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Abstract

Quasi solid‐state composite polymer electrolytes have generated much interest

due to their high ionic conductivity and stable interfacial compatibility with

electrodes. However, they suffer from the balance of liquid plasticizer content

and ionic conductivity to retard potential safety issues. In this paper, a

polyvinylene carbonate (PVCA)‐based quasi solid‐state composite polymer

electrolyte for ambient‐temperature lithium‐ion battery is proposed, wherein

succinonitrile (SN) serves as the multifunctional component to increase the

ionic conductivity. The study indicates that SN can plasticize the polymer

electrolyte, coordinate with lithium‐ion, and modulate the molecular weight

of the polymer. The fabricated PVCA–SN polymer electrolyte delivers an ionic

conductivity up to 4.5 × 10–4 S/cm at 25°C. The assembled lithium‐ion battery

based on PVCA electrolyte demonstrates an excellent rate performance and

high‐capacity retention at ambient temperature. The proposition of PVCA‐
based quasi solid‐state composite polymer electrolyte provides a resultful

strategy for high‐performance rechargeable lithium batteries.
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1 | INTRODUCTION

To address the increasingly depleted energy problem and
the gradual deterioration of the ecological environment, a
series of energy‐saving, emission‐reduction, green and
low‐carbon measures have been introduced. Lithium‐ion
batteries have come out on top in the field of energy
storage equipment in recent decades due to their high
energy density, reliable cycle performance, and pollution‐
free characteristics.1 Recently, with the continuous
updating of technology, there is an urgent need for
next‐generation batteries.2 Specifically, with flammable
and potentially dangerous liquid electrolytes in most
commercial lithium‐ion batteries, safety issues such as
spontaneous combustion and explosions of new energy
vehicles occur frequently.3 The electrolyte is called the
blood of lithium batteries, establishing a bridge connect-
ing the cathode and anode.4 A high‐performance
electrolyte is required to have excellent electrochemical
properties and reliable safety.5 Commercial liquid elec-
trolytes exhibited high ionic conductivity, and wide
electrochemical window; however, the safety of liquid
electrolytes needs to be improved. To elevate the safety of
lithium‐ion batteries, solid electrolytes with low flamma-
bility, nonvolatility, and mechanical and thermal stability
were widely developed.1d,6

Normally, solid electrolytes can be classified into
two categories, including all solid electrolytes and quasi
solid electrolytes (QSSEs).7 Despite the high safety, all
solid electrolytes have distinct limitations. For instance,
oxide electrolytes have poor flexibility and inferior
interface resistance, sulfide electrolytes suffer from a
narrow electrochemical window and the shuttle effect,8

and halide electrolytes with high sensitivity to water and
oxygen have restricted requirements to the environment.9

Alternatively, solid‐state polymer electrolytes composed
of polymer matrix and lithium salt show advantages over
inorganic electrolytes,1d,10 including processability, flexi-
bility, and interfacial compatibility. However, their ionic
conductivity at ambient temperature (<10–5 S/cm) is low
which severely limits their utilization. Compared to all
solid‐state electrolytes, QSSEs have generated much
interest due to their high ionic conductivity, stable
interfacial compatibility with electrodes, and reliable
safety.7a,11 QSSE is essentially a kind of gel polymer
electrolyte but with lower content of liquid plasticizers.
Due to the weak synergistic effect between plasticizer
molecules and polymer matrix, gel polymer electrolytes
usually possess lots of liquid organic molecules.
For example, previous studies reported polyvinylene
carbonate (PVCA) based gel polymer electrolytes with
a high liquid organic molecule content of 40%.12 To
further reduce the potential safety issues of gel polymer

electrolytes caused by liquid organic molecules, it is
highly desirable to develop QSSEs with optimized content
of solid plasticizer to obtain high ionic conductivity.

Here, we proposed a PVCA‐based quasi solid‐state
composite polymer electrolyte by simply introducing
succinonitrile (SN) served as the multifunctional compo-
nent to enable ambient‐temperature lithium‐ion batteries.
The fabricated PVCA–SN polymer electrolyte delivered a
high ionic conductivity of 4.5 × 10–4 S cm–1 at 25°C, and
presented good interfacial compatibility with electrodes.
We attribute this high performance to the synergistic
effect between SN and PVCA. In addition, the PVCA‐
based battery presented a good rate of performance and
high‐capacity retention. The proposition of PVCA‐based
quasi solid‐state composite polymer electrolyte provides
an available strategy for high‐performance rechargeable
lithium‐ion batteries.

2 | EXPERIMENTAL SECTION

2.1 | General

Compounds vinylene carbonate (VC), SN, and 2,2‐
azobisisobutyronitrile(AIBN) were purchased from Alad-
din or Macklin. Compound lithium difluoro(oxalato)
borate (LiDFOB) was obtained from Fosai New Material.
Compound VC was purified by column chromatography
with neutral Al2O3 in the glove box. The other compounds
were used directly without any further purification. The
cellulose nonwoven (NKK 4030, 30 μm) was purchased on
Shenshenlicai. LiFe0.31Mn0.69PO4 (LFMP) was supported
by the Qingdao Institute of Bioenergy and Bioprocess
Technology, Chinese Academy of Sciences.

2.2 | Preparation of solid‐state polymer
electrolyte and electrodes

The solvent of VC/SN was prepared in an Ar‐filled
glovebox. Then, 1M LiDFOB was dissolved in the mixed
solvent. The thermal initiator, AIBN, was added to the
mixed solution at a concentration of 5 mg/ml. The
solution was heated at 60°C for 24 h under Ar protection
and the PVCA–SN–LiDFOB electrolyte was obtained. For
the composited polymer electrolyte, cellulose nonwoven
served as the support materials in cells. The designed
PVCA–SN–LiDFOB/cellulose composite polymer electro-
lyte was abbreviated to PVCA–SN CPE. The LFMP
cathode was composed of LFMP active material, Ketjen
black, and LA133 binder with a weight rate of 8:1:1. The
areal loading of active material in the LFMP electrode
was about 2mg/cm2. The graphite anode was composed
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of graphite, Ketjen black, CMC binder, and SBR binder
with a weight rate of 8:1:0.5:0.5. The areal loading of
active material in the graphite electrode was about
2mg/cm2.

2.3 | Sample characterization

The morphology of the samples was characterized by a
field emission scanning electron microscope (SU8010;
Hitachi). The mechanical property was investigated by
an Instron‐3300 universal testing machine (UTM2503;
Sunstest) at a stretching speed of 10mm/min. The FTIR
spectra of the membranes are conducted using the
attenuated total reflection attachment on a Frontier
FTIR spectrometer (TENSOR27; Bruker) in transmission
mode. Differential scanning calorimetry (DSC; Q20, TA)
was carried out to measure the thermal properties of the
polymer electrolyte from −80°C to 100°C at a heating
rate of 10°Cmin−1 under a nitrogen atmosphere. X‐ray
diffraction (XRD) (X'Pert Powder; Panalytical) were
recorded in the range of 5°–90°. Data were collected
with a step width of 0.01°.

To calculate the residual ratio of VC, a certain
amount of PVCA–SN polymer electrolyte was dissolved
in dimethylformamide (DMF), and then poured into a
PTFE culture dish. The whole sample was vacuum dried
at 50°C for 3 days. Compound VC will volatilize with
DMF and result in a mass loss of the system. The residual
ratio of VC can be calculated by the ratio of mass loss to
initial VC mass.

2.4 | Electrochemical measurements
and battery tests

The assembly method of all batteries was similar to the
liquid electrolyte‐based batteries, but the cellulose separa-
tor was substituted for the commercial PP separator. The
LiDFOB/VC/SN/AIBN solution was injected into the
batteries before polymerization. The assembled batteries
were heated at 60°C for 24 h, followed by the cooling
process to ambient temperature. The assembly process
of batteries was similar to the liquid electrolyte‐based
batteries. For the LFMP/PVCA–SN CPE/Li batteries, the
batteries were galvanostatically charged to 4.35 V and
kept at 4.35 V for 0.5 h, followed by a galvanostatically
discharge process to 2.5 V. Before preparation of LFMP/
PVCA–SN CPE/Li batteries, graphite/liquid electrolyte/Li
batteries were firstly precycled for 10 times at 0.1 C, and
then disassembled. The pre‐cycled graphite electrode
served as the anode in tLFMP/PVCA–SN CPE/Li battery.
For the LFMP/PVCA–SN CPE/graphite batteries, the

batteries were galvanostatically charged to 4.2 V and kept
at 4.2 V for 0.5 h, followed by a galvanostatically discharge
process to 2.5 V.

2.5 | Calculation methods

All structure optimizations and energy calculations were
performed by Gaussian 09 package at B3LYP/6‐311+G
(d,p) level.

3 | RESULTS AND DISCUSSION

3.1 | Physical characteristics
of PVCA–SN polymer electrolyte

The preparation diagram of the PVCA–SN polymer
electrolyte was displayed in Figure 1A. Compound VC
could polymerize under the initiation of AIBN (Figure 1B).
At a low VC volume content (20%), the obtained electrolyte
was fluid with a certain viscosity (Supporting Information:
Figure S1 and Table S1). The viscosity increased with the
increased volume content of VC. Quasi solid‐state electro-
lytes were achieved when the VC volume content was up
to 60%. Hence, the system with a VC volume content of
60% was chosen as the research object in the rest of this
article, unless indicated otherwise. It should be noted that
the color of VC/SN systems changed to sienna from
transparent after the polymerization process. However, the
change was not delivered in PC/SN systems or VC/SN
systems without AIBN (Supporting Information:
Figure S2). In this paper, LiDFOB was chosen as the
lithium salt in the electrolyte. It has been reported that
LiDFOB has a high decomposition temperature of up to
240°C,13 which has been used as a lithium salt in polymer
electrolytes.6a,12 In addition, the LiDFOB‐based electrolytes
have shown excellent electrochemical performance and
their cells delivered improved cycling performance at high
temperatures and good safety characteristics owing to the
combined advantages of LiBOB and LiBF4. Here, a PVCA/
SN/LiDFOB mixed solution in DMF was also transparent
even after the heating process (Supporting Information:
Figure S3). Therefore, it could be deduced that SN acted as
a chain transfer agent during the polymerization process of
VC. To study the mechanism of polymerization, three
samples of VC/LiDFOB/AIBN, VC/SN/AIBN, and VC/SN/
LiDFOB/AIBN were heated at 60°C for 24 h. As can be
seen from Figure 1C, the obtained PVCA/LiDFOB was
transparent, and PVCA/SN was light yellow. The three
achieved samples were dissolved in DMF and then washed
with abundant deionized water and ethanol, respectively.
The rinsing process was repeated five times to completely
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remove DMF and SN. Pure PVCA was white, the polymer
in PVCA/SN was also white but with a very light yellow,
and the polymer in PVCA/SN/LiDFOB was light sienna.
The elemental analyzer test indicated that the N mass
fraction in the polymer in PVCA/SN was 0.67% and that in
PVCA/SN/LiDFOB was 3.03%. It was observed that the
absence of LiDFOB could induce more SN to take part in
the reaction. In addition, SN and LiDFOB could also
decrease the molecular weight of the polymer (Supporting
Information: Figure S4). For convenience, the designed
polymer was also referred to as PVCA due to the relatively
low content of the N element.

As the polymer electrolyte is obtained from in situ
polymerization process, the support material is indispens-
able to separate the cathode and anode. In this paper, the
cellulose nonwoven (NKK4030, 30 μm) was chosen as the
support material due to the abundant 3D porous channels

less than 2 μm in diameter (Supporting Information:
Figure S5) and high wettability to the liquid electrolyte
(Supporting Information: Figure S6). Benefitting from these
properties, cellulose nonwoven has been widely used as the
supporting material for polymer electrolytes,2c,6a,12,14 includ-
ing all solid‐state electrolytes and gel polymer electrolytes.
The cellulose‐composited PVCA–SN polymer electrolyte
was abbreviated to PVCA–SN CPE. The photograph of
PVCA–SN CPE was shown in Supporting Information:
Figure S7. The PVCA–SN CPE was translucent with a light
sienna. The surface scanning electron microscopy (SEM)
image (Supporting Information: Figure S8) showed that the
PVCA–SN polymer electrolyte was fully infiltrated into the
3D porous channels of cellulose nonwoven.

Compound SN is a kind of plastic crystal, which has
been widely applied in polyethylene oxide‐based polymer
electrolytes.15 In the XRD pattern, SN presented two

FIGURE 1 (A) Reaction diagram of PVCA–SN electrolyte. (B) Polymerization mechanism of VC. Inserts were pictures of the electrolyte
before and after the heating process. (C) Digital photographs of three samples before and after polymerization. AIBN, 2,2‐azobisisobutyronitrile;
EtOH, ethanol alcohol; LiDFOB, lithium difluoro(oxalato)borate; PVCA, polyvinylene carbonate; SN, succinonitrile; VC, vinylene carbonate.
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crystallization peaks at 19.9° and 28.1° (Figure 2A). Pure
PVCA exhibited a broad diffraction peak at ∼20°, revealing
the amorphous nature of PVCA. The proposed
PVCA–SN–LiDFOB presented a similar XRD pattern to
PVCA, and no SN crystallization peaks were found. The
amorphous structure was beneficial to improve the ionic
conductivity of electrolytes. From the Fourier‐transform
infrared spectroscopy (FT‐IR) of varied samples, it can be
found that PVCA–SN–LiDFOB presented a superimposed
spectrum, arising from PVCA, SN, VC, and LiDFOB
(Figure 2B). The absorption peaks at 1823 and 1791 cm–1

came from the C═O vibration band. The absorption peaks at
2982, 2250, and 1426 cm–1 were related to SN. Additionally,
a new infrared absorption peak at 2356 cm–1 was presented
in the sample of PVCA–SN–LiDFOB (Supporting Informa-
tion: Figure S9). Hu et al.16 believed that the interactions of
C≡N···Li+ would offset the FT‐IR of C≡N to a higher wave
number side, revealing that SN could also assist in the

transference of lithium ions in electrolytes. It should be
noted that a small peak at 3163 cm–1 was displayed in
PVCA–SN–LiDFOB, which was from unsaturated ═C–H
vibration band of VC, revealing that unpolymerized VC
molecules still remained in PVCA–SN polymer electrolyte.
After calculation, the PVCA–SN polymer electrolyte was
composed of SN (32.6 wt.%), unreacted VC (19.8 wt.%), and
PVCA (47.6 wt.%) except LiDFOB (Figure 2C, calculation
method is shown in the Experimental section). This result
was also verified by 1H NMR spectra (Supporting Informa-
tion: Figure S10). As we know, VC is a common additive in
liquid electrolytes, which can participate in the formation of
solid‐electrolyte interfacial membranes on the cathode and
anode.17 A small number of VC is in favor of upgrading the
cycling performance of batteries.

The thermodynamic properties of PVCA–SN polymer
electrolytes can be evaluated by DSC. The DSC curve of
SN delivered two melting peaks at –35.5°C and 58.8°C

FIGURE 2 Physical characterization of PVCA–succinonitrile (SN) CPE. (A) XRD and (B) FT‐IR of varied samples. (C) Composition,
(D) DSC, and (E) 1H NMR of PVCA–SN–LiDFOB with 60% VC. (F) Bind energy of lithium ions to PVCA and SN. (G) Three major functions
of SN in PVCA–SN CPE. CPE, composite polymer electrolyte; DSC, differential scanning calorimetry; FT‐IR, Fourier transform infrared;
LiDFOB, lithium difluoro(oxalato)borate; NMR, nuclear magnetic resonance; PVCA, polyvinylene carbonate; VC, vinylene carbonate;
XRD, X‐ray diffraction.
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(Figure 2D). Crystalline SN shows plasticity in this
temperature range. However, no melting peak was
displayed in PVCA and PVCA–SN polymer electrolyte
samples, implying that the SN was dispersed in the
polymer electrolyte, which was in agreement with the
XRD result. In N,N‐dimethyl‐d6‐formamide, the interac-
tion between SN and Li+ would shift the 1H NMR signal
of –CH2 to a lower magnetic field due to the inductive
effect of Li+ (Figure 2E). To study the interaction
quantitatively, density functional theory was applied to
calculate the binding energy of lithium ions to PVCA and
SN. The binding energy between one Li+ and one
carbonate group was –1.95 eV (Figure 2F and Supporting
Information: Table S2), and it would become –2.44 eV
when one Li+ was complexed with two adjacent
carbonate groups. In contrast, the binding energy
between one Li+ and one cyano group was –1.72 eV,
indicating that Li+ was prone to bind to PVCA. Given the
above, compound SN played three important roles
(Figure 2G): (1) plasticizing the polymer electrolyte; (2)
coordinating with lithium‐ion; and (3) modulating the
molecular weight. The three functions could accelerate
the transference of lithium ions in electrolytes.

3.2 | Electrochemical properties
of PVCA–SN polymer electrolyte

Compared with liquid electrolytes, polymer electrolytes
usually delivered a lower ionic conductivity, limiting
their application in high‐power density batteries. Hence,
the ionic conductivity of polymer electrolytes is generally
considered to be one of the most important parameters.
The ionic conductivity of samples with varied volume
content of VC before and after polymerization was
evaluated at ambient temperature. In the liquid state
(before polymerization), all samples demonstrated a
closed ionic conductivity between 6.4 and 7.2 mS/cm
(Figure 3A). However, the corresponding polymer
electrolytes (after polymerization) showed a huge differ-
ence. The sample without SN could be identified as an all
solid‐state polymer electrolyte with an ionic conductivity
of 9 × 10–7 S/cm. The low ionic conductivity was not
satisfied in the operating condition of the lithium
batteries at ambient temperature. With increased SN
content, the polymer electrolytes exhibited an increased
ionic conductivity due to multiple effects of SN as
mentioned above. The sample with 60% SN content
exhibited the highest ionic conductivity of 5.3 × 10–4 S/
cm at 25°C due to its liquid state (Supporting Informa-
tion: Figure S11). The relatively low ionic conductivity of
the sample with 80% SN content was attributed to the
lower solubility of LiDFOB in electrolytes. The sample

with 40% SN content, namely 60% VC content, exhibited
a relatively higher ionic conductivity of 4.5 × 10–4 S/cm
at 25°C.

In consideration of the interactions between lithium
ion and PVCA/SN in QSSEs, the transference mechanism
of lithium‐ion could be summed as the following three
aspects: (1) –C≡N···Li+···N≡C–; (2) –C=O···Li+···O═C–; (3)
–C≡N···Li+···O═C– (Figure 3B). Multiple synergistic ef-
fects of SN induced the rapid transference of lithium‐ion
in PVCA–SN CPE. The temperature‐dependent conduc-
tivity of PVCA–SN CPE (with 60% VC content) was shown
in Figure 3C. PVCA–SN CPE delivered an ionic conduc-
tivity of 4.5 × 10–4 S cm–1 at 25°C, close to the reported
PVCA gel polymer electrolyte (5.6 × 10–4 S cm–1).12 The
relationship between ionic conductivity and temperature
can be fitted by the Vogel–Tamman–Fulcher empirical
equation: σ=AT1/2 exp(−Ea/(R(T− To))), where A is the
conductivity pre‐exponential factor, which is related to the
number of carrier ions, Ea is the activation energy for
conduction corresponding to polymer segmental mobility,
and To is a temperature which is related to the glass
transition temperature. The fitting curve was depicted as
the red line in Figure 3C. The ion transference activation
energy of PVCA–SN CPE was 0.034 eV, which was only
half as much as that of PVCA gel polymer electrolyte with
carbonates,12 indicating that the ion transference barrier
in PVCA–SN CPE was lower than that in PVCA gel
polymer electrolyte. We attribute this to the relatively
lower conjugation between lithium‐ion and SN than that
between lithium‐ion and carbonate ester.

As we know, SN and VC can react with lithium
metal, especially at high temperatures (Supporting
Information: Figure S12). The reaction of VC would
generate PVCA, avoiding the contact of SN with lithium.
A piece of lithium metal was placed in liquid VC/SN with
60% VC. No obvious change was found before and
after the heating process (Supporting Information:
Figure S12a), indicating that the hypothesis was right.
Hence, the VC–SN–LiDFOB electrolyte could directly
contact lithium metal, enabling the operability for the
next experiment. The interfacial impedance of Li/Li
symmetric battery was first studied. The assembled Li/
PVCA–SN CPE/Li symmetric battery delivered an inter-
facial impedance of 548Ω at ambient temperature
(Supporting Information: Figure S13). The interfacial
impedance decreased with galvanostatic polarization
cycles at a current density of 0.2 mA/cm2 and kept at
about 90Ω after the following cycles. This phenomenon
was also found in liquid electrolyte‐based Li/Li symmet-
ric batteries.18 The decreased interfacial impedance was
related to the surface morphology of lithium metal
electrodes during the lithium‐ion plating/stripping pro-
cess.19 Time‐dependent interfacial impedance was also
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monitored by EIS. The Li/Li symmetric battery exhibited
an increased interfacial impedance at first and was kept
at ∼530Ω without an obvious increase (Figure 3D) in 20
days.

Lithium‐ion transference number (tLi+) presented the
contribution of the lithium‐ion to the overall ionic
conductivity, which was a key parameter for electro-
lytes.20 In lithium‐ion batteries, the effective ion was
lithium cation, and the transference of the corresponding
anion would increase the polarization during the
charging/discharging process of batteries. The tLi+ can
be calculated from the Bruce–Vincent–Evans equation
and the results are shown in Figure 3E. The impedance
of the Li/Li symmetric battery before polarization was
168Ω. After chronoamperometry at 3 mV for 10 h, the
symmetric battery showed an impedance of 217Ω.

Hence, the calculated tLi+ was 0.21, which was lower
than the gel polymer electrolyte.12 The decreased tLi+ was
possibly ascribed to the strong interaction between Li+

and carbonate (Figure 2F). The complexation between
the carbonate group and Li+ was advantageous to
dissolve lithium salt, but also limited the transference
of Li+ in the electrolyte.

As a functional component for lithium‐ion batteries,
the electrolyte was sandwiched between the cathode and
anode. The cathode had a high potential and the anode
had a low potential when the battery was fully charged.
Therefore, electrolytes should possess excellent oxidative
resistance and reducing resistance. Linear voltammetry
sweep scan demonstrated that PVCA–SN CPE has an
oxidative potential of 4.36 V (vs. Li/Li+) (Figure 3F),
which was slightly lower than PVCA‐based gel polymer

FIGURE 3 Electrochemical properties of PVCA–SN CPE. (A) Ionic conductivity of systems with varied VC volume content before and
after polymerization. (B) Three transference mechanisms of lithium‐ion in PVCA–SN CPE. The purple balls represent lithium ions. The
molecules with blue and yellow light were SN and PVCA, respectively. (C) Temperature‐dependent ionic conductivity of CPE at varied
temperatures. (D) Time‐dependent interface impedance of lithium metal asymmetric cells assembled with PVCA–SN CPE. (E) Current–time
curve following a DC polarization of 0.003 V of Li/Li symmetric battery. (F) Linear sweeping voltammetry curve of Li/PVCA–SN CPE/SS
asymmetrical cell at 25°C. CPE, composite polymer electrolyte; PVCA, polyvinylene carbonate; SN, succinonitrile; SS, stainless steel;
VC, vinylene carbonate; VTF, Vogel–Tamman–Fulcher.
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electrolyte.12 The decreased oxidative potential may be
due to the existence of residual VC. Nevertheless,
PVCA–SN CPE possesses the potential to match with
most cathode electrodes.

3.3 | Charge/discharge
performance of PVCA–SN polymer
electrolyte‐based batteries

In this paper, a phosphate electrode with the olivine
structure, LiFe0.31Mn0.69PO4 (LFMP), served as the
cathode. Compared with LiFePO4, LFMP presented an
increased energy density, due to the higher redox
potential of Mn2+. Hence, LFMP delivered a huge
potential in high energy density lithium batteries. The
assembled LFMP/PVCA–SN CPE/Li battery delivered a
stable charge/discharge performance at current densities
of 1 and 2 C (Figure 4A). The LFMP/PVCA–SN CPE/Li
battery presented two obvious charge/discharge plat-
forms at 3.5 and 4.1 V (Figure 4B), corresponding to the
CV results (Supporting Information: Figure S14). To
simulate the application of PVCA–SN CPE in large‐scale
energy storage devices, pouch batteries were obtained by
in situ polymerization process. The designed battery was
shown in Figure 4C. As can be seen from the charge/
discharge curves, the discharge capacity of the battery

was 64.8 mAh at a current of 5 mA (Figure 4D). The
charge/discharge curves were similar to those in button
cells with two platforms at 3.5 and 4.1 V. At the charge
state, the pouch battery can light the red LED sign of
“JHUN,” which presented the authors’ affiliation with
Jianghan University (Figure 4E). As we know, polymer
electrolyte‐based lithium batteries usually delivered a
high safety performance. As expected, LFMP/PVCA–SN
CPE/Li soft package battery could light the LED sign
even after being cut three times.

A lithium‐ion full battery, wherein LFMP and
graphite served as the cathode and anode, respectively,
was produced via in situ polymerization process. The
assembly diagram of the LFMP/PVCA–SN CPE/graphite
battery was shown in Figure 5A. The battery galvan-
statically charged to 4.2 V and kept at 4.2 V for 0.5 h, and
then galvanstatically discharged to 2.5 V. The assembled
LFMP/PVCA–SN CPE/graphite battery showed a revers-
ible discharge capacity of 150.1, 146.0, 141.4, 138.3, 133.9,
131.5, 129.6, 125.6, and 121.9 mAh/g at 0.5 C, 1 C, 2 C,
3 C, 4 C, 5 C, 6 C, 8 C, and 10 C, respectively (Figure 5B).
As can be seen from Figure 5C, at the low current
density, LFMP/PVCA–SN CPE/graphite battery pre-
sented two obvious charge/discharge platforms at
3.2 and 3.9 V. However, the charging platform related
to Mn2+/Mn3+ became indistinct with the increased
current density, due to the polarization effect. In spite of

FIGURE 4 (A) Long cycling performance and (B) charge/discharge curve of LFMP/PVCA–SN CPE/Li battery at 1 and 2 C. (C) Digital
photograph of pouch battery. (D) Charge/discharge curves of soft package battery at a current of 5 mA. (E) Cutting test of soft package
battery. CPE, composite polymer electrolyte; LFMP, LiFe0.31Mn0.69PO4; PVCA, polyvinylene carbonate; SN, succinonitrile.
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this, LFMP/PVCA–SN CPE/graphite battery at 10 C
afforded 81.2% of the capacity compared to that at 0.5 C,
revealing the excellent rate performance of LFMP/
PVCA–SN CPE/graphite battery. After the rate test, the
reversible discharge capacity of the battery returned to
144.2mAh/g at 1 C, which was close to the prior state.
Compared with LFMP/PVCA–SN CPE/Li battery, LFMP/
PVCA–SN CPE/graphite battery displayed a lower

working potential, due to the relatively higher potential
of graphite than lithium metal electrode. Even so, the high
discharge platform of LFMP/PVCA–SN CPE/graphite
battery was higher than 3.9 V (0.5 C), which was in parity
with the universal LiCoO2/graphite batteries.21

The long cycling performance of the LFMP/PVCA–SN
CPE/graphite battery was also monitored. The battery was
first cycled under a current density of 0.5 C six times to

FIGURE 5 Battery performance of LFMP/PVCA–SN CPE/graphite battery. (A) Assembly diagram of lithium‐ion full battery.
(B) Charge/discharge curves and (C) specific capacity at varied current density. (D) Discharge specific capacity and Coulombic efficiency at
1 C. (E) Charge/discharge curves at varied cycle numbers. (F) An equivalent circuit was proposed for the analysis of an LFMP/PVCA–SN
CPE/Li battery. The evolution of (G) Nyquist plots and (H) impedance date of LFMP/PVCA–SN CPE/Li battery at varied cycle numbers.
AIBN, 2,2‐azobisisobutyronitrile; CPE, composite polymer electrolyte; LFMP, LiFe0.31Mn0.69PO4; LIDFOB, lithium difluoro(oxalato)borate;
PVCA, polyvinylene carbonate; Rb, bulk resistance; Rct, charge transference impedance; RSEI, solid electrolyte interface; SN, succinonitrile;
VC, vinylene carbonate; Zdiff, Warburg diffusion resistance.
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activate the cathode and anode, followed by a current
density of 1 C for long cycling. The battery showed an
average Coulombic efficiency of over 99.7% (Figure 5D)
at 1 C, and a 14.5% fade of capacity was detected over
400 cycles. In addition, the charge and discharge curves
presented two obvious platforms all the time (Figure 5E).
The superior charge/discharge performance of the LFMP/
PVCA–SN CPE/graphite battery was ascribed to the stable
PVCA–SN CPE and its excellent compatibility with
electrodes.

EIS of LFMP/PVCA–SN CPE/graphite battery after
varied cycles was conducted to analyze the evolution of
impedance. The battery was galvanostatically discharged
to 2.5 V and underwent a chronoamperometry process
for 5 min. Two semicircles were observed in the
electrochemical impedance spectroscopy (EIS) curves,
which were related to solid–electrolyte interface (RSEI) at
a high‐medium frequency and charge transference
impedance (Rct) at medium‐low frequency, respectively.
The equivalent circuit model was shown in Figure 5F,
wherein, two parallel resistance and constant phase
element systems were in series with bulk resistance (Rb)
and Warburg diffusion resistance (Zdiff). Nyquist curves
at varied cycle numbers and fitting curves based on the
above equivalent circuit model were shown in Figure 5G.
The fitting results showed that Rb exhibited no evident
change during 400 cycles (Figure 5H), demonstrating the
stable electrolyte system in the battery. The impedance

related to the solid–electrolyte interface (RSEI) accounted
for a prominent proportion of the whole impedance,
which was attributed to the electrochemical decomposi-
tion of electrolytes on the graphite anode. Even so, the
change in RSEI was not distinct. In contrast, the increase
of Rct was noticeable, increasing from 7.5Ω after 1 cycle
to 133.4Ω after 400 cycles. The continuously increasing
Rct may be attributed to the electrochemical degradation
of the LFMP cathode.

To understand further the degradation mechanism of
LFMP/PVCA–SN CPE/graphite battery, the post‐cycling
electrodes were conducted by SEM, energy dispersive
spectroscopy (EDS), and X‐ray photoelectron spectros-
copy. SEM of graphite showed that an unevenly thick SEI
was covered on the surface of graphite (Figure 6A),
leading to an increased impedance of batteries. EDS
indicated that some Mn element was detected in graphite
(Figure 6B), which originated in the LFMP cathode.
Compound VC and PVCA can form an excellent
interfacial with cathode and anode.6a,12 The attenuation
performance of LFMP/PVCA–SN CPE/graphite battery
may be related to compound SN. Similar to most
electrolyte systems, the SEI on graphite cathode was
rich in LiF, Li2CO3, PVCA, and lithium alkyl carbonates
(Figure 6B–E).22 However, by‐products of SN were also
detected (Figure 6D). On the negative side, the triple
bond cyano group would break and induce the polymer-
ization of SN on the graphite anode.23 However, on the

FIGURE 6 (A) Scanning electron microscope, (B) energy dispersive spectroscopy, and (C, D, E, F) X‐ray photoelectron spectroscopy of
cycled graphite anode.
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positive side, the cyano group would combine with three
Li ions to generate Li3N (Supporting Information:
Figure S15). In addition, the Mn 2p2/3 spectrum mainly
consists of a strong peak from the Mn–O binder
(∼642 eV). The dissolution of the Mn element from the
cathode not only caused the transformation of LFMP
cathode materials but also damaged the SEI layer on
graphite and lead to malignant SEI growth.24 The
introduction of chelating agents with Mn cation trapping
to the designed electrolyte systems may be able to lead to
performance improvements in LFMP/graphite full
batteries.

4 | CONCLUSION

In this paper, a PVCA‐based quasi solid‐state composite
polymer electrolyte via in situ polymerization process for
ambient‐temperature lithium‐metal and lithium‐ion bat-
teries was demonstrated. In the proposed quasi solid‐
state composite polymer electrolyte, SN can plasticize the
polymer electrolyte, coordinate with lithium‐ion, and
modulate the molecular weight of the polymer. Hence,
SN was introduced as the multifunctional component to
increase ionic conductivity. The PVCA–SN CPE showed
an ionic conductivity of up to 4.5 × 10–4 S/cm, an
electrochemical window of 4.36 V, a lithium‐ion trans-
ference number of 0.21, and good interfacial compatibil-
ity with electrodes at 25°C. The assembled PVCA‐based
LFMP/graphite full battery demonstrated a good long
cycling performance. The capacity decay of LFMP/
PVCA–SN CPE/graphite battery mainly came from the
following factors: (1) electrochemical decomposition of
SN on cathode and anode and (2) dissolution of the Mn
element from LFMP cathode caused by Jahn–Teller
effect. Nevertheless, the proposition of PVCA‐based quasi
solid‐state composite polymer electrolyte provides a
resultful strategy for high‐performance rechargeable
lithium batteries. Furthermore, the pouch battery
with a discharge capacity of 64.8 mAh showed a reliable
safety performance. In addition, the similar assembly
technology to liquid electrolyte‐based lithium batteries
demonstrated that PVCA–SN CPE provided an effective
solution for next‐generation high‐performance lithium‐
ion batteries.
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