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a b s t r a c t

The advantages of all-solid-state batteries in terms of high energy density and improved safety have
accelerated the research into durable and reliable solid electrolytes and into scale up of their processing
technology. High lithium-ion-conducting Li7La3Zr2O12 (LLZO) ceramic-based solid electrolytes have been
intensively studied recently, but their widespread commercial deployment has been constrained due to
their fragility and brittleness. In the present study, LLZO ceramic powders have been successfully
incorporated into the polyethylene oxide (PEO) polymer by tape casting. The ionic conductivity of the
PEO/LLZO composite electrolyte membranes is significantly enhanced at the optimal LLZO concentration
of 7.5 wt.% at which the materials exhibits maximum ionic conductivity of 5.5 � 10�4 S$cm�1 at 30 �C.
The ionic conductivity enhancement mechanism of the composite electrolyte is revealed by differential
scanning calorimetry (DSC), which shows that the LLZO filler represses crystallinity in PEO. Furthermore,
as evidence of the advantageous electrochemical properties of the composite electrolyte an all-solid-
state battery of LiFePO4/Li fabricated herein delivered a maximum discharge capacity of
150.1 mAh$g�1 at 0.1C, good cycling performance, and excellent rate capability under 60 �C.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Recently, lithium-ion batteries with high energy density, high
output voltage and long cycle life with low capacity fading have
gained great commercial success as the leading power source for
electric vehicles and modern energy storage systems [1e4]. How-
ever, some safety hazards, such as uncontrolled side chemical re-
actions, Li dendrite formation, leakage and internal short circuits
for the use of organic liquid electrolytes in lithium rechargeable
batteries remain unresolved. In contrast to liquid electrolytes, the
use of solid electrolytes has been proposed as a radical solution to
the above problems [4,5]. Various inorganic solid electrolytes have
been investigated for their advantages such as high mechanical,
thermal, chemical, and electrochemical stability [5e8]. In addition
to the inorganic solid electrolytes, significant attention has also
been paid to solid polymer electrolytes (SPEs) with enhanced me-
chanical strength, flame-resistance, attractive form factor, and
acceptably low cost [3,9,10]. Their numerous advantages open up
the opportunity for fabrication of high packing efficiency, flexible,
and safe all-solid-state lithium batteries.

Various SPEs based on highmolecular weight dielectric polymer
hosts, particularly, polyethylene oxide (PEO) doped with Li salts
have been found to be suitable electrolytes for all-solid-state
lithium battery designs in a free-standing form without major
modification of current battery fabrication processes [11,12].
However, the use of PEO-based membranes in batteries is severely
impeded by the low room-temperature conductivity
(10�6~10�8 S$cm�1) which is the result of inherently high degree of
polymer crystallinity below the transition temperature (~60 �C)
[13,14]. To develop SPEs with high ionic conductivity and good
mechanical properties, Some approaches have been tried such as
adding liquid plasticizer, aligning polymer chains, and doping with
ceramic fillers [15e17]. Of these alternates, adding ceramic fillers is
believed to be an effective solution for its remarkable improvement
in ionic conductivity and simplified fabrication procedures. The
increase of ionic conductivity in ceramic-filler-doped polymers has
been ascribed to the highly conductive amorphous phase stabilized
by the inorganic ceramic fillers (Al2O3, SiO2, BaTiO3, etc.) [18e20] as
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well as to the decrease in glass transition temperature of the
polymer.

Although dispersing inorganic fillers in a polymer matrix can
hinder polymer crystallization, issues such as ionic conductivity at
room temperature (~10�4 S$cm�1), interface stability, and electro-
chemical windows still restrict practical application of SPEs in an
all-solid-state battery [21e23]. Hereinwe propose, instead of using
conventional ceramic fillers which have no Li-ion conductivity, the
use of ceramic powders with high ionic conductivity. Y.R. Zhao et al.
[24] has incorporated Li10GeP2S12 (LGPS) into PEO and a solid
polymer electrolyte with a maximum ionic conductivity of
1.21 � 10�3 S$cm�1 at 80 �C was obtained. The effect of tetragonal
Li3N on the PEOmatrix has been studied by J.P. Cho et al. [25] which
exhibited ionic conductivity of 1.4 � 10�4 S$cm�1 at 80 �C. How-
ever, the LGPS is sensitive to air which makes processing difficult.
Also, Li3N has poor chemical and thermal stability (<2.5 V versus
Liþ/Li).

Recently, the garnet structure inorganic solid electrolyte,
Li7La3Zr2O12 (LLZO), first reported by Murugan et al. [26] has
attracted attention due to its chemical stability with a lithiummetal
electrode, high ionic conductivity (10�3 ~10�4 S$cm�1) at room
temperature, low cost, and wide potential window (>5 V vs. Li/Liþ)
[27]. However, most studies about LLZO have been focused on
pellet-type ion conductors and thin-film solid electrolytes [28,29]
and only few studies tried to elucidate the electrode design when
applying the solid electrolytes [30]. Therefore, in order to get
impressive energy density with the current system, the process
compatibility with the conventional electrode preparation should
be considered when designing an all-solid-state battery. The
concept of combining ceramic and polymer with suitable me-
chanical properties offers advantages in battery design [31]. Several
studies have tried to incorporate LLZO into a polymer owing to the
superior electrochemical stability of LLZO. J.H. Choi et al. have
studied composite membranes consisting of a polyethylene oxide
(PEO) matrix with tetragonal Li7La3Zr2O12 (LLZO), which exhibited
a ionic conductivity of 4.42 � 10�4 S$cm�1 at 55 �C [32]. The evi-
dence that Liþ favors the pathway through the LLZO ceramic phase
in the composite electrolyte has been provided by J. Zheng et al.
[33]. Dispersing nano-scale particles of garnet in insulating PEO has
also been investigated [23]. Nevertheless, the focus of these studies
was the electrolyte itself, rather than on the electrochemical per-
formance of the composite electrolyte in all-solid-state lithium
rechargeable batteries.

Herein, we report on an excellent free-standing solid polymer
composite membrane with high ionic conductivity and good flex-
ibility thanks to the addition cubic of Li7La3Zr2O12 (LLZO) powder as
ceramic filler into the PEO matrix by tape casting. The morphology,
ionic conductivity and interfacial properties of SPEmembranewere
systematically investigated.

2. Experimental procedures

2.1. Materials

The cubic LLZO was synthesized by field assisted sintering
technology (FAST). Li2O (99.99%, Aladdin), La2O3 (99.99%, Sino-
pharm Chemical Reagent Co., Ltd., China), and ZrO2 (99.9%,
Guangdong Orient Zirconic Ind. Sci. & Tech. Co., Ltd., China) pow-
ders were ball milled using zirconia balls in 2-propanol for about
12 h. The molar ratio of Li, La, and Zr was controlled as 7:3:2, and
1.5 wt.% g- Al2O3 (99%, Aladdin) was added as cubic phase stabilized
additive [27]. Then the powders were dried in a vacuum oven at
80 �C for 6 h. Next, the powders were loosely filled into the graphite
die which was loaded into the FAST system operated with a plasma
active sintering system (ED-PASIII, Elenix Ltd, Japan) for sintering at
the temperature range of 900 �Ce1230 �C under a constant uniaxial
pressure of 10 MPa with a holding time of 3 min. The entire sin-
tering process was conducted under an atmosphere of Ar which
also balanced the pressure to prevent the loss of lithium. Preparing
cubic LLZO by FAST can greatly reduce the Li loss with the high
sintering rates and at the same time density LLZO, which has a great
advantage over conventional methods such as solid state reaction
and solution basedmethods. After the sample cooled down to room
temperature naturally then it was ground into powder and
screened with 200-mesh sieves. PEO (Mw ¼ 6 � 105 g/mol,
Aladdin) and LiTFSI (99.9%, Aldrich) were both vacuum dried at
50 �C for 24 h before use.

2.2. Preparation of composite polymer membrane

The composite polymer electrolyte membrane was prepared by
tape casting. The molar ratio of PEO/LiTFSI was fixed at 8:1 and
dissolved in acetonitrile (ACN, Aldrich Co. Ltd). LLZO powder with
different weight ratios (range from 2.5 wt.% to 10 wt.% with
respect to the weight of the composite membrane) was
added respectively. Each slurry was cast onto a Teflon plate
(200 mm � 150 mm � 50 mm) with grooves
(140 mm � 140 mm � 250 mm) and was dried in a vacuum oven at
60 �C for 24 h after stirring for 24 h. Then the composite SPE
membranes were stored in an argon-filled glove box.

2.3. Characterization

The phase structure of the LLZO and composite solid polymer
membrane was characterized by X-ray diffraction (XRD, Rigaku
Ultima III) with Cu Ka radiation (l ¼ 1.54178 Å) over the range of
10e90� (2q). The SEM images of the composite solid polymer
membrane and the microstructure of the LLZO were obtained by
filed-emission scanning electron microscopy (FESEM, FEI-Quanta-
250). FT-IR analysis of polymer electrolytes was performed at us-
ing the Nicolet6700 in the wave region of 4000e400 cm�1 with a
wavenumber resolution of 2 cm�1at room temperature.

The ionic conductivity of the composite solid polymer mem-
branes was determined as a function of temperature between 30 �C
and 80 �C by an electrochemical work station (CHI660E, Shanghai
Chenhua instrument Co., Ltd.) with a signal amplitude of 5 mV over
the frequency range from 10�2 Hze106 Hz. The composite solid
polymer membranes were sandwiched between two symmetrical
stainless steel blocking electrodes of diameter 16 mm. The ionic
conductivity was calculated using the following equation:

s ¼ L
RbS

(1)

where s (S$cm�1) is the ionic conductivity, the Rb (U) is value of the
bulk resistance, L (cm) is the thickness of the composite solid
polymer membrane, and S (cm2) is the area of symmetrical elec-
trode. And three batches of samples weremeasured respectively for
the accuracy of the data.

In order to evaluate the thermal properties of the composite
electrolytes, differential scanning calorimetry (DSC) measurements
were conducted on a Perkin Elmer Diamond DSC instrument with
an interval of 10 �C from 40 �C to 200 �C under N2 atmosphere.

The linear sweep voltammetry (LSV) experiments were per-
formed in a three-electrode cell with a scanning rate of 0.5 mV$s�1

at 60 �C from 2.5 V to 6 V (vs. Liþ/Li). The cell was fitted with a
working electrode of stainless steel and metallic Li as the counter
and reference electrodes to investigate the electrochemical stability
window of the composite electrolytes.

The lithium-ion transference number (tLiþ ) of the composite



Fig. 1. (a) FESEM image of the LLZO pellet by FAST; (b) X-ray diffraction patterns of the LLZO pellet and LLZO powder; (c) FESEM image of the LLZO powder and (d) the particles size
distribution of the LLZO powder.
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electrolytes was measured at 60 �C in a symmetric Li/composite
electrolyte/Li cell with a DC polarization voltage of 10 mV associ-
ated with the AC impedance measurement, and calculated
following Eq. (2). The initial (I0) and steady (Iss) currents were ob-
tained from a DC polarization test. R0 and Rss were obtained from
the AC impedance measurement with the frequency between
10 MHz and 0.01 Hz representing the interface impedance before
and after the test, respectively.

tLiþ ¼ IssðDV � I0R0Þ
I0ðDV � IssRssÞ (2)

The electrochemical performance of all-solid-state batteries was
tested on a Land charge/discharge instrument (Wuhan Rambo
Testing Equipment Co., Ltd.) by assembling a 2025 coin-type cell
with a LiFePO4 cathode and a lithiummetal anode. The cathodewas
made up of 75 wt.% LiFePO4 powder, 20 wt.% Super-P and 5 wt.%
composite electrolyte for improving the ion conduction of the
cathode as well as acting as the binding material instead of PVDF
which is commonly used in lithium batteries [34]. All of the ma-
terials above then were dissolved in acetonitrile (ACN, Aldrich Co.
Ltd) and coated in aluminum foil. Then the cathode was dried at
100 �C under vacuum atmosphere for 48 h and pressed to ensure
good contact with aluminum foil. The charge-discharge tests of the
fabricated coin cell were conducted at different currents over the
potential range of 2.8e4 V vs. Li/Liþ at 60 �C.
3. Results and discussion

According to a previous report [26], there are two phases of
LLZO: cubic and tetragonal. The bulk Li-ion conductivity for cubic
LLZO used in this study is 10�3~10�4 S$cm�1, which is suitable for
battery applications, whereas the conductivity of tetragonal LLZO
(~10�6 S$cm�1) makes it unsuitable [27]. In order to identify the
microstructure and crystal size of the prepared LLZO, XRD patterns
of the LLZO sintered by FAST and LLZO powder are shown in Fig. 1b.
These results indicate that the synthesized LLZO powders are pure
cubic phase. The results of the LLZO processed with ACN also
indicate the stability of LLZO. Fig. 1a and c show SEM micrographs
of the LLZO pellet and the LLZO powder after ball-milling. The
particles have grown to a homogeneous size in the range of
10e15 mm. Additionally, the size distribution of the LLZO powder
(Fig. 1d) indicates that the mean powder particle size is about
10 mm.

PEO is one of the semi-crystalline polymers. The amorphous
phase within PEO structure provides activated chain segments,
which aids ion mobility [35]. Most previous studies indicate that
PEO crystallization is considered to adversely affect ion conduc-
tivity owing to the slowed polymer chain dynamics upon crystal-
lization and the inactive chain segments [36]. Therefore, most
reports have attempted to increase the percentage of the amor-
phous phase of PEO and to decrease the interaction between the Li
ions and PEO chains in order to improve the Li ion conductivity. In
the field of SPEs based on PEO, the addition of inorganic oxides and
ceramic fillers such as Al2O3 and SiO2 into the PEO matrix can
improve the ionic conductivity because of the increase in amor-
phous phase of PEO and the attendant impeding of crystallization.
In Fig. 2a, X-ray diffraction spectra of PEO/LLZO with different LLZO
contents are shown, indicating its effect on the crystalline behavior
of PEO. We see the appearance of characteristic diffraction peaks in



Fig. 2. (a) X-ray diffraction patterns of the pure PEO and the solid composite polymer electrolyte with various LLZO contents; (b) FTIR spectra of PEO-LiTFSI and PEO-LiTFSI-7.5%
LLZO; (c) the image of the composite electrolyte; (d) the cross section of the SPE; and (e) SEM images of the SPEs and EDS maps of (f) C and (g) Zr in the sample marked.
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the range of 2q ¼ 19�e23�. A drop on peak intensity can be
observed on PEO/LLZO composite electrolyte at various LLZO con-
tents, indicating that LLZO can reduce the crystallinity of PEO ma-
trix and increase amorphous phase. As the incorporation content of
LLZO into the PEO matrix increased, further decreases in peak in-
tensity are detected. This phenomenon can be explained by the
disruptive effect of the LLZO particles on the ordered arrangement
of the polymer side chains, and also as a result of the increase in the
percentage of the amorphous phase. To confirm the addition of
LLZO has an effect on the structure of PEO matrix structure, FTIR
spectra of PEO-LiTFSI and PEO-LiTFSI-7.5%LLZO composite electro-
lyte are measured and shown in Fig. 2b, Apparently, there are two
main differences in the spectrum of the PEO-LiTFSI-7.5%LLZO
electrolyte in comparison with that of the PEO-LiTFSI electrolyte.
The first one is that the wave number increased to 1105 cm�1 from
1064 cm�1 that is characteristic of CeOeC stretching mode when
adding LLZO into the PEO-LiTFSI electrolyte. Suggesting the inter-
action between the eOH groups on the surface of LLZO particles
and the ether oxygen group in PEO has weakened the complexation
of Liþ with ether oxygen groups. The second one is the changes of
adsorption peaks (943, 1241 and 1281 cm�1 shift to 949, 1256 and
1301 cm�1) corresponding to the CH2 bending vibration mode [37]
and lowering the intensity of adsorption, it also indicated the
attenuation of the complexation between ether oxygen groups and
Liþ [38]. Fig. 2c shows the prepared composite electrolyte to be
translucent and the thickness to be 45 mmas shown in Fig. 2dwhich
can be easily adjusted by the amount of precursor solution.
Meanwhile, the SEM image of the solid composite polymer elec-
trolyte membrane with 7.5 wt.% cubic LLZO prepared by tape
casting is shown in Fig. 2e. We can see from the surface of the



Fig. 3. (a) Arrhenius plots for the ionic conductivities of SPE samples. (b) Differential scanning calorimetry curves of the membranes with various LLZO contents.

Table 1
The values of the glass transition temperature (Tg), the crystalline melting tem-
perature (Tm) and the heat enthalpy (DHm) from DSC measurement and Dcc of
electrolytes.

Electrolytes Tg Tm DHm cc

PEO-LiTFSI �46.56 56.44 109.2749 53.83%
PEO-LiTFSI-2.5%LLZO �46.79 56.21 51.5011 25.37%
PEO-LiTFSI-5%LLZO �47.34 53.27 46.3043 22.81%
PEO-LiTFSI-7.5%LLZO �47.63 52.78 43.9089 21.63%
PEO-LiTFSI-10%LLZO �47.90 54.07 59.1948 29.16%

Fig. 4. The electrochemical stability window of LSV curves at 60 �C.
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composite electrolyte no voids could be detected. The EDSmapping
images of the elements C, Zr on the surface of the composite solid
electrolyte are also shown in Fig. 2e and g. The elemental mappings
indicate that the cubic LLZO particles are dispersed homogeneously
in the PEO matrix.

High ionic conductivity of the PEO/LLZO composite electrolyte at
room temperature is prerequisite for real application of solid-state
batteries. Arrhenius plots of ionic conductivity with temperature
varied from 30 �C to 80 �C for analyzing the mechanism of ionic
conduction in the PEO/LLZO composite electrolyte are shown in
Fig. 3a. It is evident that the composite membrane doped with
7.5 wt.% cubic LLZO possesses the maximum ionic conductivity of
5.5 � 10�4 S$cm�1 at room temperature. With the further increase
of the cubic LLZO content, the ionic conductivity is decreased. The
concept as discussed above that inhibition in crystallization of PEO
results in increase in the ionic conductivity can explain these
phenomena. Therefore, incorporating into the PEOmatrix the cubic
LLZO as inorganic ionic conductor with high lithium ion conduc-
tivity at room temperature compared to the inert ceramic filler such
as Al2O3 and SiO2 can have a synergetic effect on the Li ionic con-
ductivity. When the Li ions transfer between PEO side chains in the
amorphous phase, the cubic LLZO can participate in ion transport
by providing for enhanced free lithium ion concentrations, lithium
ion surface conduction, anion attraction, and a lithium ion source
[5].

The activation energies of the various membranes were calcu-
lated by using the following equation:

s ¼ Aexp
��Ea

kT

�
(3)

where s is the ionic conductivity, A is the pre-exponential constant,
Ea is the activation energy for lithium ion conduction, k is the
Boltzmann constant, and T is the absolute temperature. It is clearly
revealed in Fig. 3a that the composite electrolyte has distinctive
ionic conductivities in the high temperature region (50e80 �C) and
the low temperature region (30e50 �C), which is consistent with
previous results when PEO was combined with other active inor-
ganic fillers such as Li10GeP2S12 (LGPS) [24]. Obviously, the curve
has an inflection point around 50 �C which we attribute to the
crystallinity of PEO at higher temperature, it is amorphous; at lower
temperature crystallinity sets in. The activation energies of the
composite membranes were calculated to be in the range
140e160 kJ$mol�1 in the lower temperature region (30e50 �C); in
contrast, in the higher temperature region (50e80 �C) the activa-
tion energies are in the range 30e60 kJ$mol�1.When the composite
electrolytes are at high temperature, which is approximately the
melting point of PEO, the PEO/LLZO composite electrolyte is in a
melted state which benefits ion transport. At low temperature, the
PEO becomes solid and conductivity decreases rapidly as ion
transport in the PEO matrix turns into a slow process of breaking/
forming lithium-oxygen (LieO) bonds involving the ether oxygen
atoms on a segmental PEO chain coordinated with lithium ions
[39]. The segmental motion of the chain becomes slow when the
PEO solidifies at low temperature; at the same time the solid PEO
inhibits the transport of Li ions between LLZO particles. Likewise,



Fig. 5. The measurement of impedance spectra and DC polarization at 60 �C for (a) PEO-based electrolyte and (b) composite electrolyte and voltage profiles of the symmetrical Li/
electrolyte/Li cells with (c) PEO-based electrolyte and (d) composite electrolytes at a current density of 0.2 mAh cm�2 at 60 �C.

Table 2
Measured values for the parameters in Eq. (2) and the corresponding calculated
values of lithium ion transference numbers (tLiþ ) at 60 �C.

Electrolytes I0/mA Iss/mA R0/U Rss/U DV/mV tLiþ

PEO-LiTFSI 3 0.8 1635 1800 10 0.159
PEO-LiTFSI-7.5%LLZO 15.7 11.43 610 745 10 0.207
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the high content cubic LLZO within the PEO/LLZO composite elec-
trolyte dilutes the PEO, which plays an important role in the
connection between LLZO particles. Therefore, the conductivity is
almost the same as pure PEO electrolyte.

In order to determine the influence of the LLZO powder on the
crystallinity of the PEO matrix, the thermal behavior of the com-
posite membranes was investigated by differential scanning calo-
rimetry (DSC) which is illustrated in Fig. 3b. All curves show one
defined endothermic peak in the temperature range
between �80 �C and 80 �C. Also shown is the shift to lower tem-
peratures of the endothermic reaction with increase in the LLZO
content. Meanwhile, the glass transition temperature (Tg), the
crystalline melting temperature (Tm), and the heat enthalpy (DHm)
of the composite electrolyte have changed by the addition of LLZO.
The values above are summarized in Table 1.

The crystallinities (cc) of the composite polymer electrolytes are
calculated by Eq. (4), where cc shows the relative percentage of
crystallinity for pure PEO electrolyte, DHm is the melting enthalpy
of electrolyte, and DHpeo is the value of DHm for PEO having
completely crystallized (203 J$g�1) [40], and fpeo is the PEO mass
percentage in the composite electrolyte.
cc ¼
DHm

DHpeofpeo
� 100% (4)

As shown in Fig. 3b the Tg and Tm decrease with incorporation of
LLZO, which, in turn, leads to an increase in the fraction of the
amorphous phase. Lithium ion mobility in the non-crystalline
phase is higher than that in the crystalline phase. In addition, the
cc of the composite electrolyte decreased from 53.83% to 21.63% as
the LLZO content increased from 0% to 7.5% which is in accordance
with the DSC data. It suggests that the addition of LLZO can effec-
tively inhibit PEO's crystallization. With the increase of LLZO con-
tent, the crystallinity content is increased, which is ascribed to the
fact that more and more excessive LLZO particles are difficult to
disperse in PEO matrix and easy to form clusters. This makes the
LLZO act as an insulator to blocks conducting pathways as well as
improving the crystallinity of the LLZO/PEO composite.

An electrolyte with a wide electrochemical window is key to
developing high-energy-density lithium-ion batteries. By linear
sweep voltammetry (LSV) the electrochemical stability of the
composite electrolytes was evaluated at 60 �C. The electrochemical
window of LSV curves is shown in Fig. 4. In the PEO-only electro-
lyte, there is a peak in the anodic current near the potential of 4.3 V
vs. Li/Liþ. This is mainly due to the Liþ in lithium salt breakdown
from the PEO. Another peak occurs at 5.0 V vs. Li/Liþ while the
composite electrolyte has a peak beyond 5.7 V vs. Li/Liþwhich is the
decomposition voltage for electrolyte due to oxidation. The results
also indicate that the LLZO incorporation into the PEO matrix re-
sults in better oxidation stability than that of the PEO-only elec-
trolyte. This may arise from the high potential of LLZO [27] and



Fig. 6. The cycling performance of all-solid-state battery LiFePO4/PEO-LiTFSI-7.5%LLZO/Li at (a) 0.1 C, (b) 0.5 C under 60 �C; (c) the rate performance at different rates (0.1 C, 0.2 C,
0.5C, and 1 C) and (d) the initial charge and discharge curves.
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strong Lewis acid-base interaction between electrolyte ion species
and the surface chemical groups of LLZO fillers which can enhance
salt dissociation and stabilize the anions [41]. These results reveal
that the composite electrolyte can be safely deployed in an all-
solid-state battery using LiFePO4 as the cathode which can cycle
in the voltage range of 2.5e4.0 V.

Additionally, the lithium ion transference number (tLiþ ) had
been determined by combining the measurements of impedance
spectra and DC polarization at 60 �C. Results are shown in Fig. 5 and
are summarized in Table 2 for both pure PEO and the composite
electrolytes with 7.5 wt.% LLZO content. The value of tLiþ for the
composite electrolytes with 7.5 wt.% LLZO content is 0.207 and
0.159 for the PEO-only electrolyte. This enhancement could be
explained by the fact that LLZO is an active lithium ion conductor in
which the transport number is unity. Consequently, the incorpo-
ration of LLZO powder as inorganic filler in the PEO matrix not only
improves the ionic conductivity but also achieved a positive effect
on the electrochemical window and lithium ion transference
number. The combination of these advantageous changes in prop-
erties make this a promising electrolyte for application to next-
generation all-solid-state batteries. The interfacial behavior be-
tween a lithium electrode and the solid electrolyte also has been
investigated with the symmetrical cell at a current density of
0.2 mAh$cm�2 under 60 �C. As shown in Fig. 5c and d, the cell with
PEO-only solid polymer electrolyte exhibits instability with some
short circuiting during operation. This mainly comes from the for-
mation of lithium dendrites and poor electrochemical properties of
pure PEO. Nevertheless, when the solid electrolyte is replaced by
the composite electrolyte the cells are much more stable and
exhibit superior voltage profiles. These results indicate that
inorganic LLZO particles in the PEO matrix can reinforce electro-
chemical stability and ionic conductivity of SPEs and establish
stable interfaces with a lithium metal anode.

In order to explore the application of the composite electrolyte,
all-solid-state lithium batteries were fabricated with a Li negative
electrode and a LiFePO4 positive electrode and fitted with a com-
posite electrolyte with 7.5 wt.%. LLZO content (short for PEO-LiTFSI-
7.5%LLZO). The discharge capacity, cycling, and rate performance
were measured. As illustrated in Fig. 6a, when the all-solid-state
batteries were run under 0.1C, the discharge specific capacity is
improved from 148.6 mAh$g�1 to the maximum 150.1 mAh$g�1

after 3 cycles; then the discharge specific capacity maintains
149.5 mAh$g�1 after 50 cycles, with 93.2% of the maximum specific
capacity retained during the whole cycling process. The columbic
efficiency held around 98.9%. The specific capacity of batteries in-
creases rapidly during the initial several cycles which is ascribed to
the activation process and the interfacial conditioning between the
lithium electrode and the solid electrolyte [42]. To better illustrate
the stability of the composite electrolyte, the all-solid-state batte-
ries also performed at high rate (0.5C), the cycling performance
shown in Fig. 6b. After the active process, the discharge specific
capacity slightly decreases, and after 100 cycles, the discharge
specific capacity is above 121 mAh$g�1. Capacity is 89% retained.
This indicates that all-solid-state batteries have excellent cycling
performance. Fig. 6c shows the cycling and rate performance of the
Li/PEO-LiTFSI-7.5%LLZO/LiFePO4 all-solid-state battery with the
rate range from 0.1 C to 1 C with every 10 cycles. Before the cycling
test, the cell was activated by 5 cycles at low current density (0.1 C).
It is clearly seen that the specific capacity exhibits 100.2mAh$g�1 at
1 C and the capacity could be quickly recovered when the rate
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returns to 0.1 C. This is evidence of good rate stability of an all-solid-
state battery fitted with the composite electrolyte.

The initial charge and discharge curves from 0.1 C to 1 C at 60 �C
are shown in Fig. 6d. The first discharge specific capacities of the Li/
PEO-LiTFSI-7.5%LLZO/LiFePO4 all-solid-state battery at 0.1 C, 0.2 C,
0.5 C, and 1 C are 150.1, 138.6, 127.5, and 100.2 mAh$g�1, respec-
tively. Meanwhile, the cell presents two charge voltage plateaus at
around 3.38 and 3.45 V when operating at 0.1 C, corresponding to
the Fe2þ/Fe3þ redox couple reaction on the cathode. The low po-
larization voltage in an all-solid-state battery is attributed to the
small electrolyte resistance and small interfacial resistance on both
anode and cathode as discussed above [43].

4. Conclusions

Solid composite polymer electrolyte membranes composed of
PEO and 2.5e10 wt.% cubic LLZO have been synthesized by tape
casting. We found that the as-prepared composite polymer elec-
trolyte membranes exhibit enhanced ionic conductivity compared
to that of the PEO-only electrolyte membranes and cubic LLZO
electrolyte. Impedance spectroscopy revealed that the composite
electrolyte membrane containing 7.5% cubic LLZO exhibited the
highest ionic conductivity (5.5 � 10�4 S$cm�1 at 30 �C) thanks to
the synergetic effect of the cubic LLZO. The phase transition be-
haviors of the composite polymer electrolytes were characterized
by DSC, which show that the cubic LLZO particles in PEO matrix
increase effectively the percentage of the amorphous phase of PEO.
The results of the lithium ion transference numbers illustrate that
the solid composite electrolyte can promote the lithium ion transfer
(the lithium ion transference numbers improved from 0.159 to
0.207). The LSV results showed that the electrochemical stability of
the composite electrolyte is improved to 5.7 vs. Li/Liþ compared
with the PEO-only electrolyte. Finally, the all-solid-state lithium
battery Li/PEO-LiTFSI-7.5%LLZO/LiFePO4 delivers a high initial
discharge capacity of 150.1 mAh$g�1 at 0.1C and 93.2% of the
maximum specific capacity retained after 50 cycles. When the cell
was run at high rate (0.5C), the specific capacity is 127.5 mAh$g�1.
Meanwhile, it also exhibits good cycling and rate performance at
60 �C. The excellent electrochemical performance results from the
composite cathode and solid electrolyte, in which the LLZO filler
both improve the ion conductivity as an active ion conductor and
improve the electrochemical stability of the PEO matrix. The
composite electrolyte herein is attractive as a key component for
next-generation all-solid-state lithium rechargeable batteries.
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