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ABSTRACT: NaFePO, with an olivine structure is synthesized via chemical delithiation of = 2°
160}

LiFePO, followed by electrochemical sodiation of FePO,. Butylmethylpyrrolidinium—
bis(triftuoromethanesulfonyl)imide (BMP—TFSI) ionic liquid (IL) with various sodium
solutes, namely NaBF,, NaClO,, NaPF;, and NaN(CN),, is used as an electrolyte for
rechargeable Na/NaFePO, cells. The IL electrolytes show high thermal stability (>350 °C)
and nonflammability, and are thus ideal for high-safety applications. The highest conductivity
and the lowest viscosity of the electrolyte are obtained with NaBF,. At an elevated
temperature (above SO °C), the IL electrolyte is more suitable than a conventional organic
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electrolyte for the sodium cell. At 75 °C, the measured capacity of NaFePO, in a NaBF,-
incorporated IL electrolyte is as high as 152 mAh g™ (at 0.05 C), which is near the theoretical value (154 mAh g™'). Moreover,
60% of this capacity can be retained when the charge—discharge rate is increased to 1 C.
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B INTRODUCTION

Lithium (Li)-ion batteries (LIBs) are the dominant charge-
storage units for consumer portable electronic devices due to
their high energy and power densities.'™> However, the
implementation of a Li-based technology for mass energy
storage (e.g, for automotive transportation and grid-related
applications) faces an important challenge associated with both
Li availability and cost.*™6 Using a sodium (Na)-based
technology as an alternative is attractive because Na is more
abundant than Li and is easy to recycle.” Na and Li possess
analogous physicochemical properties (and thus the known LIB
knowledge can be exploited), making sodium-ion batteries
(SIBs) a recent research interest.*” Nevertheless, the perform-
ance of SIBs is not satisfactory to date because Na-based
chemistry has been studied much less than has Li-based
chemistry.'>"! With further investigations, great improvement
in SIB performance is expected.

The electrolyte is a key component that governs the
electrochemistry in a battery.”'* Although a number of efforts
are being directed toward the search for new electrode
materials for SIBs, electrolytes have received less attention. In
our opinion, more development of the electrolyte is necessary
before SIBs can become practical. Aqueous and organic
electrolytes have been applied to SIBs.”"> Owing to larger
potential stability windows, organic-electrolyte cells have higher
energy and power densities (as compared to aqueous-
electrolyte cells). Ponrouch et al. indicated that the types of
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organic solvent and Na solute are important factors that affect
the electrochemical properties of SIBs.'* However, organic
electrolytes typically have low heat capacity, poor thermal
stability, and high volatility and flammability, making them a
safety risk, especially for large-scale energy storage.>™"” Ionic
liquids (ILs), characterized by excellent thermal stability,
nonvolatility, large electrochemical windows, and intrinsic
ionic conductivity,"® > are a promising alternative electrolyte
for SIBs. Hagiwara et al. proposed inorganic NaFSI/KFSI (FSI
= bis(fluorosulfonyl)imide) intermediate-temperature IL elec-
trolytes (with melting points of ~65 °C depending on the
NaFSI/KFSI ratio) for NaCrO,, Na,FeP,0,, and Sn electrodes;
this electrolyte has been demonstrated to have considerable
potential for use in SIBs.”'~>* Recently, effects of added
NaTFSI (FSI = bis(trifluoromethylsulfonyl)imide) concen-
tration on the denisty, viscosity, conductivity, thermal stability,
and solvation property of imidazolium—TFSI and pyrrolidi-
nium—TFSI ILs at various temperatures have been inves-
tiagtecl.24_26 It was concluded that these IL electrolytes are
promising for SIBs. However, how they work in a full cell (i,
with cathodes) requires further study. Actually, research on IL
electrolytes is rather limited. For example, the effects of the Na
solute type in ILs, crucial for SIB performance, have never been
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explored. This issue is thus the main subject of the present
study.

For SIBs, the high-rate charge-storage performance is usually
not satisfactory at room temperature. This is attributed to the
larger size of Na* ions (than Li* ions), which is unfavorable for
transport in electrodes.””*® Slightly heating the cell can
improve the charge—discharge kinetics and is practicable in
electric vehicle and stationary storage applications. Never-
theless, a previous report indicated that cyclic stability of
organic-electrolyte SIBs considerably decayed at 60 °C.* Using
IL electrolytes, which have high thermal stability, may enable
superior SIB performance at elevated temperatures. The effect
of temperature on the charge—discharge behavior of an IL-
electrolyte SIB is systematically studied herein.

In this work, a promising SIB cathode, NaFePO,, with great
thermal stability and large theoretical capacity (154 mAh g~')*°
is studied in room-temperature butylmethylpyrrolidinium—
bis(trifluoromethylsulfonyl)imide (BMP—TFSI)-based ILs.
This cation/anion combination is used because its cathodic
limit (associated with the decomposition of BMP") is beyond
the Na redox potential and the TFSI™ can withstand a highly
oxidative condition (>5.0 V vs Na);>" the feasibility of this type
of IL for SIBs was confirmed.** Four types of Na solutes,
namely sodium tetrafluoroborate (NaBF,), sodium perchlorate
(NaClO,), sodium hexafluorophosphate (NaPF;), and sodium
dicyanamide (NaN(CN),), are dissolved in the IL to endow it
with Na* transport ability. The charge—discharge properties of
the Na/NaFePO, cells with these IL electrolytes are evaluated
at various temperatures (25—75 °C).

B EXPERIMENTAL SECTION

Sample Preparation. A carbothermal reduction method was used
to synthesize carbon-coated LiFePO, powder at 700 °C. The detailed
procedures can be found in the literature.>> FePO, was then prepared
by delithiation of the obtained carbon-coated LiFePO, according to
our previous paper.”> BMP—TESI IL was prepared and purified (from
BMPCI (98 wt %, Solvionic) and LiTFSI (99 wt %, Solvionic)
precursors) following a published method.** The IL was washed with
dichloromethane (99 wt %, Showa), filtrated to remove precipitates,
and then vacuum-dried at 100 °C for 12 h before use. Four kinds of
Na solutes, namely NaBF, (99 wt %, Acros), NaClO, (99 wt %,
Acros), NaPFy (99 wt %, Acros), and NaN(CN), (99 wt %, Acros),
each with a concentration of 1 M, were respectively dissolved in
BMP-TESI IL to provide Na* conduction. Each mixture was
continuously stirred by a magnetic paddle for 24 h to ensure
uniformity. The electrolyte water contents, measured using a Karl
Fisher titrator, were in a range of 80—100 ppm. An ethylene carbonate
(EC, 99 wt %, Alfa Aesar)/diethyl carbonate (DEC, 99 wt %, Alfa
Aesar) conventional organic solvent (1:1 by volume) with 1 M
NaClO, solute was also prepared for comparison. The IL and organic
electrolytes were handled and stored in an argon-filled glovebox
(Innovation Technology Co. Ltd.), where both the moisture content
and oxygen content were maintained below 1 ppm.

Cell Assembly. A cathode slurry was prepared by mixing 75 wt %
synthesized FePO, powder, 20 wt % carbon black, and 5 wt %
poly(vinylidene fluoride) in N-methyl-2-pyrrolidone solution. The
slurry was pasted onto Al foil and vacuum-dried at 110 °C for 2 h (the
dried layer was ~40 pm in thickness). After being roll-pressed, the
cathode electrode was punched to match the required dimensions (1.3
cm in diameter) of a CR2032 coin cell. The loading amount and the
final thickness of the coating layer were approximately 2.5 mg and 25
um, respectively. Na foil and a polypropylene membrane (Celgard
3501) were used as the anode and the separator, respectively. The
assembly of the coin cell was performed in the argon-filled glovebox.
According to the literature,® sodiation of the FePQ, electrode (to

form NaFePO,) can be performed in the first discharge process of the
assembled cell.

Characterization. The microstructure of the synthesized FePO,
was examined with scanning electron microscopy (SEM; FEI Inspect
FS0) and transmission electron microscopy (TEM; JEOL 2100F). X-
ray diffraction (XRD; Bruker D8 ADVANCE) was employed to study
the crystallinity. The thermal stability of the electrolytes was evaluated
by a thermogravimetric analysis (TGA; PerkinElmer TGA?7). Under a
nitrogen atmosphere, the electrolyte samples were heated at a rate of §
°C min~". To test the electrolyte flammability under air, an established
procedure was used.*® The electrolyte conductivity was measured in
the argon-filled glovebox to avoid water and oxygen interference (a
TetraCon 325 conductivity meter was used). A dc polarization and
imgedance spectroscopy combined method, as proposed by Bruce et
al,”” was adopted to estimate the Na* transference number (Ty,") in
the IL electrolyte. This method was also used to evaluate T;;* in ILs.*®
It is noted that Na" ions can form contact ion pairs and aggregates in
the electrolytes; therefore, the measured Ty," data are apparent vlaues.
The capacity, high-rate capability, and cyclic stability of the Na/
NaFePO, cells with various electrolytes was evaluated at various
temperatures (in a voltage range of 2.0—3.8 V) using an Arbin BT-
2043 tester. Electrochemical impedance spectroscopic (EIS) analyses
were conducted at a cell voltage of 3.0 V and at a full desodiation state
to characterize to interface properties at the electrodes. The frequency
range and the AC amplitude for the EIS study were 10°~10~" Hz and
10 mV, respectively.

B RESULTS AND DISCUSSION

The typical morphology of the synthesized FePO, powder,
examined using SEM, is shown in Figure la. The phosphate
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Figure 1. (a) SEM micrograph, (b) XRD pattern, and (c) TEM image
of synthesized FePO, powder.

particles are uniform and approximately 100 nm in diameter;
the small size shortens the Na* diffusion pathway and thus is
beneficial for electrode charge—discharge performance. The
XRD pattern of the FePO, powder is shown in Figure 1b,
which indicates that a single olivine phase with an
orthorhombic structure (JCPDS card no. 42-0579) was
obtained. This structure, preserved from the original LiFePO,
(before delithiation), is favorable for Na* insertion/desertion.>
Figure 1lc shows a high-resolution TEM image of an FePO,
particle. There is a carbon film (confirmed via an energy-
dispersive spectrometer) on the FePO, crystal. This coating
layer, converted from polyethylene glycol (PEG), provides
electronic conduction between particles, improving the
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electrode charge—discharge properties.®® Because this layer is
Li*-penetrable, it adheres well to the powder surface even after
the delithiation process.

Figure 2 shows the TGA data of the conventional organic
electrolyte and various IL electrolytes. As shown, the organic
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Figure 2. TGA data of conventional organic electrolyte (1 M NaClO,
in EC/DEC (1/1, v/v) solvent) and BMP—TFSI ILs without and with
various Na solutes. The measurements were performed at a heating
rate of 5 °C min~" under a nitrogen atmosphere.

electrolyte exhibited a significant weight loss of >40% before
the temperature reached 100 °C, at which point the carbonate
solvent vigorously evaporated.*” In contrast, the neat BMP—
TFSI IL showed a much higher thermal stability (~400 °C). It
was found that incorporation of NaBF,, NaClO, and
NaN(CN), solutes slightly decreased the decomposition
temperature to 330—360 °C. For the IL with NaPF, a gradual
weight loss was observed above ~100 °C, suggesting that
NaPF is relatively unstable among the Na solutes. It was found
that the residual weights of the electrolytes after tests (up to
550 °C) were ~8 wt %. This is associated with the fact that the
decomposition products of the Na salts remained in the TGA
crucibles. Although the TGA is a dymanic test, which
overestimates the thermal limit of the electrolytes, the above
results clearly reveal that the ILs are more suitable than the
conventional organic electrolyte for use at high temperature.

The flammability of various electrolytes is exhibited in Figure
S1 (Supporting Information). As shown, the organic electrolyte
violently ignited. The self-extinguishing time (after the burner
was removed) was approximately ~S0 s g~ (average of 10
samples). In contrast, for the IL electrlytes (regardless of the
incorporated Na solutes), there was no ignition observed. The
results suggest that this type of electrolyte is promising for
high-safety applications.

The ionic conductivity of the IL electrolytes with various Na
solutes was acquired as a function of temperature; the data are
shown in Figure 3. At 25 °C, the measured ionic conductivity of
neat BMP—TESI IL was 2.2 mS cm ™}, which is consistent with
a previously reported value.*' With incorporation of Na solutes,
the electrolyte conductivity decreased. This is attributed to the
increased electrolyte viscosity (see Figure S2 in the Supporting
Information), which results from the interacion between Na*
and anions, forming large ion pairs and/or ion clusters. 24726
The ILs with 1 M NaBF,, NaN(CN),, NaClO,, and NaPF;
showed conductivity values of 1.9, 1.5, 1.0, and 0.5 mS cm™),
respectively. The ion speciations in verious ILs need further
analyses. Also shown in Figure 3 is IL conductivity increasing
(regardless of the Na solute type) with increasing temperature.
For example, the ionic conductivity of the 1 M NaBF,/BMP—
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Figure 3. Temperature-dependent ionic conductivity of BMP—TFSI
ILs without and with various Na solutes.

TFSI IL monotonically increased up to 4.8 mS cm™" at 75 °C.
An increase in temperature decreased the electrolyte viscosity
(Figure S2, Supporting Information) and promoted the
dissociation of the ion pairs or ion clusters,*” improving the
ion mobility in the ILs.

Curve i in Figure 4a shows the 25 °C charge—discharge
voltage profiles of the NaFePO, electrode (vs Na) recorded in
the conventional organic electrolyte at 0.05 C (1 C = 154 mAh
g™'). As exhibited, the Na/NaFePO, cell voltage was
approximately 3 V; the discharge capacity of NaFePO, was
120 mAh g (calculated based on the weight of fully sodiated
NaFePO,), which is close to the theoretical value of 154 mAh
g% Moreover, a satisfactory NaFePO, capacity of 60 mAh
g~ was obtained when the charge—discharge rate was increased
to 1 C (see Figure S3, Supporting Information). These values
are comparable to or even better than the best values (ie., 120
mAh g~'@0.05 C; 40 mAh g~'@1 C) reported for an organic
electrolyte,® indicating that the prepared cathode is of high
quality. It is noted that there were two potential plateaus in the
charging curve. This is associated with the formation of an
intermediate Na,,FePO, phase during the phase transition
from NaFePO, to FePO,.*

The charge—discharge profiles of the Na/NaFePO, cells with
various IL electrolytes measured at 25 °C are also shown in
Figure 4a. The discharge (sodiation) capacities found in the
NaBF,-, NaClO,-, and NaPF4-incorporated IL electrolytes were
92, 79, and 44 mAh g', respectively. The NaN(CN),-
incorporated IL electrolyte was also used. However, the cell
charge—discharge voltage was not stable (there were many
spikes in the profiles; see Figure S4, Supporting Information).
This phenomenon is related to the fact that this electrolyte
separated into two phases (an upper clear layer and a lower
muddy layer) after a few hours of storage. Figure S4
(Supporting Information) also indicates that the charge
capacity was much larger than the discharge counterpart. The
origin of this irreversible anodic reaction is not clear so far.
However, it is evident that NaN(CN), is not suitable for use in
the BMP—TEFSI IL electrolyte.

Figure 4b compares the rate capability of the cells with
various electrolytes at 25 °C. As shown, the capacity retained
ratios at 0.5 C (compared to those at 0.05 C) are 51, 26, and
17%, respectively, in the NaBF,-, NaClO,-, and NaPF4
incorporated IL electrolytes. This coincides with the con-
ductivity and viscosity trend shown in Figures 3 and S2
(Supporting Information). As shown in Figure 4ab, the
performance of the IL-electrolyte cells is inferior to that of a
conventional organic-electrolyte cell. It is found that the Ty,"
values of the three kinds of IL are close (0.18—0.20) but are
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Figure 4. (a) Charge—discharge curves at 0.05 C, (b) capacity retained
ratios at various charge—discharge rates compared to that obtained at
0.05 C, and (c) cyclic stability of Na/NaFePO, cells (measured at 0.3
C) with 1 M NaClO, in EC/DEC electrolyte (curve i) and BMP—
TFSI IL electrolytes with 1 M NaBF, (curve ii), NaClO, (curve iii),
and NaPFq (curve iv). Data are recorded at 25 °C.

considerably lower than that (0.6) for the organic electrolyte
(with an ionic conductivity of ~6.3 mS cm™), leading to
poorer performance of the IL cells.

Electrochemical impedance spectroscopy (EIS) analyses
were conducted to study the interface properties at the
electrodes. Figure 5 shows the obtained Nyquist plots of the
cells with the organic and IL electrolytes. The acquired EIS
spectra can be characterize by the inset equivalent circuit in the
figure, where the R, R, CPEy, and W are electrolyte resistance,
charge transfer resistance, Warburg impedance, and the
constant phase element related to surface double Ilayer,
respectively.** It is found that R, is distinctly larger than R,
in each case, indicating that the former is the rate limiting factor
for the charge—discharge reaction. The fitting results of R in
the organic electrolyte and the NaBF,-, NaClO,-, NaTFSI-, and
NaPF¢-incorporated IL electrolytes are 480, 1220, 1620, and
7240 Q, respectively. Among the IL-electrolyte cells, the
optimal properties of the NaBF, solute can thus be mainly
attributed to the lowest interface resistance at the electrode.

Figure 4c shows the cyclic stability of various cells at 25 °C.
After 100 cycles, the organic-electrolyte cell retained 72% of its
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Figure S. Nyquist plots of Na/NaFePO, cells with organic electrolyte
and BMP-TEFSI IL electrolytes containing various Na solutes
measured at 25 °C.

initial capacity. For the IL electrolytes with 1 M NaBF,,
NaClO,, and NaPF,, 67%, 62%, and 57% capacities were
respectively preserved after the same number of charge—
discharge cycles. The capacity decay is ascribed to the active
material dissolution and the undesired interaction between the
electrode and electrolyte, deteriorating the cell performance
upon cycling. The detailed mechanism responsible for the
inferior stability in certain IL electrolytes needs further
confirmation.

Figure 6 shows the charge—discharge curves of the Na/
NaFePO, cell with a 1 M NaBFincorporated IL electrolyte
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Figure 6. Charge—discharge voltage profiles of Na/NaFePO, cell with
1 M NaBF,-incorporated BMP—TESI IL recorded at various charge—
discharge rates at 50 °C.

recorded at S0 °C. It was found that slightly increasing the
temperature from 25 °C (see Figure 4) to S0 °C caused a
significant improvement in the cell capacity and high-rate
capability. Figure 7 summaries the NaFePO, dischrge capacities
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Figure 7. Comparison of NaFePO, discharge capacities (at 0.05 C) in
various electrolytes at 25 and 50 °C.
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Figure 8. (a) Capacity retained ratios at various charge—discharge rates (compared to 0.05 C) and (b) cyclic stability (measured at 0.3 C) of Na/

NaFePO, cells with various kinds of electrolytes at 50 °C.

(at 0.05 C) in various electrolytes at 25 and S0 °C. Although
the capacity found in the organic electrolyte slightly improved
from 120 mAh g™ (at 25 °C) to 140 mAh g™' (at S0 °C), the
temperature rise led to considerable capacity increases of
NaFePO, in the IL electrolytes. At 50 °C, with the NaBF,-,
NaClO,-, and NaPF¢-incorporated IL electrolytes, the dis-
charge capacities were 125, 125, and 120 mAh g™/, respectively.
At such temperatures, the effects of the Na solute type on the
low-C-rate capacity are less pronounced than those at 25 °C.
Figure 8a shows the rate capability of the cells at 50 °C.
Regardless of the electrolyte type, the capacity retained ratios at
high charge—discharge rates clearly increased compared to
those found at 25 °C (Figure 4b). This is mainly associated
with the reduction of R, at the elevated temperature (as
summaized in Table 1). As shown, the cell with 1 M NaBF,-

Table 1. Charge Transfer Resistance (R, ), Obtained from
EIS Analyses, of Na/NaFePO, Cells with Various
Electrolytes Measured at 25, 50, and 75 °C

organic IL with IL with IL with

electrolyte NaBF, NaClO, NaPFq
25 °C 480 1220 1620 7240
50 °C 252 490 917 4680
75 °C 104 174 226 2260

incorporated IL show satisfactory high-rate performance; at 1
C, about 50% of the capacity (at 0.05 C) can be retained, which
is comparable to that (54%) for the organic-electrolyte cell.
Figure 8b indicates that the capacity retentions after 100
charge—discharge cycles for the cells with IL electrolytes with 1
M NaBF,, NaClO,, and NaPF4 are 88%, 80%, and 73%,
respectively, at 50 °C. These ratios are much higher than that
(62%) for the organic-electrolyte cell. At 50 °C, which is usually
encountered in practical applications, employing an IL
electrolyte is beneficial for cell cyclic stability. Of note, the
type of Na solute affects the performance of the IL electrolyte.

Figure 9 summarizes the effects of temperature (25, 50, and
75 °C) on the performance of the Na/NaFePO, cells with the
conventional organic electrolyte and the 1 M NaBF,-
incorporated IL electrolyte. As shown in Figure 9ab, while
the maximum capacity and high-rate performance in the
organic electrolyte decrease above 50 °C, those for the IL
electrolyte continuously increase with temperature and become
superior to those found for the former electrolyte at 75 °C. The
measured discharge capacity of NaFePO, in the IL electrolyte
was as high as 152 mAh ¢! (at 0.05 C) at 75 °C; 60% of this
capacity can be retained when the charge—discharge rate is

17568

increased to 1 C (the charge—discharge curves are shown in
Figure SS, Supporting Information). At high temperatures, the
organic electrolyte is volatile and unstable (according to the
TGA data); in contrast, the IL (with a decomposition
temperature of higher than 350 °C) becomes less viscous and
thus has increased ionic conductivity (Ty," also increases to
~0.3 at 75 °C). As a result, the use of an IL electrolyte is
favorable for operation temperatures above 50 °C.

The charge—discharge stability of the cells with two kinds of
electrolyte as a function of temperature is shown in Figure 9c.
The capacity fading rate after 100 cycles in the organic
electrolyte clearly accelerated from 28% to 70% when the
temperature was increased from 25 to 75 °C. Recently,
fluorinated ethylene carbonate was found to be an efficient
additive to improve electrode reversibility;** its influence on the
high-temperature stability of SIBs needs further investigation.
In contrast, the cell with the IL electrolyte showed improved
cyclability at high temperature (only 10% capacity decay was
found at 75 °C after the same number of cycles). The
nonvolatility (thus no evaporation problem) and chemical
benignity (thus low attack on electrodes) of the IL contribute
to the great cell durability at high temperature. According to the
data in Figure 9, only for the IL electrolyte does increasing
temperature improve the SIB performance in terms of
maximum capacity, high-rate capability, and cyclic life. Of
note, the IL electrolyte is also more stable and safer (according
to Figures 2 and 3) than the conventional organic electrolyte.

B CONCLUSIONS

BMP—TFSI-based ILs, which have a high decomposition
temperature (can be >350 °C depending on the Na solute)
and nonflammability, are promising electrolytes for use in high-
safety SIBs. Among the Na solutes studied, NaBF, is the most
suitable in the IL (because the highest ionic conductivity and
the lowest R, can be obtained) to optimize the Na/NaFePO,
cell performance. In the NaBF,-incoporated IL electrolyte, the
capacity, high-rate capability, and cyclic life of the Na/NaFePO,
cell significantly improved with increasing temperature. At 75
°C, an optimal NaFePO, capacity of 152 mAh g™' (at 0.05 C)
was obtained; about 60% of this capacity can be retained when
the charge—discharge rate increased to 1 C. After 100 charge—
discharge cycles, the capacity decay was only 10%. These
properties clearly better than those measured for a conventional
organic electrolyte at the elevated temperature, which is
encountered in certain applications, such as electric vehicles
and stationary energy storage. The proposed IL electrolyte thus
has great potential for use in SIBs.

dx.doi.org/10.1021/am5033605 | ACS Appl. Mater. Interfaces 2014, 6, 17564—17570
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