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Abstract
Solid electrolytes should be sought to exhibit high conductivity, good thermostability, and excellent mechanical properties for
realizing excellent performance of lithium-ion batteries. In this study, we optimize the composition of poly(ethylene oxide)/
poly(vinylidene fluoride) (PEO/PVDF) matrix and introduce Li6.2Ga0.1La3Zr1.5Bi0.5O12 (LLZO) ceramic powders into the
matrix to form novel composite solid electrolytes. The PEO/PVDF blend matrix shows a low melting point and crystallinity
and a high thermostability when the weight ratio of PEO and PVDF is 7:3. The electrolyte consisting of this PEO/PVDF blend
matrix and 10 wt% LLZO shows the maximum conductivity (4.2 × 10−5 S cm−1 at 30 °C). In addition, all-solid-state LiFePO4||Li
battery assembled with this solid electrolyte shows good cycling stability, which retained 96.5% of the maximum capacity after
100 cycles, and columbic efficiency (close to 100%) at 60 °C. The Li||Li symmetric battery assembled with the solid electrolyte
can be steadily cycled for more than 300 h at a current density of 0.2 mA cm−2 at 60 °C. Hence, the new as-synthesized solid
electrolyte should be a promising electrolyte for high performance of all-solid-state batteries.

Keywords Composite solid electrolyte . Poly(ethylene oxide) . Poly(vinylidene fluoride) . LLZO . All-solid-state lithium-ion
battery

Introduction

The capability of solid polymer electrolytes (SPEs) has
attracted considerable attention because they can solve the
safety problems in commercial lithium-ion batteries (LIBs)
that use organic liquid electrolytes (e.g., leakage of organic
solvents, lithium dendrite formation, internal short circuits,
and flammability) [1–3]. SPEs should be sought to exhibit
high conductivity, good thermal and electrochemical stabili-
ties, and excellent mechanical properties to prepare all-solid-
state LIBs with good performance [4–7].

Poly(ethylene oxide) (PEO) has been extensively studied
as a polymer matrix for SPEs due to its good electrochemical

stability and excellent capability of dissolving a wide variety
of lithium salts. However, PEO-based SPEs suffer from low
ionic conductivity (10−7 to 10−6 S cm−1 at 25 °C) due to high
crystallinity, which slows ionic mobility. In addition, their low
mechanical strength and poor thermostability may restrict
their applications in LIBs [8–11].

Blending of different polymers is a simple and effective
solution for controlling the physical properties within the
mix compositional region. It also shows superior properties
than individual components of the blend [12]. Tao et al. re-
ported that the blend of thermoplastic polyurethane and PEO
could achieve a higher ionic conductivity and better mechan-
ical strength than the single PEO-based SPE [13]. Fan et al.
prepared PEO and poly(vinylidene fluoride) (PVDF) blend
based SPEs to achieve a combination of higher ionic conduc-
tivity and other better properties [14].

Adding ceramic solid electrolyte into SPE to prepare com-
posite solid electrolyte (CSE) is another effective solution for
improvement in ionic conductivity, mechanical strength, and
thermostability [15]. The PEO/LiClO4 solid electrolyte incor-
porating Li1.5Al0.5Ge1.5(PO4)3 ceramic studied by Jung et al.
achieved high ionic conductivity of 2.6 × 10−4 S cm−1 at 55 °C
and good stability against lithium metal [16]. Zhao et al.
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studied the ionic conductivity of a CSE fabricated by incorpo-
rating Li10GeP2S12 into PEO/LiTFSI. The electrolyte showed
ionic conductivity of 1.18 × 10−5 S cm−1 at 25 °C. Recently,
the cubic garnet-type inorganic solid electrolyte Li7La3Zr2O12

(LLZO) has attracted considerable attention because of its
chemical stability to lithium metal, high electrochemical win-
dow (> 5 V vs. Li/Li+), and high ionic conductivity (> 10−4 S
cm−1 at 25 °C) [17–20]. Chen et al. studied PEO/LLZO com-
posite electrolyte membrane, which exhibited 5.5 × 10−4 S
cm−1 at 60 °C. Furthermore, the all-solid-state Li||LiFePO4

cell with this membrane shows a high initial discharge capac-
ity and good cycling and rate performance [21]. Nevertheless,
the achieved ionic conductivity and mechanical properties still
cannot meet the requirements of all-solid-state LIBs.

In this study, a series of composite solid electrolytes
consisting of PEO, PVDF, LiTFSI, and LLZO were prepared
by blending technique combined with adding ceramic solid
electrolytes. PVDF was used to reduce PEO crystallinity,
which is beneficial for improving ionic conductivity. In addi-
tion, it was used to improve the mechanical properties and
thermostability. Furthermore, adding LLZO further improves
ionic conductivity and stability against lithium metal. The
CSE exhibited high conductivity, good thermostability, and
excellent mechanical properties. The all-solid-state LIB with
this solid electrolyte membrane, a lithium metal anode, and a
LiFePO4 cathode displayed excellent initial discharge capac-
ity, good cyclic performance, and good stability against lithi-
um metal.

Experimental

Starting materials

The PEO with an average relative molecular mass Mm of ~
300000, acetonitrile (ACN), LiNO3, La(NO3)3·6H2O,
ZrO(NO3)2·xH2O, Ga(NO3)3·xH2O, Bi(NO3)5·5H2O,
C6H8O7·H2O, C2H6O2, and LiTFSI were acquired from
Macklin. PVDF was purchased from Arkma Fluorchemical
Co., Ltd. All the purchased chemical reagents were of analyt-
ical grade and used directly without any purification.

Synthesis of inorganic electrolyte LLZO powders

LLZO was synthesized via the sol–gel method. Preparing two
different solutions was necessary for synthesis. In the first
solution, 0.0682 mol of LiNO3, 0.03 mol of La(NO3)3·
6H2O, 0.015 mol of ZrO(NO3)2·xH2O, 0.001 mol of
Ga(NO3)3·xH2O, and 0.226 mol of C6H8O7·H2O were dis-
solved in 100 mL of deionized water under stirring. NH3·
H2Owas then added to the preceding solution until a pH value
of 7 was achieved. In the second solution, 0.005 mol of

Bi(NO3)5·5H2O and 0.226mol of C2H6O2weremixed togeth-
er. The two solutions were blended and then stirred to obtain a
homogeneous solution at room temperature. Subsequently,
the homogeneous solution was vaporized at 100 °C for 12 h
and then dried at 250 °C for 3 h to become black gel. Finally,
the obtained product was ground and calcined at 800 °C for
12 h in air atmosphere.

Preparation of composite solid electrolyte
membranes

The composite solid electrolyte membranes were prepared
using solution cast technique. The PEO/PVDF/LiTFSI
weight ratio was fixed at 7:3:2, and the weight percentage
of LLZO was varied from 5 to 15 wt% on the basis of the
total PEO+PVDF+LiTFSI+LLZO weight of the CSEs. The
preceding raw materials were dissolved in ACN and stirred
until a highly viscous slurry was formed. Thereafter, the
slurry was cast using a Teflon container and completely
vacuum dried at 60 °C to form an approximately 120-μm
uniform membrane. Finally, the membrane was stored in an
argon-filled glove box. The composite solid electrolyte
membrane synthesis process and lithium-ion conducting
pathway are displayed in Fig. 1.

Characterization

The crystal structures of LLZO powders and CSEs were ana-
lyzed using X-ray diffraction measurements (Bruker D8
Advance, Germany) of 2θ = 10–80° using Cu Ka radiation.
The morphologies of LLZO powders and CSEs were exam-
ined using an S-4800 field-emission scanning electron micro-
scope (Hitachi, Japan). The crystallinity and melting point
change of membranes were recorded using differential scan-
ning calorimetry (DSC), and the thermal degradation of PEO
and PEO/PVDF blend films was measured using thermo
gravimetric analysis (TGA). The mechanical strength was
tested by an Instron-3343 universal testing machine (USA)
at a stretching speed of 0.667 mm s-1.

A CHI660E electrochemical workstation (Shanghai
Chenhua Instrument Co., Ltd.) was used to study the ionic
conductivity of LLZO and CSEs over the frequency range
of 0.1–1000 kHz. The solid electrolytes were presented be-
tween the two symmetrical blocking electrodes. The ionic
conductivity σ (S cm−1) of the electrolyte can be calculated
as follows:

σ ¼ L= R� Sð Þ ð1Þ
where L (cm), R (Ω), S (cm2) represent the thickness of the
electrolyte, the value of the resistance, and the area of the
electrode, respectively.
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The LiFePO4|CSE|Li cell was assembled to test the
charge–discharge cycles using the LAND CT2001A instru-
ment. The LiFePO4 cathode was composed of 80 wt%
LiFePO4, 10 wt% black acetylene, and 10 wt% PVDF. The
lithium periodic stripping/plating test was conducted by a
Li|CSE|Li cell.

Results and discussion

The XRD patterns of the PEO/PVDF blends at various com-
positions are shown in Fig. 2a. All the blend membranes ex-
hibit PEO diffraction peaks. The absence of PVDF diffraction
peak can be detected with the content of PEO of more than
7:3, which suggests the homogeneous characteristic of the
PEO/PVDF blend membranes. However, additional peaks
around 2θ = 20° identified as PVDF crystalline peaks can be

observed [22], when the mass ratio of PEO and PVDF is less
than 7:3. The melting and crystallization behavior was inves-
tigated using the DSC method to confirm the influence of
PVDF on the crystallinity of PEO/PVDF blend membranes
(Fig. 2b). All blend membranes show a defined endothermic
peak between 65 and 80 °C, which is assigned to the melting
point Tm of PEO. As the PVDF content increases, the endo-
thermic peak shifts to lower temperatures. The addition of
PVDF in the PEO/PVDF blend matrix can also affect the heat
enthalpy ΔH m and the crystallinities χc. The preceding data
are summarized in Table 1. The crystallinities of the blended
membrane are calculated as follows:

χc ¼ ΔHm= △HPEO f PEOð Þ � 100% ð2Þ
whereΔHm is the melting enthalpy of the blended membrane
obtained from the DSC curve, △HPEO denotes the value of
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213.7 J g−1 for the perfect PEO crystal [23], and fPEO is the
PEO weight fraction of the blend membrane. The results in
Table 1 show that the level of PEO/PVDF blend membrane
crystallinity is decreased in comparison with that of the pure
PEO, which could be attributed to the reciprocated suppres-
sion of the crystallization between PEO and PVDF. The blend
attained the minimum crystallinity of 61.0% when the PEO/
PVDF weight ratio is 7:3, which greatly reduced the PEO
crystallinity and was a benefit for improving ionic
conductivity.

The mechanical property of the PEO/PVDF blend mem-
brane is evaluated to obtain safe CSEs. As shown in Fig. 3a,
the pure PEO possesses the tensile strength of 4.8 MPa,
whereas that of the PEO/PVDF blend is 7.0 MPa.
Furthermore, the thermostability of the PEO/PVDF blend is
investigated by TGA. As shown in Fig. 3b, the initial weight
loss of the pure PEO occurs at 200 °C and is completed at 490
°C with a weight loss of 100 wt%. However, the remaining
weight of the PEO/PVDF blend at 490 °C is approximately 30
wt%, which is close to the weight percent of the PVDF in the
blend. In addition, the weight loss of 100 wt% for the PEO/

PVDF blend occurs at 540 °C. This result indicates that the
prepared PEO/PVDF blend has superior thermostability.

Figure 4a shows the XRD patterns of the PEO/PVDF–
LiTFSI and PEO/PVDF–LiTFSI–LLZO electrolytes and the
as-prepared LLZO powder. A previous report [24] indicates
that Li7La3Zr2O12 exists in two phases, namely, cubic and
tetragonal. The former is more suitable for battery applications
due to its giving superior lithium-ion conductivity (over 100
times higher than the latter). The result indicates that the as-
prepared LLZO powders are a pure cubic phase (PDF: 45-
0109), and the LLZO peak remains easy to observe after
mixing with PEO/PVDF–LiTFSI. The SEM image in Fig.
4b (insert) shows that the size of LLZO particles is several
tens nm, while the average size of LLZO powders (insert) is
about 2.2 μm (d50 = 2.155 μm). The difference between the
size of LLZO particles and the size of LLZO powders can be
explained by aggregation of nanoparticles. For PEO/PVDF–
LiTFSI–LLZO electrolyte (Fig. 4b, c), LLZO powders are
homogeneously dispersed in PEO cell-type microstructures,
which is beneficial to the enhancement of ionic mobility and
mechanical strength [25–27].

Table 1 DSC data for pure PEO
and PEO/PVDF blends at various
compositions

Code Sample Melting temp., Tm (°C) Heat of fusion, ΔHm (J/g) Crystallinity, χc (%)

1 Pure PEO 75.6 154.3 72.2

2 PEO/PVDF = 9:1 73.2 127.2 66.1

3 PEO/PVDF = 8:2 71.9 108.6 63.5

4 PEO/PVDF = 7:3 70.5 91.3 61.0

5 PEO/PVDF = 6:4 69.2 82.9 64.6

6 PEO/PVDF = 5:5 68.7 74.8 70.0
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Fig. 3 a Stress–strain curves for pure PEO and PEO/PVDF blend membrane. b TGA curves for pure PEO and PEO/PVDF blend membrane

Ionics (2020) 26:1101–11081104



Generally, an electrolyte with a high ionic conductivity is a
crucial parameter for the actual application of solid-state LIBs.
The ionic conductivities of PEO/PVDF–LiTFSI–LLZO with
different LLZO additive contents were investigated by AC
impedance spectroscopy measurements. Figure 5a shows the
impedance plots of the prepared PEO/PVDF–LiTFSI–LLZO
with different LLZO additive contents. All plots appear with a
semi-circle and an inclined straight tail. The total resistance of
the CSEs can be estimated from the low-frequency intercept
of the semi-circle on the Z' axis. Total resistance initially de-
creases and then increases with an increase of LLZO amount.
The resistance reaches the minimum for the CSE doped with

10 wt% LLZO. The ionic conductivity calculated by substitut-
ing the resistance value into Eq. (1). As shown in Fig. 5b, the
conductivities of all samples increase with the temperature.
All the CSE curves show two linear regions (i.e., below and
above 60 °C) because of different PEO crystallinities [8].
Furthermore, the conductivity of the CSE evidently initially
increases and then decreases with the increase in LLZO con-
tent, and the CSE doped with 10 wt% LLZO exhibits the
maximum ionic conductivity of 4.2 × 10−5 S cm−1 at 30 °C
(Fig. 5c). The increase in total ion conductivity of CSEs can be
explained by the additional pathway [28] that fast lithium-ion
conducting LLZO provided, whereas the decrease may be due
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to the aggregation of LLZO particles, which block the move-
ment of PEO chains and increases the impedance between
particles. In addition, the CSE doped with 10 wt% LLZO (in
chocolate) exhibits good flexibility (insert of Fig. 5c).

Moreover, 2032-type coin cells with a lithium negative
electrode and a LiFePO4 positive electrode were fabricated
(cycled between 2.5 and 3.9 V) to demonstrate the application
of the PEO/PVDF–LiTFSI–10 wt% LLZO in all-solid-state
LIBs. The cyclic performance of the all-solid-state lithium-
ion batteries tested at 60 °C at 0.1 C is shown in Fig. 6. The
first discharge-specific capacity of the all-solid-state battery is
93.6mAh g−1, which reaches 55.0% of the theoretical value of
LiFePO4, and the discharge-specific capacity then increases
with the cycles due to more electrolyte gradually penetrate
into the inner part of the active materials [29, 30]. The cell
delivers a maximum specific discharge capacity of 133.0 mAh
g−1 after four 10 cycles. The discharge capacities of the cell

remain at 128.3 mAh g−1 after 100 cycles, which suggests that
96.5% of their maximum capacities are retained. Furthermore,
the columbic efficiency is close to 100% after two 10 cycles.

In all-solid-state LIBs, the inhibiting growth of lithium
dendrite is also an important criterion in electrolyte assess-
ment. The performance was investigated by galvanostatic cy-
cling experiments with Li||Li symmetric cell structure at 60
°C, in which lithium was stripped from one electrode and
plated on another by charging/discharging for 0.5 h. As shown
in Fig. 7a, both cells (Li|PEO/PVDF–LiTFSI|Li cell and
Li|PEO/PVDF–LiTFSI–LLZO|Li cell ) can cycle stably more
than 250 h at a current density of 0.05 mA cm−2. Moreover,
both cells have almost the same small voltage value (< 5 mV).
To better compare the property of suppressing lithium dendrite
growth, both cells also cycled at high current density (0.2 mA
cm−2). As shown in Fig. 7b, the symmetric Li|PEO/PVDF–
LiTFSI|Li cell could only be steadily cycled only for ~ 200 h,
and a short-circuit phenomenon occurred after 200 h because
of uneven lithium electrodeposition [31, 32] that usually led to
the lithium dendrite formation. Nevertheless, at the same cur-
rent density, the symmetric Li|PEO/PVDF–LiTFSI–LLZO|Li
cell shows considerably more cycling stability and superior
voltage profiles. These results indicate that PEO/PVDF–
LiTFSI–LLZO electrolyte membrane has a superior property
of suppressing lithium dendrite growth during a long-term
cycle.

Figures 8a, b compare the fire resistance properties of the
traditional commercially used Celgard separator and the CSE
electrolyte prepared in this study. The Celgard separator de-
composes immediately as it comes close to the flame, which
indicates poor inflaming retardation (Fig. 8a). In comparison,
the CSE electrolyte developed in this study can retain its shape
for more than 15 s (Fig. 8b). This high inflaming retardation is
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due to the good thermostability of the PEO/PVDF matrix and
the addition of LLZO. These results imply that the electrolyte
in this study is a good component for the safety problems in
LIBs.

Conclusions

A new composite solid electrolyte membrane consisting of
PEO/PVDF matrix, LiTFSI, and LLZO powders was pre-
pared by blending technique combined with adding ceramic
solid electrolytes. The addition of 30 wt% of PVDF into the
PEO yielded a low melting point and crystallinity PEO/PVDF
matrix, which is beneficial for the improvement of ionic con-
ductivity. Meanwhile, the PEO/PVDFmatrix showed superior
mechanical strength and thermostability in comparison with
the pure PEO matrix. The addition of LLZO powders further
improved the ionic conductivity. Approximately one and a
half times of enhancement in ionic conductivity was achieved
by adding 10wt% LLZO. All-solid-state LIBs using this CSE,
lithium metal anode, and LiFePO4 cathode showed a remark-
able cyclic stability and excellent columbic efficiency (close
to 100%) and retained 96.5% of the maximum capacity after
100 cycles. Furthermore, the CSE could effectively inhibit
lithium dendrite growth due to the lithium plating/stripping
determination of the Li||Li symmetric cell using the electrolyte
cycled for more than 300 h at 0.2 mA cm−2 at 60 °C. The
results indicated that the CSE in this study is a hopeful candi-
date for next-generation all-solid-state LIBs.
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