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Abstract

A room temperature ionic liquid-based polymer electrolyte (RTIL-PE) was developed by mixing
1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide  ([BMPy][TFSI]), lithium
bis(trifluoromethanesulphonyl)imide salt (LiTFSI), lithium bis(oxalate)borate (LiBOB) and
poly(ethylene glycol) diacrylate (PEGDA). Quasi-solid, free-standing electrolyte membranes can
be fabricated by photo-initiated cross-linking. The RTIL-PE exhibits outstanding thermal stability
up to 270 °C and high ionic conductivity of 3.4 mS/cm at 80 °C. The ionic liquid [BMPy][TFSI]
and the additive salt LiBOB significantly improved the electrochemical stability of the electrolyte

at high temperature, achieving long-cycle stability in plating/stripping experiments. Half cells of
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lithium-ion batteries with RTIL-PE and lithium iron phosphate cathode were also investigated.
The reversible capacity of the cell reaches 137 mAh/g at 0.2 C. After 500 cycles, the cell exhibited

a capacity retention rate of 52.2% and an average Coulombic efficiency of 99.4%.
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Introduction

Rechargeable lithium ion batteries (LIBs) are the most successful electrochemical energy storage
devices and have been widely used in portable electronics, hybrid/electric vehicles and large grid
storage systems.[1-5] However, the commercial flammable liquid electrolytes used in current
LIBs pose significant safety concerns in these applications, especially for large-scale devices with
high operating temperatures. Under elevated temperatures, liquid electrolytes can leak and produce
gaseous byproducts, which reduce battery cycle life and even lead to dangerous issue like
explosion.[6—8] In order to improve the safety properties of LIBs, novel electrolyte systems, have
been intensively researched in the past few decades, including polymer electrolytes and various
ceramic solid-state electrolytes.[9—13] Among these investigated systems, polymer electrolytes
stands out for their low manufacturing costs, processing flexibility, and good mechanical
properties. In addition, polymer electrolytes have no leakage issues since they are solid at the
battery operating temperatures, making them ideal for safe batteries. Poly(ethylene oxide) (PEO)
is the most common polymer matrix in polymer electrolytes and has been extensively investigated
since its first discovery in the 1970s.[14—16] PEO is able to dissolve different kinds of lithium salts
and provide mechanical strength to the electrolyte membrane. However, PEO-based polymer
electrolytes exhibit low ionic conductivity (10°-10" S/cm at room temperature) due to the high
crystallinity of the polymers.[17,18] In order to improve the ionic conductivity, organic liquid
plasticizers such as dimethyl carbonate (DMC), 1,2-dioxolane, propylene carbonate (PC) and

ethylene carbonate (EC) were often added to PEO to form a gel polymer electrolyte (GPE) to
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reduce its crystallinity.[ 19—22] However, these liquid organic molecules also significantly reduce
the mechanical strength of electrolyte composites. To improve the mechanic strength of polymer
electrolyte, solid-state plastic crystal materials were introduced, which resulted in free-standing
electrolyte membranes with good ionic conductivity.[23—26] Unfortunately, most solid-state
plastic crystal materials exhibit low melting points and low thermal stability, presenting potential
risks when battery operating temperatures are increased.[27-29] To address this issue, room
temperature ionic liquids (RTIL) are a good option. RTILs usually exhibit high thermal stability,
wide electrochemical window, non-flammability, ultralow-volatility and low toxicity.[30—33] In
addition, RTIL can improve the Li* diffusion and promote the contribution of Li" ions transport to
the measured collective ionic conductivity.[34] These unique properties render RTILs potential

plasticizers in polymer electrolyte.

In this work, we report a RTIL-based polymer electrolyte consisting of lithium
bis(trifluoromethanesulphonyl)imide salt (LiTFSI), lithium bis(oxalate)borate (LiBOB), RTIL 1-
butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide ([BMPy][TFSI]) and crosslinked
poly(ethylene glycol) diacrylate (PEGDA). [BMPy][TFSI] has been reported to have high ionic
conductivity (3.93 mS/cm) at room temperature.[35,36] By integrating the RTIL with a polymer
matrix, a free-standing RTIL-based polymer electrolyte membrane was prepared through an
efficient photopolymerization method. The composition of the RTIL-based PE was optimized
based on the ionic conductivity and the electrochemical stability measurements. Electrochemical

and thermal characterizations were then carried out at to investigate the high temperature stability
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of RTIL-based polymer electrolyte (RTIL-PE). Further electrochemical performance evaluation
of LiFePO4 (LFP)RTIL-PE|Li batteries demonstrated that RTIL-PE exhibited excellent high-

temperature electrochemical stability in long cycle tests.

Experiments and methods

Materials

1-Butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide ([BMPy][TFSI], IoLiTec),
poly(ethylene glycol) diacrylate (PEGDA, Sigma Aldrich, 99%) with molecular weight of 700
g/mol, and photoinitiator bis(2,4,6-trimethylbenzoyl)-phenylphosphine oxide (Irgacure® 819,
Sigma Aldrich, 97%), lithtum bis(trifluoromethanesulphonyl)imide (LiTFSI, Matrix Scientific).
Lithium bis(oxalate)borate (LiBOB, Sigma Aldrich) were purchased without further purification.
Lithium iron phosphate (LiFePO4[LFP], MTI Corp.), carbon black (Timcal Super P, MTI Corp.)
and poly (vinylidene fluoride) (HSV900 PVDF, Arkema, >99.5%) were placed in the vacuum
oven at 80 °C overnight before use. Battery fabrication components: aluminum current collector
(MTI Corp.), anhydrous 1-methyl-2-pyrrolidone (NMP, Alfa Aesar, 99%), round punched lithium

metal pieces (Li, MTI Corp.) were used as purchased.

Polymer Electrolyte membrane preparation

The membrane of RTIL-based polymer electrolyte was prepared by polymer precursor-casting

followed with a photopolymerization process in the Ar-filled glovebox. First, the polymer



precursor was prepared by blending PEGDA, [BMPy][TFSI] with LiTFSI with a vortex mixer
(VWR International) for at least 10 min until the homogeneous solution was obtained. LiBOB was
then added into the polymer precursor and the electrolyte was blended for additional 5 min. Then,
1 wt% Irgacure® 819 photoinitiator (regarding to the mass of PEGDA) was added into the
precursor followed by stirring for 5 min. Finally, the as-prepared precursor was poured in a desired
size stainless-steel mold and photopolymerized via UV irradiation (350 nm with intensity of 0.02
mW/cm?, 25W Mineralight®, UVP LLC) for about 3 min. The transparent, free-standing polymer

electrolyte membrane was obtained by removing the electrolyte film from the mold.

Thermal properties characterization

Thermal gravimetric analysis (TGA) was obtained using a Q50 analyzer (TA Instruments Inc.).
The experiment was carried out under N2 atmosphere from room temperature to 600 °C at a scan
rate of 10 °C/min, which gave an indication of mass loss as well as thermal degradation on heating.
To measure glass transition temperature and crystallinity of the polymer electrolyte, the differential
scanning calorimetry (DSC, TA Q200, TA Instruments Inc.) was conducted. The measurement
was performed under N2 atmosphere from -60 °C to 80 °C at a constant cooling/heating rate of 5

°C/min.

Electrochemical properties characterization

Ionic conductivity of the polymer electrolyte was tested by using the following blocking cell

configuration: stainless steel (SS)|RTIL-PE|SS. In this measurement, electrochemical impedance
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spectroscopy (EIS) test was conducted by applying a perturbation potential of 5 mV AC signal of
frequency range 1 Hz — 100 KHz. To explore the ionic conductivity at different temperatures, the
blocking cells were placed in an isothermal chamber, connected to a temperature controller
(Omron E5SAK). The measurement was performed in the temperature range from -20 °C to 100 °C,
with the system thermally equilibrated at each selected temperature for at least 30 min. Linear
sweep voltammetry (LSV) was conducted to investigate the electrochemical stability limit of the
polymer electrolyte membrane, by using the electrochemical workstation (CHI608E
Electrochemical Analyzer, CH Instruments) at room temperature and 50 °C, with SSRTIL-PE|Li
cell configuration. In the LSV test, the potential range was 0 - 6 V (vs. Li*/Li) with a scan rate of
0.5 mV/s. For further electrochemical stability characterization, the cyclic voltammetry (CV)
measurements were conducted, by utilizing the same blocking cell configuration as the LSV. The
CV was performed at a scan rate of 5 mV/s from open circuit potential (OCP) to 5 V (anodic limit)
and -0.5 V (cathodic limit) vs. Li*/Li. The compatibility of polymer electrolyte with lithium metal
was investigated by “plating/stripping” test. In this experiment, symmetric cells with the Li|RTIL-
PE|Li configuration was galvanostatically cycled (1.5 hrs for charge and discharge, respectively)
at a current density of 0.1 mA/cm? in an isothermal chamber (50 °C). The thickness of polymer
electrolyte membranes for plating/stripping experiment was 250 um. The deterioration of the
polymer electrolyte membrane was determined by sudden drop or irregular time dependence curve

shape of the potential vs. time curve.

Lithium-ion battery fabrication



The LFP cathode was prepared by casting a slurry with a composition of the active electrode
materials/super P/PVDF in weight ratios of 80/10/10 in the presence of NMP onto Al foil using a
doctor blade. The slurry was prepared by grinding the mixture with a ball milling machine (MTI
Corp.). The casted LFP electrode was dried in an oven at 80 °C overnight. The active material
mass loading of the LFP electrode was controlled at around ~1.5 mg/cm?. All cells were assembled
in an oxygen-free and humidity-free Ar-filled glovebox. The LFP electrodes were pre-soaked into
initiator-free electrolyte precursor for overnight. The soaked electrodes were placed in a stain steel
well mold (diameter = 19.05 mm and height = 500 um). The mold was subsequently filled with
electrolyte precursors (with photoinitiator), which were further photo-crosslinked via UV exposure
to obtained the free-standing polymer composite and cathode assembly. Metallic Li was used as
the counter electrode and was laminated with the composite cathode to build up 2032 coin-type

cells (LFPRTIL-PE|Li).

Battery Testing

The cycling performance of the LFP|RTIL-PE|Li cells was evaluated by galvanostatic
charge/discharge method using the 8 Channel Battery Analyzer (BST-8A, 5V, 1 mA, MTI Corp.)
in an isothermal chamber (50 °C). The first five cycles were tested in a potential range between
2.5 and 3.7 V (vs. Li"/Li) at 0.05 C (1C=170 mAh/g) and the following cycles were conducted

with a potential window of 2.5 to 3.9 V (vs. Li"/Li) at the designed current density.

Results and discussion



For a ternary polymer electrolyte system, the ratio between crosslinked PEGDA:RTIL
([BMPy][TFSI]):Lithium Salt is determined by several key factors: (1) acceptable mechanical
property for polymer electrolyte to remain free-standing state; (2) ionic conductivity and (3) broad
electrochemical window. In order to guarantee the film-forming ability, the weight percentage of
PEGDA needs to be at least 20 % regarding to the total mass of polymer electrolyte, while the
weight percentage of RTIL ([BMPy][TFSI]) should be less than 60 % since too much IL would
adversely affect the physical strength of the composite.[26] Figure 1a shows a transparent and self-
standing RTIL/PEGDA/LiTFSI membrane. In this ternary polymer electrolyte system, the ionic
liquid component acts as the plasticizer that decreases the crystallinity of the polymer and
promotes the Li* ion conduction.[37] A possible ionic transport mechanism in the polymer
electrolyte system is proposed and illustrated in Figure 1b. The bulky [BMPy]" cations are trapped
in the PEGDA matrix due to strong ion-dipole interaction, which decreases the attraction forces
between polymer chains and reduces the crystallinity. As a results, the amorphous region in the
polymer matrix increases, which will improve the intra- and interchain hoping of Li* ions, leading
to the enhanced ionic conductivity.[38] Polymer electrolyte membranes with five different ratios
were prepared to investigate the composition-property relationship of the composite electrolyte.
The ionic conductivity values of polymer electrolytes were measured between -20 °C and 100 °C
by using electrochemical impedance spectroscopy (EIS) analysis. Figure 1c¢ exhibits average ionic
conductivity of each polymer electrolyte at different temperatures, revealing that the ionic

conductivity is significantly affected by the ratio of the IL. Except the electrolyte with mass ratio



of 35:35:30 (PEGDA:RTIL:LiTFSI), other electrolytes exhibited good ionic conductivity over 0.1
mS/cm at 30 °C. Among all the tested electrolyte, the electrolyte with ratio of 25:40:35 has the
highest ionic conductivity (3.4 mS/cm) at 80 °C. Further comparison of electrochemical stability
between these electrolytes was evaluated by Linear Sweep Voltammetry (LSV) measurement,
showing in Figure 1d. The mixture of RTIL and LiTFSI (1:1 in mass ratio) was also measured as
the reference in LSV tests, shown as the purple curve in the Figure 1d. From LSV results, it is clear
that the electrolyte with ratio of 30:40:30 (PEGDA:RTIL:LiTFSI) exhibited the best
electrochemical stability up to 5.5 V (vs. Li"/Li). Other electrolytes exhibited electrochemical
stability up to 5 V (vs. Li*/Li). To further investigate the electrochemical stability of electrolyte
films at high voltage, the electrolyte samples (30:40:30 and 20:60:20) was treated at 5.2 V constant
voltage for 2 hours using the same cell structure as the LSV test. A smoother current-time profile
is observed for the electrolyte with ratio of 30:40:30 (Figure S1 in supporting information). The
stability of electrolyte may be affected by the association status of three components: lithium salt,
polymer and RTIL. This salt-mediator association was also observed in high-concentration
electrolytes, showing improved electrochemical stability. Considering both ionic conductivity and

electrochemical stability, the electrolyte with ratio of 30:40:30 was chosen for the further study.
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Fig. 1 (a) The photo of the free-standing RTIL-based polymer electrolyte membrane. (b) Schematic
illustration of Li+ ions transport mechanism in the RTIL-based polymer electrolyte. (¢) The temperature-
dependent ionic conductivity of the RTIL-based polymer electrolyte with different ratios of components

(ratio showed as crosslinked PEGDA:RTIL:LiTFSI). (d) LSV of the RTIL-based polymer electrolyte with

different ratios of components

The thermal properties of optimized polymer electrolyte (PEGDA:RTIL:LiTFSI = 30:40:30) were
investigated by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC).

The decomposition behavior of polymer electrolyte is shown in Figure 2a. From the weight loss
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curve and dW/dT peak, the first degradation stage is observed around 270 °C, as shown by the
dashed line in the figure. This degradation can be attributed to the decomposition/evaporation of
RTIL. The second degradation is between 390 °C and 440 °C, which belongs to the decomposition
of cross-linked PEGDA. The final degradation stage is around 470 °C, where lithium salts degrade.
The TGA results showed the high temperature thermal stability of RTIL-PE. DSC measurement
was conducted to determine the crystallinity and amorphousness nature. As shown in Figure 2b,
there is one peak observed at -8 °C in the heating process, which could be identified as the melting
temperature (Tm) of the ionic liquid ([BMPy][TFSI]). No other peak is found in the continuous
DSC scan, indicating an amorphous state of composite electrolyte above -8 °C. The results suggest
that the ionic liquid ([BMPy][TFSI]) can effectively plasticize the crosslinked PEGDA, which will

lead to the improvement in the chain mobility and the ionic conductivity of the electrolyte.[39]

LiBOB was used as an additive salt based on the recent report in liquid electrolytes[40,41] and our
previous work of polymer electrolyte.[26,42] Therefore, LIBOB was added as co-salt in this work
to improve electrochemical stability of the polymer electrolyte at elevated temperatures. The
solubility of LiBOB in the pre-crosslinked polymer electrolyte system is up to about 1%wt of the
total polymer electrolyte mass. Thus, a mixed salt with a molar ratio of LiTFSI:LiBOB equal to
1:0.0488 was used in the following tests, while keeping the polymer electrolyte ratio
(PEGDA:RTIL:Lithium salt = 30:40:30) as a constant. It is worth to note that the mixed salt-based
electrolytes also exhibited a higher ionic conductivity as shown in Figure 2¢. The ionic conductities

of the electrolytes are 0.48 mS/cm, 1.57 mS/cm and 2.9 mS/cm at 30 °C, 50 °C and 80 °C,
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respectively. The electrochemical working potential range of the polymer electrolyte with mixed
salts was investigated by LSV measurement at 30 °C and 50 °C (Figure 2d). The electrolyte showed
similar stability as the single salt electrolyte at room temperature. (up to 5.5 V (vs. Li"/Li) at 30
°C). Even at 50 °C, the increase of oxidative current starts from 5.0 V (vs. Li/Li), indicating a high
electrochemical stability at higher temperatures. Further cyclic voltammetry (CV) evaluation was
carried out to study the oxidation and the reduction of electrolyte within the potential range of -
0.5-5V (vs. Li*/Li) at 50 °C. As shown in the Figure 2e, the symmetric peaks between -0.5-0.5 V
(vs. Li*/Li) are ascribed to the lithium plating and stripping processes.[43] At high potential range
(2.5-5.0 V vs. Li*/Li), the CV curve of the electrolyte remained flat, suggesting that the electrolyte
is resistant to oxidative side reactions. For small current responds between 0.5-2 V (vs. Li*/Li),
they may be related to the reduction of impurities (i.e. H20) in the RTIL-based electrolyte,[44]
which stabilized after a few initial cycles. From both LSV and CV performance, it could be
concluded that the incorporation of ionic liquid [BMPy][TFSI] and LiBOB enhanced the

electrochemical stability of PE at high temperature range.
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Fig. 2 (a) The TG/DTG thermogram of the polymer electrolyte (PEGDA:RTIL:Lithium salt = 30:40:30).

(b) The DSC thermogram of the polymer electrolyte film (PEGDA:RTIL:Lithium salt = 30:40:30). (¢)

14



Comparison of ionic conductivities of RTIL-PE with/without LiBOB salt. (d) LSV of the polymer
electrolyte (PEGDA:RTIL:Lithium salt = 30:40:30) at 30 °C and 50 °C. (e) CV of the polymer electrolyte
(PEGDA:RTIL:Lithium salt = 30:40:30) at 50 °C. (f) Lithium plating/stripping test conducted at a current

density of 0.1 mA/cm?at 50 °C. The charge and discharge time were fixed at 1.5 hrs.

The electrochemical compatibility of the RTIL-based polymer electrolyte membrane against
lithium dendrite formation was further evaluated by the plating/stripping test, using a symmetric
lithium cell with the configuration of Li|RTIL-PE|Li. The symmetric cell was periodically charged
and discharged with 1.5 hrs, with a specific current density of 0.1 mA/cm? under 50 °C. In Figure
2f, a stable potential file could be observed, revealing a uniform lithium deposition process. The
plating/stripping process was stable up to 2500 hrs, demonstrating excellent high temperature
electrochemical stability and durability of the RTIL-PE. During the cycling, a few fluctuations of
potential were also observed, which are caused by the connection changes or environmental

temperature variations.

In order to determine electrochemical property of the polymer electrolyte membrane in lithium ion
batteries, LFP|RTIL-PE|Li half cells were fabricated. In these cells, metallic Li was used as the
anode while the LiFePO4 (LFP) was used as the cathode. The details of cell fabrication and testing
procedure were described in the supporting information. The rate performance test of the
LFP|RTIL-PE|Li half cells were conducted at 50 °C within the chemical window of 2.5-3.9 V (vs.
Li*/Li) and illustrated in Figure. 3a. The cells exhibited reversible specific capacities of ~137

mAh/g, ~118 mAh/g, ~96 mAh/g, ~78 mAh/g, 60 ~mAh/g and 15 ~mAh/g at corresponding
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current densities at 0.2C, 0.4C, 0.6C, 0.8C, 1C and 2C. After the current was returned to 0.2C, the
specific capacity after rate test was ~135 mAh/g. Figure 3b shows the corresponding
charge/discharge curves during the rate tests. The polarization effect was obvious when compared
to conventional LFP liquid cells, which could be explained by relatively thick PE membranes
(~500 pm) used in this work. Further, the long cycle galvanostatic charge/discharge experiments
were conducted at 0.2C and 0.5C (under 50 °C) to investigate the cycle stability of the cells. In
Figure 3c, the LFP/RTIL-PE/Li cell gave an initial specific capacity of ~127 mAh/g with the
current density at 0.2 C. The average coulombic efficiency was over 99.4% with a ~ 52.2%
capacity retention after 500 cycles. Particularly, there was no obvious deterioration in the first 170
cycles. For the cells tested under 0.5 C (Figure 3d), the reversible capacity was ~115 mAh/g at the
beginning of the test. After 160 cycles, a capacity retention of ~88.5% was recorded. The average
coulombic efficiency was over 99.7%. These excellent cycling performances of LFP/RTIL-PE/Li
cells validated the outstanding high temperature electrochemical stability of the RTIL-based

polymer electrolyte.
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Fig. 3 (a) The rate performance of RTIL-PE (PEGDA:RTIL:Lithium salt = 30:40:30, with 1 % LiBOB)

based LIB at 50 °C from 0.2 C to 2 C as indicated. (b) The corresponding charge/discharge profiles of LIBs

with RTIL-PE at different rates. (¢) The long cycle performance of LIB at 0.2 C under 50 °C. The cycles

were operated from 2.5 V to 3.9 V at 0.1 C. (d) The long cycle performance of LIB at 0.5 C under 50 °C.

The cycles were operated from 2.5 V t0 3.9 V at 0.5 C.

Conclusions

In summary, a free-standing RTIL-based polymer electrolyte with an optimized composition

(PEGDA:RTIL:Lithium salt = 30:40:30, with 1 % LiBOB) has been successfully demonstrated in
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this work. Plasticizing with ionic liquid ([BMPy][TFSI]) reduces the overall proportion of
crystalline PEG in the polymer electrolyte membrane, promotes the formation of amorphous
region and increases ionic conductivity. High ionic conductivity up to 3.4 mS/cm at 80 °C was
observed. RTIL-based polymer electrolyte also exhibits good thermal stability (~ 270 °C) and a
wide electrochemical stability window (5.0 V vs. Li*/Li at 50 °C). In the plating/stripping test at
50 °C, the electrolyte membrane remained stable for more than 2500 hrs at a current density of 0.1
mA/cm?, indicating its outstanding high-temperature electrochemical stability. LFP[RTIL-PE|Li
half cells were fabricated and delivered a reversible specific capacity of 137 mAh/g at 0.2C. For
the long cycle performance at 0.2 C under 50 °C, the RTIL-PE-based cell was able to exhibit an
average coulombic efficiency was over 99.4%, with a capacity retention rate of approximately
91.1 % at its 100" cycle and around 52.2% at its 500" cycle. The excellent high-temperature
electrochemical stability and cell performance of RTIL-PE render it potential safe electrolyte for

future advanced electrochemical energy storage devices.
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