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ble ordered ion channels for
a solid electrolyte membrane with high ionic
conductivity by combining the advantages of liquid
crystal and ionic liquid†
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and Liaoyun Zhang *

The advantages of solid-state polymer electrolytes (SPEs) such as ease of fabrication, high safety, good

compatibility with Li metals make SPEs one of the most promising electrolyte materials for next generation

high-performance and high-safety lithium-ion batteries (LIBs). However, the traditionally used PEO-based

electrolytes usually exhibit very low ionic conductivity due to the high crystallinity of PEO, which impedes

the commercialization of solid-state LIBs using PEO-based polymer electrolytes. In this study, an

‘alternative’ solid electrolyte material was prepared using a nematic liquid crystal (LC) and an ionic liquid (IL).

Specifically, the LC with ordered layered nanostructures was polymerized and immobilized via UV-

irradiation, while IL was sufficiently inserted into the ordered ion channels for fast transport ions. It should

be noted that such a free-standing electrolyte film with stable ordered channels has been confirmed

through the characterizations of DSC, POM, SEM and XRD. As a result, the solid electrolyte film shows

superior comprehensive electrochemical performance in terms of a very high room temperature ionic

conductivity (2.14 � 10�2 S cm�1), wide electrochemical window (4.8 V), and very good compatibility with

lithium metal. Furthermore, the LiFePO4/Li cell using the ordered electrolyte film shows an average

discharge capacity of 150 mA h g�1. Undoubtedly, our study provides a new solid electrolyte material that

has the potential to be used in the next generation of high safety and high energy density LIBs.
Introduction

The advantages such as design exibility, high operating
potential, high energy density and long service life make
rechargeable lithium-ion batteries (LIBs) one of the most crucial
electrical energy storage devices.1,2 However, numerous prob-
lems still need to be overcome to obtain LIBs with enhanced
electrochemical performance and improved safety. In partic-
ular, the extensively used organic liquid electrolytes show
extremely high volatility, potential leakage and high amma-
bility, which results in shortened service life and safety risk
(even explosion hazard) of LIBs (particularly used under high
temperatures and on a large scale).3,4 Solid polymer electrolytes
(SPEs) can be an effective solution for the above problems,
particularly the safety issues.5–7
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Among all the SPEs, the typically and widely studied polymer
electrolyte matrices are poly(ethylene oxide) (PEO) and its
derivatives due to the advantages such as ease of fabrication,
high safety, and good compatibility with Li salts.8 However, the
high crystallinity of PEO contributes to the very low room
temperature ionic conductivity of the corresponding polymer
electrolyte,9,10 which impedes the commercialization of solid-
state LIBs using PEO-based polymer electrolytes. Therefore,
developing and studying new ‘alternate’ electrolyte materials
with superior comprehensive electrolyte performance are still
very necessary.

To date, alternative SPE matrices of PEO such as poly-
carbonates, polyesters, polynitriles, polyalcohols, and poly-
amines have been widely studied and shown some satisfactory
results.11

Liquid crystals (LCs) combine the owing properties of
isotropic liquids and order of crystalline solids, resulting in
a very unique material.12 The molecules can self-assemble into
a range of liquid crystal nanostructures (spontaneous induction
of phase segregation) by adjusting the molecular shape and
intermolecular interactions.13–15 This indicates that LC mate-
rials are promising nominees for fast transport of ions.16 More
importantly, it is found that the LC materials with ordered
J. Mater. Chem. A, 2019, 7, 1069–1075 | 1069
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Scheme 1 (a) Synthesis route of the liquid crystal (LC, C6M) monomer.
(b) Preparation of the free-standing composite solid-state electrolyte
film using LC and IL with ordered ion channels.
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structures can be used as safe and efficient electrolytes.17 LCs
have served as template inorganic and organic materials, which
signicantly increase the carrier mobility.18,19 It is widely known
that the PEO-based polymer electrolytes usually have ionic
conductivities lower than 10�5 S cm�1 at room temperature.8,20

Interestingly, through constructing faster ion channels using
LC, the as-prepared LC-based polymer electrolyte lm exhibits
a high ionic conductivity of 10�3 S cm�1 at room temperature
(the value is very close to the ionic conductivity of liquid elec-
trolytes),21 indicating the crucial role of ion channels in
improving the ionic transport efficiency. Moreover, Kato et al.
focused on the liquid crystal-based electrolytes due to the
inherent orientation ability of liquid crystal materials, which
can be used to construct ordered ion pathways for more efficient
transport of ions.16,21–25 Very recently, we also designed and
synthesized a series of liquid crystal-based polymer electrolyte
materials with ordered ion channels for efficient transport of
ions, which generally showed satisfactory cell performance
when used in LIBs.26–29

Based on the above mentioned advantages of LC-based
materials used as electrolytes and our recent studies, we tried
to further design and synthesize a novel liquid crystal mono-
mer, which should have high orientation ability for construct-
ing ordered structures. More importantly, such ordered
structures need to be effectively immobilized, i.e., the special LC
monomer should polymerize under certain conditions. In this
regard, the 1,4-bis(4-(60-acryloxy-hexyloxy)benzoyloxy)-2-toluene
(C6M) was selected and synthesized, which not only shows
nematic phase but also has the active terminal double bond that
can be sufficiently polymerized under ultra violet (UV) irradia-
tion.30 As a result, a polymeric LC with ordered layered nano-
structures can be obtained and immobilized.

Nevertheless, such an ordered structure is not enough to
reach the goal of effective transport of ions. Therefore, an
effective ion transport medium is necessary. Of particular
interest, ionic liquids (ILs) with the unique properties of low
ammability, ultralow volatility, good thermal stability and
ionic conductivity have drawn our attention.31 Furthermore, it
has also been demonstrated that ILs can be a promising elec-
trolyte matrixes for LIBs.32–35

Thus, in this study, a novel solid electrolyte with highly
ordered ion channels was prepared using a nematic liquid
crystal (C6M), an ionic liquid (1-ethyl-3-methylimidazolium
bis(triuoromethylsulfonyl)imide) and a lithium salt. Speci-
cally, the free-standing solid-state composite polymer electro-
lyte lm with highly ordered layered nanostructures was
obtained through photopolymerization of the LC monomer.
Furthermore, IL was inserted into the layered nanostructures to
transport ions. It should be noted that the LC was not only used
as the active monomer to polymerize, but also acted as a highly
ordered template (the orientation feature of LC can construct
ordered structure) to provide ion channels. As a result, the solid-
state electrolyte lm with ion channels shows superior
comprehensive electrochemical properties. More importantly,
we also conrmed that the novel and free-standing solid elec-
trolyte lm can be used in LIBs. Specically, the LiFePO4 (LFP)/
Li cell using the ordered electrolyte lm shows superior cell
1070 | J. Mater. Chem. A, 2019, 7, 1069–1075
performance. To the best of our knowledge, such a special solid
electrolyte with excellent cell performance has not been re-
ported. Our results provide a novel solid electrolyte material
with highly ordered ion channels using liquid crystal and ionic
liquid, which can be promisingly applied in solid LIBs.
Results and discussion

The LCmonomer was synthesized via the esterication reaction
of 4-(60-acryloxy-hexyloxy) benzoic acid and 2-methyl-hydroxy
phenol while using N,N-dicyclohexyl carbodiimide (DCC) as
a dehydrant and 4-dimethylaminopyridine (DMAP) as a catalyst
(see the synthesis route in Scheme 1a). In addition, Fig. 1a
provides the nuclear magnetic resonance hydrogen spectrum
(1H NMR) of the as-prepared LC monomer. The characteristic
peaks belonging to unsaturated hydrocarbon bonds (–CH]

CH2) appear at the chemical shi of 6.38 (peak f), 6.15–6.08
(peak g), and 5.84–5.81 (peak h) ppm. The saturated hydro-
carbon bonds are denoted by chemical shis at 4.17 (peak i),
4.04 (peak j), 2.23 (peak k), 1.84 (peak l), 1.72 (peak m) and 1.66–
1.36 (peak n) ppm. In addition, the peaks at 8.11 (peak a), 7.17–
7.05 (peak c, d, and e), and 6.96 (peak b) ppm are ascribed to
aromatic hydrogens. The 1H NMR spectrum of LC indicates that
LC has been successfully synthesized. The structural informa-
tion of the LC was further elucidated by Fourier transform
infrared (FTIR) spectroscopy. As can be seen in Fig. 1b, the
saturated hydrocarbon stretching vibration of –CH2– and –CH3

appears at 2937, 2865 cm�1,36 respectively. The skeletal vibra-
tion of the benzene ring shows characteristic peaks at 1600 and
1500 cm�1.37 Additionally, the IR absorption peaks at 3071 and
1633 cm�1 come from the CH2]CH–.36,38,39 Combining the 1H
NMR and FTIR characterizations, we conclude that the LC
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) 1H NMR of LC. (b) IR spectra of LC, IL and the prepared solid
electrolyte film.

Fig. 2 (a) DSC curves of the LC from �90 to 150 �C. (b) POM image of
LC at the original 30 �C. (c) POM image of PLC-IL-1-2. (d) TGA curves
of LC and PLC-IL-1-2. (e) SEM image of the solid electrolyte film (PLC-
IL-1-2, on the surface), which shows very ordered layered nano-
structures. (f) and (g) show the cross section of the solid electrolyte
film at different magnifications, which also exhibits obvious layered
nanostructures. (h) XRD profiles of LC and PLC-IL-1-2. (i) DSC curves
of the solid-state electrolyte films (PLC-IL-1-1 and PLC-IL-1-2).
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monomer has been obtained via an esterication reaction of 4-
(60-acryloxy-hexyloxy) benzoic acid and 2-methyl-hydroxy
phenol. Subsequently, a free-standing solid-state composite
polymer electrolyte lm with highly ordered layered nano-
structures was obtained through photopolymerization of the LC
monomer with IL inserted into the layered nanostructures to
transport ions (Scheme 1b). It should be noted that LC was not
only used as the active polymerable monomer but also acted as
a highly ordered template to provide ion channels. The free-
standing electrolyte lm (PLC-IL-1-2, ‘1-2’ represents the
weight ratio of LC and IL is 1/2) was characterized by FTIR
spectroscopy (Fig. 1b). It was found that the characteristic
absorption peaks of CH2]CH– at 3071 and 1633 cm�1

completely disappear, conrming the sufficient polymerization
of the activated carbon–carbon double bond in the LC mono-
mer under UV radiation. Furthermore, as predicted, the
absorption peaks belonging to the benzene ring and saturated
hydrocarbon are retained. It should be noted that the shoulder
peaks at 3166 and 3122 cm�1 are ascribed to the imidazole ring
of the IL.40 Thus, the shoulder peaks appear on the IR spectrum
of PLC-IL-1-2.

The liquid crystal feature of LC can be generally analyzed by
differential scanning calorimeter (DSC) and polarizing optical
microscopy (POM). Fig. 2a shows the DSC curves of the LC
monomer in the temperature range from �90 to 150 �C. During
the heating process, two exothermic peaks appear at 11 and
34 �C due to the cold crystallization.41 A high intensity endo-
thermic peak is seen at 60 �C and a low intensity endothermic
peak is also observed at 81 �C on the DSC curve, which can be
attributed to a typical mesophase (from 60 to 80 �C). According
to the DSC heating curve, another phase transformation is
observed from 81 to 117 �C. During the cooling process, the
nematic phase is seen in a wider temperature range (from 9 to
This journal is © The Royal Society of Chemistry 2019
116 �C).42 The phase transformation process of the LCmonomer
can be directly observed using POM. Fig. S1† shows the POM
images of the LC during heating and cooling processes. The
typical nematic phase is seen from room temperature (also
shown in Fig. 2b) to 65 �C on heating and also observed from
room temperature to 0 �C on cooling. Generally, the DSC and
POM characterizations indicate that the LC molecules tend to
uniaxially align along the common director, which can be
directly used to construct ordered ion channels in polymer
electrolytes.

The POM image of the electrolyte lm (PLC-IL-1-2) at room
temperature is shown in Fig. 2c. It is clearly seen that the
electrolyte lm inherits the nematic phase of the LC monomer
aer UV polymerization. We further evaluated the thermal
stability of the series samples (including LC monomer, the as-
prepared electrolyte lm). The thermal decomposition
temperature (Tonset) of the LC monomer reaches 395 �C, while
the electrolyte lm has a Tonset of 341 �C. The relatively
decreased thermal stability of the electrolyte lm can be
explained by the relatively low thermal stability of the IL.
Nevertheless, the thermal stability of the electrolyte lm is still
very high, which can meet the application of the electrolyte lm
in a wide temperature range.

In addition, the highly ordered structure of the electrolyte
lm can be further observed by scanning electron microscopy
(SEM). The electrolyte lm (PLC-IL-1-2) exhibits highly ordered
layered nanostructures on the surface (Fig. 2e). Amazingly, the
ordered nanostructures are also formed on the cross section of
the lm (Fig. 2f). Such highly ordered layered nanostructures
can be seen more clearly at higher magnication (compared
with Fig. 2f) on the cross section (Fig. 2g). Moreover, as
J. Mater. Chem. A, 2019, 7, 1069–1075 | 1071
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Fig. 3 (a) Ionic conductivities of PLC-IL-1-1 and PLC-IL-1-2 at a given
temperature (from 30 to 80 �C). (b) and (c) show the LSV curves of SS/
PLC-IL-1-1/SS and SS/PLC-IL-1-2/SS cells, respectively. (d) Electro-
chemical resistance spectra of Li/PLC-IL-1-2/Li cell after different
storage times.
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predicted, a clear X-ray diffraction peak appears at 2q ¼ 4.40�

(corresponding to the 2 nm d-spacing between the nanolayers43)
of the electrolyte lm (Fig. 2h), further conrming the
successful construction of highly ordered layered nano-
structures. The peak of the LC monomer (also shown in Fig. 2h)
appears at 2q¼ 4.96� (d-spacing of 1.8 nm), which indicates that
the d-spacing of the electrolyte lm is slightly wider than that of
the LC monomer. This is likely because the IL has been suffi-
ciently inserted into the layered nanostructures, causing the
increased d-spacing of the electrolyte lm.

According to the DSC, POM, SEM and XRD characterizations,
we can condently conclude that an ordered and layered solid
electrolyte membrane has been successfully prepared via UV
photopolymerization using LC as the active monomer and IL as
the transmission medium. Two crucial reasons drive the
formation of the solid electrolyte lm with ordered ion chan-
nels. First, the liquid crystal monomer we synthesized shows
a high orientation ability (corresponding to nematic phase).
Second, the terminal active double bonds can polymerize under
the UV-irradiation, which can make the LC monomer form
a free-standing lm as well as immobilize the ordered liquid
crystal structure. The vivid ionic transport model of the ordered
electrolyte lm can be seen in Scheme 1b.

If the ordered layered structures were immobilized, it should
have had no phase transition corresponding to the mesophase
of LC on the DSC curves of the electrolyte lms. The DSC curves
of PLC-IL-1-1 (‘1-1’ represents the weight ratio of LC and IL is
1/1) and PLC-IL-1-2 are shown in Fig. 2i. No peaks are observed
on the curves except the peaks belonging to the glass transition
temperature at ��26 �C, suggesting the effective immobiliza-
tion of the ordered layered structures of the electrolyte lms.

We compared the ionic conductivities of PLC-IL-1-1 with
PLC-IL-1-2 (we did not further increase the content of IL due to
the poor lm forming ability of higher content of IL) at a given
temperature (from 25 to 80 �C), which was also tted by the VTF
model (see the equation in the Experimental section). According
to the tting results, the activation energy (Ea) values of PLC-IL-
1-1 and PLC-IL-1-2 are 5.54 and 1.30 kJ mol�1, respectively. It is
seen that the Ea value of PLC-IL-1-1 is over 4 times higher than
that of PLC-IL-1-2. A lower Ea value is more benecial to the
efficient transport of ions. Therefore, PLC-IL-1-2 generally
exhibits higher ionic conductivity at a given temperature (from
25 to 30 �C) than that of PLC-IL-1-1. Clearly, the ionic conduc-
tivity of PLC-IL-1-2 is 2.14 � 10�2 S cm�1 at 25 �C, which is
much higher than that of PLC-1-1 (3.57 � 10�3 S cm�1, 25 �C).
However, the ionic conductivities almost reach the same value
at 80 �C, which can be attributed to the negligible ion transport
energy barrier at much higher temperatures. It is also known
that higher Ea values usually results in physical characteristics
(such as ionic conductivity) of samples showing more sensitivity
to temperature. Thus, the ionic conductivity of PLC-IL-1-2
seems to improve slowly with the rise in temperature. For
comparison, we also measured the ionic conductivity of the
poly(ethylene glycol)diacrylate (PPEGDA)/30% LiTFSI electrolyte
lm. As can be seen in Fig. S2,† the liquid crystal-based elec-
trolyte lm shows much higher ionic conductivity than that of
the PPEGDA-based electrolyte lm at a given temperature from
1072 | J. Mater. Chem. A, 2019, 7, 1069–1075
30 to 80 �C (for instance, the ionic conductivity of the PPEGDA-
based lm is 7.93� 10�6 S cm�1 at 30 �C), indicating the crucial
role of the ordered structure in improving the ionic conductivity
of the liquid crystal-based electrolyte lm. In addition, the
electrochemical window of PLC-IL-1-1 (Fig. 3b, 4.7 V) and PLC-
IL-1-2 (Fig. 3c, 4.8 V) is very close, indicating the good electro-
chemical stability of the electrolyte lms using LC and IL.

It is still very necessary to assess the interface compatibility
between electrolyte lm and lithium metal. Herein, PLC-IL-1-2
was selected to be studied. As shown in Fig. 3d, the initial
areal specic resistance between the Li electrode and the elec-
trolyte lm is 1600 U cm2. Then, the values uctuate from 1300
to 1180 U cm2. At last, it reaches a stable value of �1240 U cm2

in 8 days, demonstrating the good interface compatibility
between electrolyte lm and lithium metal electrode. We
further performed the lithium striping/plating experiments
using a Li/PLC-IL-1-2/Li symmetrical cell (over 500 h, the
striping/plating curves are shown in Fig. S3†). It is seen that the
overpotential is only about 0.28 V for the stripping/plating of Li
metal in the Li/PLC-based electrolyte/Li cell at the current
density of 25 mA cm�2 (the overpotential is 0.4 V at 50 mA cm�2),
indicating the relatively stable cycling reversibility and stability
for Li stripping/plating in the symmetric cell.

The good cell performance is very crucial for the novel solid
electrolyte lm with controlled ion channels to be practically
used. We assembled the LiFePO4 (LFP)/Li cell using the PLC-IL-
1-2 solid electrolyte lm to further conrm that the electrolyte
lm can be used in lithium-ion batteries (LIBs). Furthermore,
LFP/PLC-IL-1-1/Li cell was assembled as a comparison due to
the relatively low ionic conductivity. Fig. 4a presents the charge–
discharge curves of the two cells at different cycles at 0.2C.
Clearly, the cell using PLC-IL-1-2 shows much lower over-
potential than that of the cell using PLC-IL-1-1. From the long
cycle performance of the two cells, as shown in Fig. 4b, it is also
seen that the LFP/PLC-IL-1-2/Li (average discharge capacity of
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) Charge–discharge curves of the LFP/PLC-IL-1-1/Li and LFP/
PLC-IL-1-2/Li cells at the cycle of 1, 20 and 40, respectively. (b) The
corresponding cycle performance of the LFP/PLC-IL-1-1/Li and LFP/
PLC-IL-1-2/Li cells.
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150 mA h g�1) cell shows much higher discharge capacity than
that of the cell using PLC-IL-1-1 (average discharge capacity of
109 mA h g�1). The much better cell performance using PLC-IL-
1-2 can be attributed to the higher ionic conductivity and rela-
tively better electrochemical stability of PLC-IL-1-2. Further-
more, both the cells show an average coulombic efficiency of
over 95% (Fig. S4†), indicating the very good ability to extract
and insert lithium ions of the cell using the liquid crystal-based
solid electrolyte with ordered ion channels.

In addition, we further assessed the rate property of the LFP/
PLC-IL-1-2/Li cell. As shown in Fig. S5a,† the overpotential at
0.2C is about 0.07 V for the LFP/PLC-IL-1-2/Li cell. Although the
overpotential at 0.5 and 1C reaches �0.14 and �0.23 V,
respectively, due to the polarization effect, it is still very low. The
cycle performance of the cell at different current densities can
be seen in Fig. S5b,† the discharge capacity reaches
152 mA h g�1 at 0.2C and the average discharge capacity at 0.5C
is 145 mA h g�1 from cycle 7 to 11. Even at 1C, the discharge
capacity is maintained at 130 mA h g�1. The average discharge
capacity is 141 mA h g�1 (from cycle 22 to 108) when the current
density returns from 1 to 0.5C, indicating the good cyclic
reversibility and rate property of the cell using the liquid crystal-
based polymer electrolyte (PIL-IL-1-2).
Conclusion

A novel solid electrolyte with highly ordered ion channels was
prepared using a nematic liquid crystal (C6M), ionic liquid (1-
ethyl-3-methylimidazolium bis(triuoromethylsulfonyl)imide)
and lithium salt. Specically, the free-standing solid-state
composite polymer electrolyte lm with highly ordered
layered nanostructures was obtained through photo-
polymerization of the LC monomer with IL inserted into the
layered nanostructures (transport ions). It should be noted that
the LC was not only used as the active polymerable monomer
but also acted as a highly ordered template to provide ion
channels. As a result, the solid-state electrolyte lm with ion
channels showed a very high room temperature ionic conduc-
tivity (2.14 � 10�2 S cm�1), wide electrochemical window (4.8
V), and very good compatibility with lithium metal. More
importantly, we also conrmed that the novel and free-standing
solid electrolyte lm could be used in LIBs. Specically, the LFP/
This journal is © The Royal Society of Chemistry 2019
Li cell using the ordered electrolyte lm showed superior cell
performance (average discharge capacity reaches 150 mA h g�1).
Our results provide a novel solid electrolyte material with highly
ordered ion channels using liquid crystal and ionic liquid,
which can be promisingly applied in solid LIBs.

Experimental
Materials

4-(60-Acryloxy-hexyloxy) benzoic acid (95%, Meryer), 1-ethyl-3-
methylimidazolium bis(triuoromethylsulfonyl)imide (ionic
liquid (IL), 97%, Aladdin), 2-methyl-hydroxy phenol (98%,
Aladdin), N,N-dicyclohexyl carbodiimide (DCC, 99%, Aladdin),
4-dimethylaminopyridine (DMAP, 99%, Aladdin), hydrochloric
acid (HCl, Beijing Chemical Works), sodium bicarbonate
(NaHCO3, AR, Macklin), PEGDA (Mn ¼ 1000 g mol�1, Aladdin)
and isopropanol (AR, Macklin) were used as received.
Dichloromethane (CH2Cl2, AR, Beijing Chemical Works) and
tetrahydrofuran (THF, AR, Beijing Chemical Works) were dried
with CaH2 and distilled prior to use. Bis(triuoromethane)sul-
fonimide lithium (LiTFSI, 99%, Aladdin) was dried at 80 �C
under vacuum before use.

Synthesis of LC monomer (C6M)

C6M was synthesized according to previous reports.44,45 Typi-
cally, 4-(60-acryloxy-hexyloxy) benzoic acid (6.44 g, 0.022 mol)
and DCC (5.96 g, 0.024 mol) were added to a round-bottom ask
containing 60 mL CH2Cl2. Subsequently, the mixture of 2-
methyl-hydroxy phenol (1.24 g, 10 mmol) and DMAP (0.28 g, 2
mmol) (dissolved in CH2Cl2) was dropped into the ask and
stirred for two days at room temperature. Aer the reaction, the
insoluble salts in the solution were removed by ltering. The
obtained solution was further washed by HCl (5 wt% water
solution) and NaHCO3 (5 wt% water solution) three times, in
sequence. The residue was recrystallized with isopropanol over
5 times. Finally, the product as a white solid (C6M) was ob-
tained. 1H NMR (400 MHz, CDCl3, d, ppm): 8.11 (4H, t), 7.17–
7.05 (3H, m), 6.96 (4H, q), 6.42 (1H, d), 6.38 (1H, d), 6.15–6.08
(2H, q), 5.84 (1H,d), 5.81 (1H, d), 4.17 (4H, t), 4.04 (4H, t), 2.23
(3H, s), 1.84 (4H, m), 1.72 (4H, m), 1.66–1.36 (8H, m).

Preparation of composite solid-state polymer electrolyte lm
using liquid crystal and ionic liquid

The solid-state composite polymer electrolyte was prepared via
a facile photopolymerization method. In this study, C6M was
used not only as a novel active monomer but also to construct
ordered ion channels. In addition, an ionic liquid was used to
effectively transport ions. Typically, LC (C6M, 0.5 g) and IL (1 g)
were added to a sample bottle containing THF (8 mL), LiTFSI
(0.3 g) and 1-hydroxycyclohexyl phenyl ketone (4 wt% of C6M,
photoinitiator). Aer stirring for 10min, the solution was casted
onto a polytetrauoroethylene mould. The sample was exposed
to a 365 nm UV light (GGJ-X1000, Lamp power is 1 KW) for
5 min. Finally, the exible electrolyte lms were dried at 60 �C
under vacuum condition for 24 h and named as PLC-IL-1-2.
Similarly, PLC-IL-1-1 was obtained. For comparison,
J. Mater. Chem. A, 2019, 7, 1069–1075 | 1073
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a PPEGDA-based electrolyte lm was also prepared in the same
way.
Characterization
1H NMR spectra were recorded on a JNM-ECZ400S (JEOL, 400
MHz) spectrometer at 25 �C with tetramethylsilane (TMS) as the
internal standard and deuterochloroform (CDCl3) as the
solvent. FTIR analyses were conducted on a Thermo Nicolet
AVATAR 360 infrared spectrum analyzer from 4000 to 500 cm�1.
Thermogravimetric analysis (TGA) was obtained under N2

atmosphere on a TA600 instrument from 50 to 600 �C (heating
rate of 20 �C min�1). DSC measurements were recorded from
�90 to 150 �C at a heating/cooling rate of 10 �C min�1 under N2

atmosphere using a Q2000 instrument while an empty pan was
used as a reference. The samples (4–6 mg) were sealed in
aluminium pans during the tests. To determine the micro-
structure of the electrolyte lms (the samples were sputtered
with Au for 30 s), SEM (Hitachi SU8010) was employed to
characterize the samples. Leica DM2700P polarizing optical
microscopy (POM) with a LNP95 heating and cooling stage (the
heating or cooling rate was 10 �Cmin�1) was used to observe the
texture structures of the series samples. Specically, the
samples were sandwiched between two circular slides, whose
thickness and diameter were 0.14 and 15 mm, respectively. We
performed X-ray diffraction (XRD) measurements on an Auto-
mated Multipurpose X-ray Diffractometer Smartlab 9 kW oper-
ating at 45 kV and 200 mA with a copper target (l ¼ 1.54 Å).
Moreover, for the XRD tests, the scanning rate was 3� min�1

from 2� to 15�, and the as-prepared electrolyte lm had
a thickness of about 80 mm.
Electrochemical measurements

Ionic conductivities of the PLC-IL-1-1 and PLC-IL-1-2 were
investigated using alternating-current (AC) impedance analysis
on a symmetrical cell of stainless steel (SS)/electrolyte/SS with
a frequency range from 1 Hz to 1 MHz (amplitude of 5 mV)
using a Zennium Electrochemical workstation (Zahner-
Ennium). The testing temperatures were in the range from 30 to
80 �C with a step size of 10 �C min�1. The SS/electrolyte/SS cell
was kept at every testing temperature for half-hour before tests.
Then, the ionic conductivity was calculated by eqn (1):

s ¼ L

SR
(1)

where S is the contact area of electrolytes and electrode, L is the
thickness of electrolyte lms, and R is the bulk resistance of
electrolyte lms.

The linear sweep voltammogram (LSV) analysis was per-
formed on a cell of SS/electrolyte/Li to explore the electro-
chemical stability of PLC-IL-1-1 and PLC-IL-1-2 at a scan rate of
5 mV s�1 using the Zennium Electrochemical workstation.

AC impedance spectra were recorded on a symmetrical cell of
Li/PLC-IL-1-2/Li at 30 �C aer different storing times to evaluate
the interfacial compatibility of the PLC-IL-1-2 with Li metal. The
measurements were implemented in the frequency range from
1074 | J. Mater. Chem. A, 2019, 7, 1069–1075
0.1 Hz to 1 MHz with an oscillation voltage of 5 mV using the
Zennium Electrochemical workstation.

The lithium striping/plating experiments for Li/PLC-IL-1-2/Li
symmetrical cell was conducted at 30 �C at the current density
of 25 mA cm�2 (the charge and discharge times were 6 h,
respectively) and 50 mA cm�2 (the charge and discharge times
were 2 h, respectively).

In addition, the 2025 coin-type cell was assembled by Li
metal anode, LFP-based cathode and the solid electrolyte (PLC-
IL-1-2 or PLC-IL-1-1). The process was performed in the Ar-lled
glovebox (MB-Labstar 1200/780) with O2 and H2O contents
below 0.5 ppm. The cathode was prepared by mixing LFP
(70 wt% Pulead Technology Industry Co., Ltd), Super-P (20 wt%)
and PVDF (10 wt%). The active substance content of the cathode
was about 1.5–2mg cm�2. The voltage was set in the range of 2.5
to 4.0 V on a LANHE CT2001A battery testing system for the
galvanostatic charge–discharge measurements of the coin cells.

In addition, the VTF model has the following equation:

s ¼ A T�1=2 exp

� �Ea

RðT � T0Þ
�

(2)

In the equation, A is a pre-exponential factor that is con-
nected with the number of charge carriers. Ea is the activation
energy related to the critical free volume for ion transport, R is
the Boltzmann constant, and T0 is a parameter, typically 50 K
below the glass transition temperature.
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