obtained at 25 °C)
of the cells with electrolytes of 1.0 mol/L LiPFg in
EC/EMC/EA (1:1:2, mass ratio), 1.0 mol/L LiPF¢ in
EC/EMC/EP (1:1:2, mass ratio) and 1.0 mol/L LiPF¢ in
EC/EMC/EB (1:1:2, mass ratio) are 95.5%, 96.1% and
93.3%, respectively. Whereas, the cell with electrolyte of
1.0 mol/L LiPF¢ in EC/EMC/DMC (1:1:1, mass ratio)
cannot operate. The operational temperature range can be
extended to —40 °C at the same rate, as illustrated in
Fig. 3(b). Only the cell containing 1.0 mol/L LiPFg in
EC/EMC/EA (1:1:2, mass ratio) electrolyte can support
5C (5.5 A) running with cut-off voltage above 2.0 V at
—40 °C under 100% state of charge (SOC) status, the
capacity retention can reach as high as 94.3%. Besides, it
can be seen that the voltage drops at first and then rises
to 3.2 V, finally drops rapidly for the high electrode
polarization at low temperatures, which is consistent
with the reported literature [13]. This also demonstrates
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Fig. 3 High rate discharge curves of LiMn,0O4—graphite cells at
—20 °C (a) and —40 °C (b)
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that the carboxylic ester-based electrolytes is superior to
the pure carbonate-based electrolyte at the temperatures
below —40 °C.

3.3 Impedance analysis of LiMn,O,—graphite cells

In order to understand the mechanism of the
carboxylic esters used in Li-ion cells, the impedance
spectra of the cells with four different electrolytes at
various temperatures were analyzed, as shown in Fig. 4.
A half-charged state was selected to analyze the effect of
carboxylic ester on the low temperature performance of
the cells. A typical EIS of LiMn,O,—graphite cell at
25 °C, which is composed of a partially semicircle and a
straight line at the low frequency end, is well fitted by an
equivalent circuit as shown in Fig. 4(a). However, the
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Fig. 4 Impedance spectra of LiMn,O,—graphite cell with
different electrolytes at 25 °C (a), —20 °C (b) and —40 °C (¢)

typical EIS spectra of LiMn,O,—graphite cells at —20 °C
and —40 °C are different from that at 25 °C, as shown in
Figs. 4(b) and (c), respectively, which are composed of a
distinct semicircle and without a straight line at the low
frequency end by reason of low temperature. As reported
in other literatures [21,22], R, denotes the resistance of
the cell bulk including electrolyte, electrode and
separator. Rsg; and Cgp; are the resistance and
capacitance of the SEI, respectively. R is the
charge-transfer resistance and Cgy is the double-layer
capacitance. W, is the Warburg impedance related to the
diffusion of the lithium ions in the electrolytes. The
resistance and capacitance of the SEI cannot be
measured because the cell impedance is too low. It can
be seen that the average value of R, of the cells
containing four different electrolytes at —20 °C and —40
°C is almost the same as that at 25 °C. However, the R
of the cells significantly increases with the temperature
decreasing. The average value of R, of the cells
containing four electrolytes at —20 °C is nearly 200 times
that at 25 °C and two 2000 times that at —40 °C.
Therefore, the R, dominates the total impedance of the
cells at temperatures below —20 °C. This indicates that
an increase in R rather than Ry, is the main reason for
significant fading of capacity and energy at low
temperatures for all the cells, which is consistent with
other reports [23]. Furthermore, compared with cells
containing EP- and EB-based electrolytes, the cells
containing EA-based electrolyte show the lower value of
R, at low temperatures and the most excellent low
temperature performance.

4 Conclusions

1) Compared with the commercial electrolyte of
1.0 mol/L LiPF¢ in EC/EMC/DMC (1:1:1, mass ratio),
the linear carboxylic esters-based electrolytes show a
superiority of ionic conductivity at low temperatures. In
comparison, the electrolyte with 1.0 mol/L LiPF¢ in
EC/EMC/EA (1:1:2, mass ratio) has the highest
conductivity of 9.15 mS/cm at 25 °C, 4.01 mS/cm at
=20 °C, 1.7 mS/cm at =40 °C and 0.66 mS/cm at —60 °C,
respectively.

2) An improvement of low temperature
performances of Li-ion cells was realized by linear
carboxylic ester EA, EP and EB as a co-solvent in the
electrolyte. The cells containing linear carboxylic
ester-based electrolyte are able to undertake 5C
discharge with above 93% capacity retention at —20 °C,
whereas the cell with commercial electrolyte of 1.0
mol/L LiPF4 in EC/EMC/DMC (1:1:1, mass ratio) could
not operate.

3) The electrochemical impedance spectra show that
the increase in R rather than Ry is the main reason for
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significant fading of capacity and energy at low
temperatures for the full cells. The cells containing
electrolyte with 1.0 mol/L LiPF¢ in EC/EMC/EA (1:1:2,
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