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Abstract

As a polymer host, one polymeric ionic liquid poly(methyl methacrylate-1-vinyl-3-ethyl-imidazolium bis(trifluoromethylsulfonyl)
imide) (abbr. P(IMMA-co-VEImMTFSI)) was successfully synthesized and characterized. Four poly(vinylidene fluoride-co-
hexafluoropropylene) (abbr. PVDF-HFP)-based polymer electrolytes were prepared by blending 0, 5,15, and 25 wt% P(MMA-
co-VEIMTEFSI). The electrochemical performances of the prepared electrolytes were studied carefully. The results revealed that
increasing the polymeric ionic liquid content, the ionic conductivity of the polymer electrolytes could be enhanced and it obeyed the
Arthenius rule. The highest ionic conductivity of the polymer electrolytes was up to 2.09 x 10 S cm™ ' at room temperature. The
polymer with 25 wt% polymeric ionic liquid showed an excellent electrochemical performance for supercapacitor electrolyte. After
2000 cycles, the retention of capacitance in POIMMA-co-VEImTFSI)-based polymer electrolyte was above 80%. It implied that the
present PIMMA-co-VEImTFSI) polymeric ionic liquid was a decent component candidate in the high-performance polymer

electrolytes.
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Introduction

With the fast growth demand of high-performance energy
storage systems for practical application in electronics,
wearable devices, and medical instruments technology, the
batteries which are lighter, safer, and more flexible are
growing significantly [1, 2]. The conventional lithium-ion
batteries and supercapacitors with liquid electrolytes exhibit
excellent electrochemical performances, but the drawbacks
of fire, leakages, and explosions cannot be neglected [3, 4].
Many considerable efforts have been devoted to the solid
electrolyte such as polymer electrolytes and inorganic solid
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electrolytes [5—7]. Polymer electrolyte with the outstanding
advantages of flexibility, no leakages, safety, and environ-
mental friendliness has attracted much attention, which can
be easy to design the shape, and tune the properties by
choosing different polymers [8—11]. Various polymer elec-
trolytes are consisted of poly(ethylene oxide) (PEO),
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-
HFP), or poly(methyl methacrylate) (PMMA) as polymer
matrix. However, the polymer electrolytes have low ionic
conductivity between 10 and 1077 S cm ™' due to the high
crystalline of the polymer matrix, which inhibit their prac-
tical application [12, 13]. As of now, many efforts have been
made to enhance the ionic conductivity such as forming
plasticizers, adding ionic liquids, dispersing inorganic
nanoparticles, and blending different polymers [14—17].
Polymeric ionic liquids (PILs) are kinds of ionic con-
ductive compounds containing ionic liquids (ILs) species
in monomer repeating units, which retain the special prop-
erties both of ILs and of polymers [18-20]. Recently, PILs
have attracted great attention as excellent candidates for
polymer electrolytes because of their high thermal stabil-
ity, good film-forming ability, and chemical compatibility
[21-25]. Marcilla et al. reported ternary polymer electro-
lytes containing the pyrrolidinium-based polymeric ionic
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liquids for lithium batteries exhibiting acceptable conduc-
tivity, time-stable interfacial resistance values, and good
lithium stripping/plating performance [26]. Yang and co-
workers have made a lot of work in terms of the polymer
electrolytes containing PILs [27-33]. They synthesized
PIL based on guanidinium cations and the dicationic poly-
meric ionic liquid poly[VIm][TMEN][TFSI] as polymer
hosts, which effectively improved the rate performance
for Li/LiFePQO, cells at 25 and 80 °C, respectively.

Moreover, the abovementioned electrolytes have been suc-
cessfully applied in lithium ion batteries; the supercapacitors with
polymer electrolyte based on PIL did not show excellent electro-
chemical performance. Marcilla et al. reported polymer electro-
lyte consisting of a binary blend of a pyrrolidinium-based poly-
meric ionic liquid and pDADMATFSI [34]. The specific capac-
itance and real energy of supercapacitor were slightly lower than
those obtained for convectional supercapacitors using pure
PYR4TFSI. In this work, a imidazolium-based polymeric ionic
liquid poly(methyl methacrylate-1-vinyl-3-ethyl-imidazolium
bis(trifluoromethylsulfonyl) imide) was synthesized and used as
a solid polymer host to improve the electrochemical performance
for supercapacitor. A comparative study for polymer elec-
trolytes with different contents of PIL was carried out to
identify the role of the PIL.

Experimental
Materials

The poly(vinylidene fluoride-co-hexafluoropropylene) (PVDE-
HFP, Mw~455,000) was purchased from Sigma-Aldrich and
used without further purification. The 1-ethyl-3-methyl-
imidazolium bis(trifluoromethylsulfonyl) imide ([Emim][TFSI])
was purchased from Linzhou keneng cailiao Technology Co.,
Ltd. The 1-vinylimidazole (VIm>99%, Aladdin), 2,2'-
azobis(2-methylpropionitrile) (AIBN, 99%, Aladdin),
bromoethane (>99%, Aladdin), and methyl methacrylate
(MMA, >99%, Aladdin) were recrystallized and distillated be-
fore using. All the other regents were analytical grade.
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Synthesis of polymeric ionic liquid and blend polymer
electrolyte based on P(MMA-co-VEIm-TFSI)/PVDF-HFP

Synthesis of polymeric ionic liquid P(MMA-co-VEIm-TFSI)

The PMMMA-co-VEIm-Br) was prepared by the modified
literature method [35], which is shown in Scheme 1.
Firstly, the radical polymerization process was taken. A
certain molar ratio of MMA was added to the I-
vinylimidazole (VIm) in acetonitrile solution using AIBN
as the initiator at 65 °C for 48 h with the efficient stirring
under nitrogen atmosphere. The raw product was obtained
by precipitating the reaction mixture into deionized water,
washing it for three times, and then drying it in a vacuum
oven at 70 °C for 24 h. Secondly, the quaternization reac-
tion between the above product and bromoethane was tak-
en in methanol under nitrogen atmosphere at 40 °C for
24 h. The white solid product of P(IMMA-co-VEIm-Br)
was obtained after washing three times. Finally, the
resulting PIMMA-co-VEIm-TFSI) was synthesized by an-
ion exchange reaction of P(MMA-co-VEIm-Br) with
LiTFSI for 24 h.

Preparation of blend polymer electrolyte based
on P(MMA-co-VEIm-TFSI)/PVDF-HFP

The blend polymer electrolyte films P(MMA-co-VEIm-
TFSI)/PVDF-HFP/[Emim][TFSI] were prepared as the
following method: PVDF-HFP and appropriate quantities
of PMIMMA-co-VEIm-TFSI]) (i.e., 0, 5, 15, and 25 wt%)
were dissolved into the dimethylformamide (DMF) with
vigorous magnetic stirring for 24 h to obtain a homoge-
neous solution. The required amount [Emim][TFSI] was
added into the homogeneous polymer solution with stir-
ring for 12 h. The blend polymer film was obtained by
casting a well-homogenized slurry on a glass plate after
evaporating the DMF slowly and cut into pellets. It was
stored and handled inside an argon-filled glove box and
maintained under argon atmosphere. The preparation pro-
cess is presented in Scheme 1.
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Characterization of polymeric ionic liquid and blend
polymer electrolytes

Fourier transform infrared spectroscopy was characterized
by an FTIR spectrometer (Nicolet 380, Thermo Electron).
"H NMR spectroscopy of polymeric ionic liquid was tak-
en on a 600-MHz NMR instrument (Avance III 600 MHz,
Bruker) with deuterated chloroform as the solvent. The
thermal stability of blend polymer electrolytes was per-
formed on a thermogravimetric analyzer (DTG-60A,
Shimadazu) from 30 to 600 °C at a heating rate of
10 °C min~" under nitrogen atmosphere. The glass transi-
tion temperature of polymeric ionic liquid was measured
by a DSC equipment (DSC 1, Mettler-Toledo) starting
from — 80 to 250 °C at a heating rate 5 °C min ' under
nitrogen atmosphere.

The ionic conductivities of blend polymer electrolytes
were measured using a symmetrical cell consisting of
(the stainless steel) SS || blend polymer electrolyte ||
SS by an electrochemical workstation (CHI 660E,
Shanghai Chenhua CH Instruments, Inc.) in the temper-
ature range between 25 and 95 °C. The data was col-
lected over a frequency range of 1 Hz—100 kHz with an
amplitude of 5 mV at various temperatures. The ionic
conductivities of the blend polymer electrolytes were
calculated according to the following Eq. (1):

L
0= RS (1)

where L, R, and S represent the thickness, bulk resis-
tance, and area of the polymer electrolytes, respectively.

The electrochemical stabilities of polymer electrolytes
with different contents of polymerize ionic liquid were
examined by linear sweep voltammetry (LSV) at a scan
rate of 5 mV s~ using (the stainless steel) SS || blend
polymer electrolyte || SS cell from 0 to 6.0 V.

Electrochemical characterization of supercapacitors
with blend polymer electrolytes

The symmetrical solid-state supercapacitor was assembled
and gently pressed to evaluate the electrochemical properties
of the polymer electrolyte with different contents of P(IMMA-
co-VEIm-TFSI). The cyclic voltammograms (CV) of the cell
were performed in the potential range of 0 to 4.0 V at various
scan rate. The charge-discharge measurements of the cells
were conducted at 4.0 V with different current densities using
the Land battery cycler (CT2001A, LAND Electronic Co.
Ltd). The special capacitance, energy density, and power den-
sity of the cells were calculated according to the following
Formulas (2), (3), and (4):
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where [ is the discharge current (A), At is the discharge time
(s), AV is the potential window during the discharge process
after IR drop (V), and m is the total mass of the activated
carbon on two electrodes (g).

Results and discussion
Characterizations of P(MMA-co-VEIm-TFSI)

The chemical structure of the PIL was confirmed by FTIR
spectrum as shown in Fig. 1. The characteristic peaks at 3154
and 2952.48 cm ™' were attributed to the C—H stretching vibra-
tion in the imidazole ring and the saturated C—H stretching
vibration of alkyl substituent on the imidazole ring, respective-
ly. The characteristic peak at 1730.31 cm™' was attributed to the
—C=0 stretching vibration of methyl methacrylate. The other
characteristic peaks showed the skeletal vibration of imidazole
ring at 1556.27 and 1449.28 cm ', and C-O—C stretching vi-
bration at 1236.15 cm™'. The results of the FTIR spectrum
indicated that the structure of polymeric ionic liquid P(MMA-
co-VEIm-TFSI) was synthesized successfully [35].

The 'H NMR spectrum of polymeric ionic liquid POMMA-
co-VEIm-TFSI) using deuterated chloroform (CDCls) as sol-
vent is shown in Fig. 2. It was noted that the chemical shifts
appearing around 6.96-7.51 were attributed to the protons on
the imidazole ring of N-CH=N and N-CH=CH-N,

3154.97

2952.48

Transmittance/%
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173031 1236.15
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Fig. 1 The FTIR spectrum of PIMMA-co-VEIm-TFSI)
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Fig. 2 The 'H NMR spectrum of
P(MMA-co-VEIm-TFSI) in
CDCls
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respectively. The chemical shifts 0f4.31 and 0.89 were owing
to the -CH,—CH3 of alkyl substituent on the imidazole ring.
The other chemical shifts appearing at 3.60, 1.81, 1.02, and
0.84 were attributed to the protons on the ester, methyl, and
methylene of P(IMMA-co-VEIm-TFSI), respectively. All the
chemical shifts were similar to the results of reference [36].
The molecular weight of polymer was an important char-
acter which was closely related to the conductivity behavior
of the polymer electrolyte. Sekhon et al. reported that the
conductivity of polymer electrolyte containing relatively
low molecular weight of PMMA was higher than the corre-
sponding liquid electrolytes [37]. The molecular weight of
P(MMA-co-VEIm-TFSI) was investigated by GPC (N,N-
dimethylformamide) and the result is shown in Fig. 3. The
number average molar mass (M,) and weight average molar
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Fig. 3 The GPC chromatography of P(MMA-co-VEIm-TFSI) in DMF
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mass (M,,) were about 3.23 x 10* and 3.41 x 10%, respec-
tively. The polydispersity (M,/M,,) of the P(IMMA-co-
VEIm-TFSI) was 1.05.

The DSC curves of POIMMA-co-VEIM-TFSI) and PVDF-
HFP were recorded in Fig. 4. Compared with the PVDF-HFP,
the single glass transition temperature (Tg) of P(MMA-co-
VEIM-TFSI) was occurred at around 113.04 °C, which indi-
cated that it is an amorphous polymer. As far as we know, the
polymers with lower melting point had higher conductivities
[38, 39]. The result of DSC illustrated that P(IMMA-co-
VEIM-TFSI) used as the polymer host could improve the
conductivity of polymer electrolyte.
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Fig. 4 The DSC of P(MMA-co-VEIm-TFSI) and PVDF-HFP
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Properties of blend polymer electrolytes

The curves of the blending polymer electrolytes with different
contents of polymeric ionic liquid are presented in Fig. 5. From
Fig. 5a, the thermal decomposition of the four polymer electro-
lytes occurred in one distinct step, which showed almost no
weight loss up to 275 °C. The total weight loss from 275 to
375 °C was possibly associated with the loss of ionic liquid and
polymer backbone [40, 41]. The TGA results indicated that all
the electrolytes displayed excellent thermal stabilities.
Furthermore, the thermal shrinkage performances of the four
polymer electrolytes were tested by resting them at 150 °C for
4 h as shown in Fig. 5b. It was obvious that the shape and size
with the adding of 25 wt% P(MMA-co-VEIm-TFSI) had al-
most no change, which is an important character for using it as
electrolyte/separator component.

The ionic conductivity has been regarded as another crucial
electrochemical property of polymer electrolyte. The Arrhenius
plots of the conductivity of the polymer electrolyte with differ-
ent contents of P(MMA-co-VEIm-TFSI) are displayed in
Fig. 6. Elevating temperature increased the electrolyte conduc-
tivity with growing tendencies for the four polymer electrolytes.
The activation energy Ea of the four electrolytes was calculated
according to the Arrhenius equation (Eq. 5) and the values were
0.3564, 0.3445, 0.2020, and 0.0705 eV. The lower activation
energy was better for enhancing the ion migration [42].
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Fig.5 a The TGA of polymer electrolytes with different contents of PIL.
b The photograph of polymer electrolytes with different contents of PIL at
25 and 150 °C after 4 h
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Fig. 6 The ionic conductivity of polymer electrolytes with different
contents of PIL

Ea
Inoc = InA + — 5
no +RT (5)

The conductivities of the polymer electrolyte increased
with the increasing content of PIL and reached a maxi-
mum value of 2.09x 10> S em™ ' with the addition of
25 wt% PIL. It was sticky and it was hard to form the
membrane when the addition of PIL was increased over
30%. Compared with the polymer electrolyte with the
addition of 0 wt% PIL, the ionic conductivity was in-
creased by 20%. This may be due to the amorphous re-
gion of the adding PIL which can affect the ionic conduc-
tivity by weakening the resistance above the segmental
motion of the polymer chains [43].
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Fig. 7 The linear sweep voltammogram of polymer electrolytes with
different contents of PIL at 5 mV s ™'
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The LSV curves of the polymer electrolytes with different
contents of PIL are depicted in Fig. 7. It was noted that all the
polymer electrolytes can be stabilized at the voltage range
between 0 and 5.6 V. The electrochemical window of polymer
electrolytes was wider with the increasing content of PIL;
when the content is 25 wt%, the value can reach to 5.53 V.
This observation revealed that PIL blending can improve the
electrochemical stability window of the polymer matrix. The

@ Springer

result demonstrated that the blending electrolyte had good
electrochemical stability; thus, it can be used as a candidate
for good electrochemical energy storage devices.

Based on the above results, we can conclude that the
polymeric ionic liquid P(MMA-co-VEIm-TFSI) is one of
the effectively conductive polymer candidates as an addi-
tive in the polymer electrolyte due to its high conductivity,
good thermal stability, and high electrochemical stability.
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Electrochemical performances of solid-state
supercapacitor

To further verify the feasibility of the PIL-based polymer elec-
trolyte applied in the practical energy storage systems, we de-
signed a solid-state supercapacitor based on AC as the
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Fig. 10 The specific capacitances of polymer electrolytes with different
contents of PIL under different current densities

electrodes. The result of Fig. 8 showed that asymmetric CV
profiles of the solid-state supercapacitor in the 0 to 4 V potential
range at a variety of scan rates from 10 to 250 m'Vs ', stem-
ming from the combination of fast electrolyte ion transport at
the electrode. This phenomenon indicated a nearly rectangular
shape response and little equivalent series resistance. Although
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Fig. 11 The EIR of polymer electrolytes with different contents of PIL
after 2000 cycles
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Fig. 12 The power density and energy of polymer electrolytes with
different contents of PIL

the shapes of the CV curves of polymer electrolytes with 0, 5,
and 15 wt% PIL were similar to the electrolyte with 25 wt%
PIL, the highest peak current of the electrolyte with 25 wt% PIL
showed better charge transfer in the sample. Obviously, the
integral area of the CV curve of the electrolyte with 25 wt%
PIL was larger than the polymer electrolytes with 0, 5, and
15 wt% PIL, suggesting the highest electrochemical capaci-
tance. Besides, the galvanostatic charge/discharge (GCD)
curves displayed a symmetric quasi-triangular shape, which
demonstrated the excellent combination of electrochemical per-
formance [44]. Figure 9 exhibited the GCD curves of the solid-
state supercapacitor with different mass ratios of PIL at the
variety of current densities from 1 to 5 A g . And the discharge
time reaches a maximum value of 218 s when the current den-
sityis 1 A g .

According to Eq. (2), the solid-state supercapacitor showed a
specific capacitance of 219 F g ' at 1 A g (with respect to the
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Fig. 13 The cycle curves of polymer electrolytes with different contents
of PIL at 1 A ¢ ' current density
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mass of activated carbon) when using the 25 wt% PIL electro-
lyte (Fig. 10). At the high current density of 5 A g, its specific
capacitance of the supercapacitor with the polymer electrolyte
adding 25 wt% PIL still remains 157 F g .

As shown in Fig. 11, the EIS curve was decreased with the
increasing the amount of PIL added, which indicated the resis-
tance was gradually smaller. These results suggested that the
blending polymer electrolyte can improve the electrochemical
performance of the supercapacitor. It can be attributed to the
addition of PIL, which can increase the ionic conductivity of the
electrolyte. The highly conductive property of the blending
polymer electrodes was further proved by electrochemical se-
ries resistance, which demonstrated an extremely low resistance
of 40 Q) with 25 wt% PIL blending polymer electrolytes.

The Ragone plots which showed the dependence of power
density and energy density are illustrated in Fig. 12. Obviously,
the energy density appeared decrement when power density
increased. According to Egs. (3) and (4), at room temperature,
the maximum energy density of solid-state supercapacitors on
the basis of the adding of 25 wt% PIL blending polymer elec-
trolyte can approach 115.5 Wh kg ' in a relatively low power
density (1907.3 W kg "), and also it remained at 75.22 Wh kg
at a high power density (8104.5 W kg™); these values indicated
the superior association of high energy and power density. The
results showed that the adding of PIL devices achieved higher
energy density than the other devices without PIL. To the best
of our knowledge, this energy density was much better than the
other different kinds of energy density (6.5 Wh kg™,
17.7 Wh kg ") previously reported [45-47].

The long cyclic durability was an important performance
for electrochemical devices [48—50]. The cyclic stability of the
polymer electrolyte with different contents of P(MMA-co-
VEIm-TFS]I) is displayed in Fig. 13. It can be found that the
supercapacitor with the 25 wt% PIL had the highest
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Fig. 15 The LED light of
polymer electrolytes with
different contents of PIL at the
same condition

capacitance retention, which can be retained over 80% of the
initial capacitance after 2000 charge-discharge cycles.
However, it only retained 60% of the initial capacitance with-
out PIL, indicating that the PIL can effectively improve the
cyclic stability of the supercapacitor.

The long-term cyclic stability of the polymer electrolyte with
P(MMA-co-VEIm-TFSI) demonstrated its implications for the
high-performance supercapacitor. The rate capability data of the
supercapacitor with/without PIL are presented in Fig. 14. The
test consisted of a sequence of cycles performed successively at
0.5,1.0,2.0,4.0,5.0,4.0,2.0,1.0,and 0.5 A g71 for 20 cycles
per current density. The supercapacitor with 0, 5, 15, and
25 wt% PIL delivered higher special capacitance under all dif-
ferent current densities. At 0.5 A g, the special capacitance
was 42, 38, 35, and 29 mAh g_l, respectively. And the special
capacitance of supercapacitor with 25 wt% PIL can reach
38 mAh g ' up to 5.0 A g !, which was suggested that the
PIL as the polymer host can efficiently enhance the conductiv-
ity of the polymer electrolyte.

A LED lighted by the commercial batteries (1.5 V pre-unit)
to charge one device in series connection was also studied. The
connected set could be fully charged within 2 s and light up a
LED for several minutes. The supercapacitor energy storage
devices with PIL made the LED let out a brighter light. The
supercapacitor with 25 wt% PIL had the brightest light, dem-
onstrating the high-efficient energy output ability of the devices

0 wt.% PIL+PVDF-HFP 5 wt.% PIL+PVDEF-HFP

25 wt.% PIL+PVDF-HFP

15 wt.% PIL+PVDF-HFP

and the good property of the PIL-based electrolyte, which co-
incided well with the abovementioned experimental results of
conductivity, cyclic voltammetry, and cycling performance
(Fig. 15).

Conclusions

The conductive polymeric ionic liquid P(IMMA-co-VEIm-
TFSI) was successfully prepared and used as the polymer host
for the solid-state electrolyte. The polymer electrolyte with
25 wt% P(MMA-co-VEIm-TFSI) displayed a high ionic liquid
0f 2.09x 10 S cm ' at 25 °C and a broad electrochemical
window of 5.0 V. When it was used in the supercapacitor, it
also exhibited excellent electrochemical performance, with the
capacitance, power density, and energy density as high as
219 F g ', 1907 W kg ', and 115.5 Wh kg " at the operating
voltage of 4.0 V. Meanwhile, it can retain 80% capacitive re-
tention after 2000 cycles. More importantly, the supercapacitor
can drive the commercial LED light, and the supercapacitor
with 25 wt% PIL had the brightest light, demonstrating the
high-efficient energy output ability of the devices.
Considering plenty amount of ionic liquids and their structure
and function designable features, the electrolytes based on poly-
meric ionic liquids may pave a new way for constructing high-
performance solid-state energy storage systems.
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