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Abstract: Novel solid polymer electrolytes based on succinonitrile (SN) plastic crystal
electrolyte (SN-PCE) and polymerized ionic liquid (PIL) has been successfully synthesized via
an in-situ method. The fabricated electrolyte (PIL-SN-PCE) is uniformly inlayed into the
supporting matrix of polyimide, which effectively ameliorates the mechanical properties of the
electrolyte. PIL can effectively enhance the thermal stability of electrolytes up to 300 °C and
mitigate the parasitic reactions between the electrolytes and the electrodes. PIL-SN-PCE
exhibits a remarkable oxidation ability up to 5.4 V vs Li/Li" and a high room temperature ionic
conductivity of 6.54x10* S c¢m!. Furthermore, in-situ formed interface in PIL-SN-PCE

guarantee an excellent compatibility with different electrodes, which can effectively improve
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the cycle stability and rate performances of both half-cells and full cells. Thus, PIL-SN-PCE is

considered as a promising electrolyte for high energy density lithium-ion batteries.
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1. Introduction

Lithium ion batteries (LIBs) are crucial in the current cutting-edge energy storage devices
with expeditious development of sophisticated portable electronic devices, hybrid-electric
vehicles, and electric vehicles [1-5]. However, conventional LIBs based on liquid electrolyte
still confronts with a series of safety issues such as the leakage and ignition of electrolyte or
even explosion [6-8]. To mitigate the aforementioned tricky issues, solid state electrolytes
(SSEs) have been extensively investigated due to their extraordinary safety characteristics and
excellent interface compatibility toward metal lithium, which has shown tremendous potential
as anode of lithium metal batteries to drive electric vehicles in the future [9-10]. Generally,
SSEs can be divided into two types, namely inorganic electrolytes and polymer electrolytes
[11-15]. Inorganic garnet-type electrolytes usually exhibit a high ionic conductivity
comparable to that of liquid electrolytes and have a high elastic modulus to prevent the growth
of lithium dendrite. However, its inherent brittleness and inferior interphase compatibility with
cathodes have hampered their further application [16-17]. Although sulfide-based electrolytes
can overcome those limitations of garnet-based electrolytes, the preparation environment is

extremely rigorous with the content of HO and O, less than 0.1 ppm [18-19]. Compared with



inorganic electrolytes, solid polymer electrolytes have better interphase compatibility with the
cathodes because of their intrinsic flexibility [20]. The widely common polymer matrix are
mainly centered at the poly(methyl methacrylate) (PMMA) [21], poly(vinylidenefluoride)
(PVDF) [22], polyacrylonitrile (PAN) [23], poly(ethylene oxide) (PEO) [24] and so on.
Unfortunately, low room temperature ionic conductivities, limited electrochemical window
and inflammable nature have restricted their wide application in LIBs.

Recently, plastic crystal electrolyte (PCE) prepared by dissolving lithium salts into plastic
crystals has been extensively investigated due to its solidity in wide temperature range and
higher ambient solid state ionic conductivity [25-28]. It presents the unique properties of long-
range position order with orientational disorder. Succinonitrile (SN) as a typical representative
displays the classic plastic crystal characteristics within the temperature range from -40 °C to
60 °C. The SN based PCE (SN-PCE) shows negligible vapor pressure, low flammability, wide
electrochemical window and fast ion-conductivity up to 103 S cm™' at 25 C [29-30].
Unfortunately, the SN-PCE behaves the liquid-like features and cannot form self-supporting
SSE film because of its lacking mechanical strength. To overcome this problem, SN-PCE has
been incorporated into the organic polymers by ultraviolet irradiation (UV-curing) or simple
mechanical agitation methods [31-35]. However, ultraviolet light is known to be harmful to the
health of human body and both methods usually also lead to the poor interfacial compatibility
between electrolytes and electrodes. More importantly, these organic polymers usually have
low ignition points and inferior thermal stability that could still compromise the safety of LIBs
[36-38].

To construct a much safer SSE with high ambient ionic conductivity, high thermal



stability and good interfacial compatibility with electrodes, an ionic liquid has been in-situ
thermally polymerized in the presence of SN-PCE (PIL-SN- PCE) on a polyimide supporting
matrix. The PIL-SN- PCE shows non-flammable characteristic with a thermal stability up to
300 °C, an ionic conductivity of 6.54x10# S ¢cm! at 25 °C, and an electrochemical window
higher than 5.4 V (vs Li/Li"). In addition, the half-cell of LiFePO,/PIL-SN-PCE/Li exhibits a
high initial reversible capacity of 156.5 mAh g at 0.1 C with a capacity retention of 93.3%
after 70 cycles and retains 66% discharge capacity of cells at charge-discharge current density
of 1 C compared with that of its cycling at 0.1 C. Furthermore, the full cell of LiFePO,/ PIL-
SN- PCE/LTO delivers a reversible capacity of 132.4 mAh g-!' at 0.5 C with a capacity retention

01 90.3% after 50 cycles.

2. Experimental Section
Succinonitrile  (SN), lithium bis-(trifluoromethanesulfonimide) salt (LiTFSI with
purity >99.99%) and azobis-isobutryonitrile (AIBN) were purchased from the Sigma-Aldrich
company. l-vinyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide (VMIMTEFSI)
was obtained from Lanzhou Institute of Chemical Physics. Polyimide separator (thinckness,
30um; porosity, 43%, pore size, 0.045) was supplied by Tianjin Institute of Power Sources.
2.1 Preparation of SN-PCE, PIL-SN- PCE and Solid State Batteries

The SN-PCE was obtained by dissolving lithium bis-(trifluoromethanesulfonimide) salt
(LiTFSI) into SN at 60 °C to form 1 M solution inside an argon filled glove box. The ionic
liquid of 1-vinyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide (VMIMTEFSI) was

dried using 4A molecular sieves for a week with a final moisture content of 25 ppm. PIL-SN-



PCE was prepared as following: VMIMTFSI was first mixed with SN-PCE in different
proportions of 40:60, 45:55, and 50:50 to form a homogeneous solution and denoted as a-PIL-
SN-PCE, b-PIL-SN-PCE and c-PIL-SN-PCE, respectively. Thermal initiator of azobis-
isobutryonitrile (AIBN, 1 wt.%) was then dissolved into the precursor solution in a vial. The
as-prepared PIL-SN-PCE precursor was placed in an oven at 70 °C under nitrogen atmosphere
for 30 min to complete the polymerization. Solid state 2430 button batteries were fabricated by
using PI as the supporting matrix and PIL-SN-PCE precursor as the electrolytes, which was
then in-situ polymerized at 70 °C for 30 min. The schematic preparation procedure for the

electrolytes was illustrated in Fig. 1.
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Fig. 1. Scheme of preparation procedure for PIL-SN-PCE electrolytes

2.2 Characterization of PIL-SN- PCE and Solid State Battery

The free-radical thermal curing reaction of SN-PIL-PCE was examined by a FT-IR
spectrometer (Nicolet 6700) with a spectral resolution of <0.09 cm™'. The stress-strain curve
of polyimide was attained by the universal testing machine (WDW-10) with a force sensor
(BAB-10MT) as shown in Fig. S1. Thermogravimetric analysis (TGA) was measured on a

Setsys Evolution TG/DSC-16 instrument from 25 °C to 500 °C at a heating rate of 10 °C min™!
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under an argon atmosphere and the combustibility experimentation of electrolyte was inspected
by using burning cotton balls to ignite it. The cross-section morphologies were investigated by
scanning electron microscopy (SEM; Hitachi S-4800). The phase transition temperature of SN,
SN-PCE and SN-PIL-PCE were taken on TG-DSC equipment with ramp rates of 5 ‘C min’!
from -60 ‘C to 100 ‘C at a sealed quartz pans under the N, conditions. X-ray diffraction
(XRD) was performed by using Cu Ka radiation ( A =1.5406 A) with the 29 range from 10° to
90° at an operation voltage of 40 kV and a current of 40 mA. lonic conductivity (¢ =L* R/A;
R was the impedance value; L and A was the thickness and surface area of electrolytes,
respectively) was measured by using electrochemical impedance spectroscopy (EIS) on an
Auto-lab PGSTAT 2273 working station over a frequency range from 102 to 10-° Hz at the
temperature range from 25 ‘C to 90 °C. The lithium ion transference number (t ;") of PIL-
SN-PCE electrolyte was tested by a steady-state polarization method on the symmetric Li/PIL-
SN-PCE/Li cell. The polarization current curve (I° and I* stands for the initial and steady state
current value, respectively) was recorded by putting a constant polarization potential (AV=5
mV) on this cell. The before and after polarization values of interface resistances (R;? and R;*)
and bulk resistance (R, and Ry*) were estimated by EIS measurement. The t;;" can be
calculated by the equation: t;;*=IRy(AV-I°R;%)/ I°R%(AV-I*R;). The electrochemical
stability window of PIL-SN-PCE was measured by linear sweep voltammetry (LSV) with
stainless-steel as working electrode and lithium foils as both counter and reference at a scan
rate of 1 mV s7!. The interfacial stability of PIL-SN-PCE towards lithium metal electrodes was
evaluated by measuring the time evolution of EIS on a symmetrical Li cell (Li/PIL-SN-PCE/L1)

at room temperature over a frequency range from 1072 to 10% Hz. Coin cells of CR2430 were



assembled by sandwiching the PIL-SN-PCE between LiFePO, cathode (LiFePO,/Super
P/PVDF=8:1:1, w/w/w) and lithium metal or Li;TisO, (LTO/Super P/PVDF=8:1:1, w/w/w)
anode in an argon filled glove box. The active material loading on cathode and anode is about
2.5 mg cm and 2.8mg cm2, respectively. The cycle performance of half and full cell with the
voltage range from 2.5 V to 4.2 V is obtained on the LAND CT-2001 battery testing instrument
(Wuhan, China) at the current densities of 0.0425 mA c¢cm and 0.2125 mA cm?, respectively.
The rate performances of half cells were performed at different current densities (1 C=170 mA

g’ in the voltage range of 2.5 and 4.2 V vs. Li/Li".

3. Results and Discussion

The cross-section SEM of pristine PI and PIL-SN-PCE electrolyte embedded in the PI
supporting framework are presented in Fig. 2(a)-(d). One apparent trend is that the supporting
framework textures become denser and compact with more PIL-SN-PCE presence, particularly
the sample of c-PIL-SN-PCE in Fig. 2(d). The successful polymerization of precursors at 70 °C
for 30 min is demonstrated in the insets of Fig. 2(b)-(d) for different composition precursors of
PIL-SN-PCE sealed in a small vial. The yellow and jelly-like quasi-solid electrolyte can
effectively fasten the white magnetic stir bar when the vial is inverted, indicating these
electrolytes are not free-flowing. Meanwhile, the optical photographs and whole cross-section
images of pristine PI and PIL-SN-PCE are also displayed in Fig. S2 and Fig. S3, respectively.
The solidity of the electrolyte can effectively ameliorate the leakage issue of conventional

organic liquid electrolyte, which usually causes safety problems of LIBs.



Fig. 2. Cross-section morphological characteristics of pristine PI (a), polymerized PIL-SN-PCE
electrolyte embedded into the PI supporting framework (b) a-PIL-SN-PCE, (¢) b-PIL-SN-PCE, and (d)
c-PIL-SN-PCE as well as the inserted optical images of a-PIL-SN-PCE (b), b-PIL-SN-PCE (c), c-PIL-

SN-PCE (d).
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Fig. 3. FTIR spectrum of a-SN-PIL-PCE, b-SN-PIL-PCE and c-SN-PIL-PCE before/after polymerizing
(a), (b) Their part magnification; (c) XRD pattern of PI coating film, pure SN, a-SN-PIL-PCE, b-SN-

PIL-PCE and c-SN-PIL-PCE after polymerizing.



In order to expound the polymerization reaction mechanism of SN-PIL-PCE, FT-IR
spectrometer is used as can be seen in Fig. 3(a)-(b). The characteristic peaks of 2250 cm™!' and
2999 cm! are ascribed to the gauche-trans stretching of C=N and CH for SN and the peaks
approximately to 3125 cm™! and 3159 cm’! are originated from the CH2 and CH3 of
VMIMTFSI as displayed in Fig. 3(a), which is similar with the previous reported literatures
[39-40]. The appearance of these feature peaks imply SN has been compounded with
VMIMTESI uniformly. In addition, the peak related to the C=C double bonds before
polymerizing emerges in the precursor of SN-PIL-PCE as shown in Fig. 3(b). However, this
characteristic peak is disappeared after thermal curing for 30 min at 70 “C, which demonstrates
the precursor has been polymerized consistent with the result of Fig. 2. The evolution of
different materials crystallinity is evaluated by means of XRD pattern in Fig. 3(c). In order to
avoid exposing materials to air, all samples are coated by PI film. As shown in Fig. 3(c), pure
PI coating film displays a similar shape with bread diffraction peak at 19.5°. However, the
experiment outcome derived from PI-coated SN exhibits two high crystal degree peaks at about
19.5° and 28.2° respectively. SN-PIL-PCE with different constitutions after polymerizing at
70 ‘C behaves a lower crystallinity approximating to the amorphous state comparing with
pure SN. This feature is mainly ascribed to the interactions among the Li, nitrile functional
groups and ionic liquid, increasing the lattice defect (trans-isomers) concentrations in SN,
which improve the room temperature ionic conductivity of electrolytes [41-42]. Therefore, the
above results imply this type of electrolytes can be used as a promising electrolyte in the field

of LIBs well.
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Fig. 4. DSC images (a) and TGA curves (b) of SN, SN-PCE, a-SN-PIL-PCE, b-SN-PIL-PCE and c-
SN-PIL-PCE; (c-¢) Combustion experiments of a-SN-PIL-PCE, b-SN-PIL-PCE and c-PIL-PCE
The plastic crystal feature of electrolytes is further explored by implementing the TG-
DSC experiment. As exhibited in the Fig. 4(a), the pure SN represents two obvious
endothermic peaks at -33.2 °C and 59.3 °C, which is corresponded to the phase transition
from crystal state to plastic crystal state (T,,) and following to liquid state (T,), respectively.
When LiTFSI integrates into pure SN forming the SN-PCE, the T, almost has no
alternation and the Ty, shifts toward left from 59.3 °C to 24 °C with broadening diffraction
peak, in which suggests the deterioration of crystal structure for pure SN due to the
complexation of difference ionic and the incurrence of high quantity structure defects [43-
45]. Accompanied by incorporating of ionic liquid into SN-PCE solution and then through

the high temperature heating cure, all SN-PIL-PCE samples show the similar T, and T,
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with SN-PCE, which indicate thermal features of SN-PCE is not been disturbed. This lower
T 1s beneficial to improve the transport of Li*. Fig. 4(b) represents the TGA curves of SN,
SN-PCE and all PIL-SN-PCE samples. As can be seen from the Fig. 4(b), SN and SN-PCE
exhibit similar thermal stability up to 230 °C. As a comparison, the thermal stabilities of
PIL-SN-PCEs significantly increase up to 300 °C, suggesting the introduction of
VMIMTESI can effectively improve the safety of the electrolytes. In the meanwhile, the
thermo-stability of the electrolyte systematically increases with increasing the amount of
VMIMTEFSI in PIL-SN-PCE. Table 1 compares the thermostabilities of PIL-SN-PCE with
different types of plastic crystal-based electrolytes in the literature. As shown in Table 1,
PIL-SN-PCE displays the best thermal stability among these electrolytes
[26,32,34,35,42,45-47]. Besides, Fig. 4(c)-(e) shows the combustion experiments of a-SN-
PIL-PCE, b-SN-PIL-PCE and c-SN-PIL-PCE. It is can be seen that all SN-PIL-PCE are
flame-retardant compared with those of carbonate-based electrolytes, implying this types

of electrolytes can significant ameliorate the safety properties of LIBs.
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Fig. 5. (a) Electrochemical impedance spectroscopy of a-PIL-SN-PCE, b-PIL-SN-PCE and c-PIL-SN-

PCE electrolyte and (b) LSV curves of SN-PCE, a-PIL-SN-PCE, b-PIL-SN-PCE and c-PIL-SN-PCE.

High Li* conductivity and wide electrochemical window are crucial for the electrolyte in

high energy density LIBs. Fig. 5(a) shows the electrochemical impedance spectroscopy (EIS)

of the three samples with different compositions. The resistance increases with increasing the

amount of VMIMTFSI. The calculated ionic conductivities of the three samples are listed in

Table 2. The highest ionic conductivity of 9.95x10* S cm’! is for a-PIL-SN-PCE.

Unfortunately, its electrochemical stability window is only up to 4.6 V as show in Fig. 5(b),

which is consistent with the stability of SN-PCE. However, the stability window of PIL-SN-

PCE systematically increases with increasing the amount of VMIMTEFSI, which increases up

to 5.6 V for c-PIL-SN-PCE. This is mainly ascribed to high electrochemical window of
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VMIMTFSI (above 6V). Based on the thermal stability, ionic conductivity and LSV result, b-
PIL-SN-PCE might be the best electrolyte for application in LIBs. Besides, temperature-
dependent ionic conductivity of this solid electrolyte also is investigated as shown in the Fig.
5(c). The ionic conductivity of b-PIL-SN-PCE clearly improves accompanying with the rise of
temperature. This is mainly ascribed to rapidly migration of lithium ions at high temperature,
which is beneficial to enhance the ionic conductivity of b-PIL-SN-PCE. Lithium ion
transference number (t ;") is another value judgement standard for characteristic of lithium
batteries. The t; ;" of b-PIL-SN-PCE is presented in Fig. 5(d) using Li/b-PIL-SN-PCE/Li cell.
Comparing with t ;" of conventional liquid electrolyte (0.38) as previous reported [32], b-PIL-
SN-PCE shows an improved t; ;" up to 0.43, which can retard the polarization of batteries during

charge-discharge process.

Table 1. Compositions of different samples and property of physical and electrochemical

Sample Thermal stability Ionic conductivity Electrochemical window  Discharge capacity
)

PET Immersed in (ETPTA/PCE)4¢] 150°C 57x10#Scm™ — 120 mAh g-!
ETPTA/PCE®] — > 103 Scm! S5v —
TPPTA/PCE®! — > 103 Sem! 4.5v —
ETPTA/PVDEF-HFP/PCE* — > 103 Sem! >5v 92 mAh g'!
ETPTA/ALO;/PCEM 130°C 1.02 x 103 S cm'! >5v —
TPPTA/AL,O5/PVDF-HFP/PCEB 200°C 1.03 x 103 S cm™! >5.2v 135.1 mAh g!
PVA-CN/SNBZ 200°C 0.3S Sv 97.7 mAh g*!
PPS-SPEBS! 100°C 4.0x10*Scm™ 4.8v 101.6 mAh g*!
PIL-SN-PCE 300°C 6.54x10*Scm™! >5.4v 105.3 mAh g'!

Table 2. Conductivity of different samples at 25°C

Sample VMIMTESI: SN (w/w) conductivity (S cm™)
a-SN-PIL-PCE 40:60 9.95x104
b-SN-PIL-PCE 45:55 6.54x10%
c-SN-PIL-PCE 50:50 4.49x104
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Fig. 6. Evolution of EIS of Li/PIL-SN-PCE/Li symmetrical batteries with different aging time (a) a-PIL-
SN-PCE, (b) b-PIL-SN-PCE and (c) c-PIL-SN-PCE; Summary the interfacial impedance value
evolutions of a-PIL-SN-PCE, b-PIL-SN-PCE and c-PIL-SN-PCE as time goes on (d).

The interfacial stability of PIL-SN-PCE towards metal lithium is evaluated by the time
evolution of EIS of symmetric Li/PIL-SN-PCE/Li cells, as depicted in the Fig. 6. The
semicircle in the EIS represents the interfacial resistance between the electrolyte and the
lithium electrodes. As can be seen from Fig. 6(a), the interfacial resistance of a-PIL-SN-PCE
is unstable with storage time, although its impedance value is relatively low, which is mainly
attributed to the side reactions between SN and lithium as previously reported [48-49]. As a
comparison, the EIS of b-PIL-SN-PCE gradually rapidly increase with time and then stabilizes
after 3 days as shown in Fig. 6(b), indicating a stable interface layer has been formed on the

surface of lithium electrodes. Similarly, c-PIL-SN-PCE also forms relatively stable interfacial
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impedance as seen from Fig. 6(c). Fig. 6(d) summarizes the time evolution of the EIS of the
three samples. The EIS values of b-PIL-SN-PCE and c-PIL-SN-PCE quickly stabilize after 3

days and 5 days, respectively.
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Fig. 7. First charge-discharge cycle curves of LiFePO,/Li using a-PIL-SN-PCE, b-PIL-SN-PCE and c-

PIL-SN-PCE as electrolytes at 0.1 C (a); Cycles capacities of LiFePO,/Li assembled with a-PIL-SN-

PCE, b-PIL-SN-PCE and c-PIL-SN-PCE electrolytes at 0.1 C (b); Rate performances of LiFePO4/Li

assembled with a-PIL-SN-PCE, b-PIL-SN-PCE and c-PIL-SN-PCE electrolytes at the current density

from 0.1 C to 1 C (¢); Full cells performances of LiFePO,/LTO assembled with a-PIL-SN-PCE, b-PIL-

SN-PCE and c-PIL-SN-PCE electrolytes at 0.5 C (d).

Fig. 7(a) shows the first charge-discharge profile of LiFePO,/Li half cells in different PIL-

SN-PCE electrolytes at 0.1 C at 25 °C. The half-cell in b-PIL-SN-PCE delivers the highest
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reversible discharge capacity among the three samples, up to 156.5 mAh g'!, whereas those in
a-PIL-SN-PCE and c-PIL-SN-PCE deliver discharge capacities of 149.6 mAh g-! and 149.3
mAh g, respectively. The higher capacity of the cell in b-PIL-SN-PCE is mainly attributed to
its combination of excellent interfacial stability of sample toward electrodes and high ionic
conductivity. Fig. 7(b) shows the cycling stability of half-cells in the three electrolytes at a
current density of 0.1 C at 25 °C. The half-cell in b-PIL-SN-PCE exhibits a high discharge
capacity and excellent capacity retention of 93.3% after 70 cycles, which can be attributed to
the following two aspects. On the one hand, b-PIL-SN-PCE can mitigate the side reactions
between the electrodes and the electrolyte by effectively trapping SN inside the PI matrix. On
the other hand, b-PIL-SN-PCE has a relatively high ionic conductivity. Thus, b-PIL-SN-PCE
exhibits a better balance between ionic conductivity and suppression of parasitic reactions of
SN. This is further demonstrated in the Fig. 7(c) for the rate performances of the half-cells in
the current density range of 0.1 C to 1 C. The discharge capacities of all the half-cells decrease
with increasing current density. However, the half-cell in b-PIL-SN-PCE shows the best rate
performances at different current densities. Particularly, at 1 C it delivers a discharge capacity
close to 66% of that at 0.1 C. Furthermore, the full cell of LiFePO4/b-PIL-SN-PCE/LTO as
displayed in Fig. 7(d) shows an outstanding high initial discharge capacity of 132.4 mAh g'! at
0.5 C and an excellent capacity retention of 90.3% after 50 cycles. All above results suggest

that b-PIL-SN-PCE is a promising candidate for application in LIBs.

4. Conclusion

16



In summary, PIL-SN-PCE electrolyte has been successfully synthesized by an in-situ
method. It displays extraordinary thermal stability up to 300 °C, a remarkable electrochemical
ability up to 5.4 V vs. Li/Li*, a high room temperature ionic conductivity of 6.54x10* S cm!.
In addition, excellent interfacial compatibility between b-PIL-SN-PCE and electrodes ensure
high rate performances and high capacity retention of both half cells and full cells, suggesting
that it is promising solid state electrolyte for application in high energy LIBs.
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Fig. S 2. The optical photograph of pristine PI and b-SN-PIL-PCE
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Fig. S 3. Whole cross-section morphological characteristics of pristine PI (a), polymerized PIL-SN-PCE
electrolyte embedded into the PI supporting framework (b) a-PIL-SN-PCE, (c) b-PIL-SN-PCE, and (d) c-
PIL-SN-PCE
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