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Abstract All-solid-state lithium batteries using flexible
solid electrolytes instead of combustible organic liquid
electrolytes are the ultimate solution to address the safe-
ty problem of commercialized lithium ion batteries. In
this study, a free-standing and thermostable polymer/
plastic crystal composite electrolyte (PPCE) based on
polymerized tr imethylolpropane tr imethacrylate
(TMPTMA)-1, 6-hexanediol diacrylate (HDDA) matrix,
and plastic crystal electrolyte was prepared for all-solid-
state lithium batteries. The polymerized TMPTMA-
HDDA-based matrix of a porous network structure
coupled with plastic crystal electrolyte (PCE) in the
pores reveals good compatibility. The as-synthesized
PPCE possesses excellent flexible performance, thermo-
stability, and high conductivity, showing that PPCE can
reach 8.53 × 10−4 S cm−1 with 7.5 wt% monomers
(PPCE-7.5%) at 25 °C under a stability electrochemical
window above 5.2 V. The assembled lithium batteries
Li|PPCE|LiFePO4 exhibit high capacity and highly cy-
cling stability at room temperature, indicating great po-
tential of all-solid-state lithium batteries.
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Introduction

Recently, lithium ion batteries (LIBs) have attracted great at-
tention as efficient power sources in smart phones, tablets,
personal computers, digital cameras, and other portable de-
vices due to the high energy density and long cycle life
[1–3]. However, safety problems that initiate from the leakage
and flammability of organic solvents are still the challenges
and hinder the better development of LIBs [4, 5]. Thus, solid
electrolytes have received increasing attention for its advan-
tages in shape versatility and high safety [6]. Among various
solid-state electrolytes, polymer electrolytes that consist of salt
mixtures and solvating polymers have been extensively stud-
ied because of their excellent characteristics such as low tox-
icity, stability, and flexibility [7]. However, the ionic conduc-
tivity of polymer electrolytes is generally less than
10−6 S cm−1 due to the limited chain mobility [8]. The plastic
crystal electrolytes composed of lithium salts and plastic crys-
tals with solvation capability are particularly attractive be-
cause of their unusual thermal stability and ionic transport
behavior [9–12]. Succinonitrile (N ≡ C-CH2-CH2-C ≡ N, ab-
breviated as SN) is a non-ionic and highly polar plastic crys-
talline organic molecule, which has a plastic crystalline phase
that approximately extends from −40 to 60 °C (melting point)
[13, 14]. Owing to the presence of trans-gauche isomerism
about C-C bonds in the SN, SN/lithium salt electrolytes pro-
vide a high ionic conductivity more than 10−3 S cm−1 at room
temperature since the trans-isomer decreases the activation
energy for ionic conduction [14]. Although SN-based plastic
crystal electrolytes are advantageous in delivering high ionic
conductivity, the mechanical properties still to be enhanced.
Combination of the SN-based plastic crystal electrolytes with
a polymer matrix is considered to be an effective way to ac-
complish high mechanical properties. The mechanical proper-
ties of the plastic crystal electrolytes could be remarkably
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enhanced via adding other polymers with high mechanical
strength into SN-based electrolytes, such as polyethylene ox-
ide (PEO) [15–18], polyacrylonitrile (PAN) [19, 20],
poly(vinylidenefluoride-co-hexafluopropylene) (P(VDF-
HFP) [15, 21], and other polymers [22–26]. Unfortunately,
enhanced mechanical properties would largely suppress the
ionic conductivity of the plastic crystal electrolytes.
Therefore, it is an urgent problem to improve both the me-
chanical properties and ionic conductivity of the plastic crystal
electrolytes.

In this work, a free-standing and thermostable polymer/
plastic crystal composite electrolyte (PPCE) membrane that
consists of polymer matrix and plastic crystal electrolyte
(PCE, lithium bis-trifluoromethanesulphonimide (LiTFSI) in
SN) was prepared for all-solid-state lithium batteries. The
po l yme r ma t r i x i s f o rmed by t h e add i t i on o f
trimethylolpropane trimethacrylate (TMPTMA) and 1,6-
hexanediol diacrylate (HDDA). The results suggest an effec-
tive way to enhance the flexible performance of the PCE and
meanwhile maintain the high ionic conductivity. According to
the understanding of structural features, the membrane perfor-
mance of PPCE (as a novel solid-state electrolyte) was inves-
tigated based on mechanical bendability, dimensional thermo-
stability, ionic conductivity, and electrochemical stability.
Finally, the electrochemical properties of the cell assembled
with PPCE were examined, indicating that great potential for
developing novel stable all-solid-state lithium batteries.

Experimental

The synthesis of PPCE membranes

PPCE membranes were synthesized by thermal polymer-
ization. LiTFSI (Li (CF3SO2)2N, Sigma-Aldrich) and
succinonitrile (Sigma-Aldrich) were mixed with a molar
ratio of 5:95 and melted at 70 °C to get a plastic crystal
electrolyte (PCE). For the preparation of the PPCE, two
monomers , TMPTMA (C18H26O6 ) and HDDA
(C12H18O4), were mixed in a weight ratio of 1:2, and
then, the mixtures were blended with PCE and thermal
initiator 2,2′-Azobisisoheptonitrile (ABVN, C14H24N4).
The weight composition of (TMPTMA-HDDA)/PCE
were 5/95, 7.5/92.5, and 10/90 (abbreviated as PPCE-
5%, PPCE-7.5%, and PPCE-10%), respectively. The
concentration of the ABVN was fixed at 1 wt% of the
monomers. The mixture solution was cast onto a Teflon
plate and then placed in an oven under 70 °C for
30 min. Finally, a free-standing, flexible polymer/
plastic crystal electrolyte membrane (180 ± 10 μm) in-
corporated with crosslinked polymer networks was ob-
tained. All of the above procedures were carried out in
an Ar-filled glove box.

Physical characterization

The surface morphology of the PPCE membranes was ob-
served by a field-emission scanning electronmicroscopy
(FE-SEM, JSM-6330). In order to observe the unique plastic
crystal behavior, the PPCE was evaluated by differential scan-
ning calorimetry (DSC, TA 2920 modulated instrument) mea-
surements to obtain the thermal characteristics including Tpc
(plastic crystal phase transition temperature) and Tm (melting
temperature) at a heating rate of 10 °C min−1.

Electrochemical measurement

The ionic conductivities of the PPCE membranes were
measured by the electrochemical impedance spectrosco-
py (EIS) method with a CHI660C Electrochemical
Workstation (Shanghai Chenhua). The EIS measured in
the frequency range from 100 kHz to 0.1 Hz at temper-
atures between −20 and 80 °C with the potential ampli-
tude of 5 mV. A piece of PPCE membrane was stuck in
the middle of two stainless steel blocking electrodes to
form Swagelok-type cells and then kept the cells at each
test temperature for at least half an hour to reach the
thermal equilibrium before EIS measurements. The elec-
trochemical stability window of the PPCE was evaluated
by linear sweep voltammetry in the potential range from
2.0 to 6.0 V (vs. Li + /Li) at a scan rate of 1.0 mV s−1

with a stainless steel blocking electrode as the working
electrode and lithium-metal as the counter and reference
electrode [27]. The transference numbers of lithium ion
(TLi+) were measured by chronoamperometry on the
CHI660C Electrochemical Workstation at room temper-
ature in Swagelok-type cells using lithium-metal as both
electrodes with a step potential of 10 mV.

The electrochemical characterization was evaluated by
galvanostatic charge/discharge method with a unit cell
(CR2032 coin-type cell) which was assembled by
sandwiching the electrolyte membrane between a PCE-
soaked LiFePO4 cathode and a lithium foil [7]. The sam-
ple of PPCE-7.5% was selected as the testing electrolyte
membrane. The LiFePO4 cathode was prepared by casting
a mixture of active materials (80 wt% LiFePO4), Super-P
(15 wt%), and polyvinylidene fluoride (PVDF, 5 wt%) on
an aluminum foil current collector followed by drying at
70 °C for 12 h. For comparison, conventional 2032 coin-
type cells were assembled with polypropylene micropo-
rous film (Celgard 2400) as separators and 1 M LiPF6/
ethylene carbonate (EC): dimethylcarbonate (DMC):
ethylmethylcarbonate (EMC) (1:1:1, in volume ratio) as
the electrolytes. Galvanostatic charged/discharged was
tested under 0.2 C between 2.0 and 4.2 V using a cell test
instrument (LAND CT2001A, Wuhan Jinnuo Electronics,
Ltd.).
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Results and discussion

The chemical structure and physical morphology of the major
components are shown in Fig. 1. As depicted in Fig. 1a,
TMPTMA is a polymer monomer with three functional
groups while HDDA has a long-chain molecular structure.
Through free radical polymerization, the long linear hydrocar-
bon chains attached to the crosslinkable acrylate groups and,
thereby, the polymerized TMPTMA-HDDA would act as a
compliant and flexible framework. As a result, the unique
TMPTMA-HDDA polymeric network is anticipated to pres-
ent a beneficial feature on the bendability of the PPCE mem-
brane. In Fig. 1b, d, e, f, electrolyte membranes are generated
by thermal polymerization reaction with the precursor of
7.5 wt%monomer mixtures and 92.5 wt% plastic crystal elec-
trolytes (PPCE-7.5%). It is observed that the three-dimension
interconnected polymeric electrolyte matrix is formed in the
PPCE (Fig. 1b, c). This unique structure would not only

provide good mechanical strength but also ensure the high
conductivity for the PPCE [28]. Figure 1d, e shows that the
PPCE membranes are free-standing even at a low concentra-
tion of polymers (PCE/TMPTMA-HDDA polymers = 92.5/
7.5 w/w) by the incorporation of the TMPTMA-HDDA poly-
mers. It is noted that the electrolyte membranes can be bent
more than 180° without breaking (Fig. 1f), indicating an ef-
fective way to introduce the TMPTMA-HDDA polymers as a
skeleton to improve the deformability of PPCE. The free-
standing PPCE membrane with excellent flexibility can be
directly assembled into cells without using commercial
separators.

The thermal stability of membranes was one of the most
important factors for battery safety. To attain in-depth under-
standing of the influence of separators on internal short-circuit
failure of batteries, the Celgard 2400 separator and PPCE-
7.5% membrane were stored in an oven for 0.5 h in air at
130 °C. Figure 2a, b showed the photographs of membranes

Fig. 1 a The schematic
description preparation of
electrolytes. b, c SEM images of
TMPTMA-HDDA polymer/
plastic crystal electrolyte. d–f
Photographs of TMPTMA-
HDDA polymer/plastic crystal
electrolyte membranes
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before and after thermal shrinkage test at different tempera-
tures. The area-based dimensional shrinkage (ΔA) of the
PPCE-7.5% was found to be negligibly small, as compared
to the Celgard 2400 separator (ΔA∼40%). This poor thermal
stability of Celgard separators is considered as a major cause
of the internal short-circuit failures. Therefore, from the view-
point of the dimensional thermostability, it could be expected
that the PPCE membrane would provide the excellent safety
characteristic for high-power battery even at elevated
temperature.

The plastic crystal behavior of SN, PCE, and PPCE-x%
(x = 5, 7.5, 10) were investigated by measuring the characteristic
transition temperatures Tpc (the transition temperature from crys-
tal to plastic crystal phase) and Tm (themelting peak temperature)
of SN in the heating. Figure 2c shows that the pristine SN has
two endothermic peaks at −36 and 58 °C, which correspond to
the Tpc and Tm, respectively. It shows an obvious reduction in Tm
(58 °C→ 35 °C) with addition of LiTFSI in the SN, implying an
isomer transition from gauche to trans [14]. All other composites
(PPCE-5%, PPCE-7.5%, and PPCE-10%) exhibit the character-
istic transition temperature of the PCE, indicating that the behav-
ior of the plastic crystal is not impacted with the presence of a
polymerized TMPTMA-HDDA network. It is also noticed that
the addition of polymer slightly improved the Tm of the PCE.
This result demonstrates that PPCE can improve the safety per-
formance of the battery and could maintain a solid state in high
temperature operation.

The temperature-dependent ionic conductivity of the PCE and
PPCE-x% (x = 5, 7.5, 10) is examined as shown in Fig. 3a. PCE
displays remarkably high conductivity of 2.63 × 10−3 S cm−1 at
room temperature and 5.69 × 10−5 S cm−1 at −20 °C. A slight
decrease in ionic conductivity was observed when adding
TMPTMA-HDDA polymers, mainly because the polymerized
TMPTMA-HDDA is not ionic conductive but a framework for
hosting PCE. In addition, the conductivity decreases with the
increase of the polymer content. In the experiment, the sample
of PPCE-7.5% possesses excellent free-standing and bending
performance, and the ionic conductivity of the electrolytes can
reach a high level of 8.53 × 10−4 S cm−1 at 25 °C. Therefore,
PPCE-7.5%was used to test the lithium ion transference number
and charge/discharge properties in the following experiments.

The electrochemical stability window of the PCE and
PPCE-x% (x = 5, 7.5, 10) was evaluated from linear sweep
voltammograms. As shown in Fig. 3b, there is no meaningful
component decomposition below 5.2 V vs. Li+/Li. A consid-
erable current appeared when the voltage exceeded 5.2 V, in-
dicating the beginning of the decomposition in the PCE. In
addition, the PPCE-x% (x = 5, 7.5, 10) shows a slight im-
provement in the anodic stability compared to PCE. The elec-
trochemical working window of the PPCE-5% is higher than
5.5 V as no irreversible oxidation was observed below 5.5 V.
The enhanced electrochemical stability is attributed to the im-
proved interfacial characteristics of the PPCE, which indicates

that the polymers of TMPTMA-HDDA play a positive role in
the electrochemical stability and are well compatible with the
electrode materials. In a word, PPCE could be applied to high-
voltage LIBs due to their high anodic stability.

The transference numbers of lithium ions (TLi+) were mea-
sured for PCE and PPCE-7.5% membranes in the Swagelok-
type cel l s (Fig . 3c , d) . TL i+ were es t imated by
chronoamperometry by comparing the initial and final resis-
tance values and current values with the Eq. (1) [29],

TLi þ ¼ ISS ΔV−IORO
� �

IO ΔV−ISSRSS
� � ð1Þ

where I0 and ISS are the currents at the initial state and
steady state, respectively; R0 and RSS represent the initial and

Fig. 2 Photographs of Celgard 2400 separator and PPCE-7.5%
membrane at different temperatures. a Room temperature and b at
130 °C for 0.5 h. c DSC profiles demonstrating transition temperatures
(Tpc and Tm) of SN in: pristine SN, PCE, PPCE-5%, PPCE-7.5%, and
PPCE-10%
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steady-state values of Li/electrolyte interfacial resistances.
The dc polarization was subsequently carried out in the mea-
surement with a step potential (ΔV) of 10 mV. According to
Eq. (1), the transference numbers of lithium ions are 0.55 and
0.57 for PCE and PPCE-7.5%, respectively. Compared with
the TLi+ of PCE, there is no significant change for PPCE-
7.5%. It is suggested that the addition of the polymers has
no negative effect on the transference numbers of lithium ions.
It is also proved that the polymerized TMPTMA-HDDA
forms a three-dimensional network channel that improves
the lithium ion mobility.

To explore the PPCE as a solid electrolyte for LIBs,
the charge/discharge performance and cyclic ability of
the assembled Li|PPCE-7.5%|LiFePO4 cells was evaluat-
ed at 0.2 C in a voltage range of 2.0–4.2 V. The LFP
ca t hode wa s so ak ed i n t h e PCE con t a i n i ng
succinonitrile. The battery of LiFePO4|1M LiPF6/
(EC + EMC + DMC, 1:1:1 in volume) |Li) was also
assembled for comparison. As shown in Fig. 4a, the
i n i t i a l d i s c h a rg e c ap a c i t y o f PPCE-7 . 5% i s
145.5 mAh g−1, slightly lower than that of the liquid
electrolyte (160.2 mAh g−1). It is mainly because of the
slightly suppressed ion transport in the solid electrolyte.
Besides, there are no substantial decrease in the capacity
for both of the commercia l l iquid elec t ro ly te
(163.3 mAh g−1) and PPCE-7.5% (143.4 mAh g−1) after

25 cycles [16, 20]. Consistent with the previously re-
ported LiFePO4 cathodes, typical voltage profiles are
observed around 3.3–3.5 V in the case of the liquid
electrolyte (Fig. 4b). The platform voltage difference
of PPCE-7.5% is slightly larger than the liquid electro-
lyte, indicating the lower degree of polarization in the
electrodes during the electrochemical reaction. The volt-
age platform is also flat in the PPCE-7.5%, similar to
the liquid electrolyte of 1M LiPF6/(EC + EMC + DMC,
1:1:1 in volume). This suggests that the redox reaction
is stable in the charge/discharge process which attributes
to the excellent electrochemical stability of the PPCE.
Finally, Fig. 4b inset demonstrates that the charged bat-
tery containing the LiFePO4 cathode, the PPCE-7.5%
membrane, and the lithium anode could light up the
3.3 V small bulb, suggesting the decent operation of
the battery system and the applicability of the PPCE
in various battery systems.

Conclusion

In summary, a free-standing, thermostable, flexible
polymer/plastic crystal electrolyte (PPCE) was fabricated
as a promising solid electrolyte for LIBs. PPCE pos-
sesses a crosslinked network and the plastic crystal

Fig. 3 a Temperature-dependent
ionic conductivities of PCE,
PPCE-5%, PPCE-7.5%, and
PPCE-10%. b Linear sweep volt-
ammograms of PCE, PPCE-5%,
PPCE-7.5%, and PPCE-10% on a
stainless-steel working electrode
and lithiummetal as a counter and
reference electrode. Li ion trans-
ference number of PCE (c) and
PPCE-7.5% (d) at room tempera-
ture in Swagelok-type cells using
Li metal as both electrodes with
step potential of 10 mV
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behavior is not impacted during the polymerization pro-
cess. The electrolyte possesses high ionic conductivity,
stable electrochemical window, and excellent component
compatibility. In the cell assembled with the LiFePO4

cathode, the battery shows high capacity and high cy-
cling stability at room temperature. These results sug-
gest that this polymer/plastic crystal electrolyte could be
a potential candidate for solid-state LIBs.
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