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A B S T R A C T

The applications of solid polymer electrolytes in all-solid-state Li-ion batteries are restricted by their low ion
conductivities at room temperature and poor mechanical and thermal stabilities. Herein, Li1.4Al0.4Ti1.6(PO4)3
(LATP) electrolyte nanoparticles were used as active fillers to improve the properties of polyethylene oxide
(PEO)-based electrolytes. The ion conductivity of the composite electrolyte with 1 wt% LATP increased to
1.2× 10−5 S/cm at room temperature, because of the effective inhibition of the PEO matrix crystallization by
the high-conductivity LATP nanofillers. The electrochemical, mechanical and thermal stabilities were also en-
hanced by the LATP nanofillers. The LATP-filled composite electrolytes can effectively block Li dendrites in
symmetric Li/electrolyte/Li cells during repeated Li stripping/plating with a current density of 0.10mA/cm2 for
600 h at 30 °C. Furthermore, the LATP-based all-solid-state LiFePO4/Li cells exhibited higher reversible capacity
(152mAh/g at 0.10 C), cycling stability (84% after 20 cycles at 50 °C) and rate capability than the LATP-free
cells.

1. Introduction

Li-ion batteries (LIBs) are widely used in portable devices, electric
vehicles and gridding storage; however, the organic liquid electrolytes
suffer from inadequate electrochemical and thermal stabilities and poor
safety resulted from leakage, volatility, flammability, Li dendrite for-
mation, dissolution of active materials and side reactions [1–7]. All-
solid-state LIBs are regarded as one of the most promising next-gen-
eration rechargeable batteries, because the replacement of the liquid
electrolytes by solid-state electrolytes cannot only eliminate the safety
issues linked to the liquid electrolytes, but also offer the promising
potentials of achieving higher energy density by using high-capacity
electrodes such as high-voltage cathode, Li metal anodes and conver-
sion-typed sulfur and oxygen electrodes [8–11]. The solid-state elec-
trolytes also function as separators and thus may simplify battery fab-
rication processes [12].

Solid-state electrolytes are usually classified into inorganic ceramics
and organic polymers. Considerable researches are focused on a few
inorganic electrolytes with crystal structures such as
Li1+xAlxTi2−x(PO4)3 (LATP) and Li7La3Zr2O12 (LLZO), due to their
combined merits of high conductivity (~10−4 S/cm at room tempera-
ture), wide electrochemical window and strong chemical stability in
ambient atmosphere [13,14]. Nevertheless, their practical applications

are mainly limited by the huge interfacial resistance between the rigid
and brittle ceramic electrolytes and the electrodes caused by the poor
contact and interface instability [15–17].

In contrast to the ceramic electrolytes, solid polymer electrolytes
(SPEs) based on polymer matrices such as polyethylene oxide (PEO)
and polyacrylonitrile and Li salts have higher flexibility and lower in-
terface resistance and are more suitable for battery fabrication and
application processes [18–21]. Unfortunately, their wide applications
in solid-state LIBs are severely hindered by the low ion conductivity
(10−7–10−8) at room temperature and poor mechanical and thermal
stabilities [22–26].

A few strategies including constructing co-block [27,28] and cross-
linking [29,30] polymers and adding plasticizers [31–33] are applied to
tackle the problems of the SPEs, but there is a trade-off between the ion
conductivity and the mechanical/thermal properties [24,30]. Another
important route is to disperse ceramic nanoparticles including Al2O3

[34,35], SiO2 [36], ZrO2 [37] and TiO2 [34,38] in the polymer matrices
for preparing composite polymer electrolytes (CPEs), since this can
improve both the ion conductivity and the mechanic/thermal proper-
ties [23]. Because of their large surface area and strong Lewis acid-base
interaction with the electrolyte ion species, the inert ceramic nano-
particles can reduce the crystallization of the polymer matrices, facil-
itate the Li salt dissociation, and increase the ion conductivity [39].
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Finite element simulations also disclose the occurrence of ion conduc-
tion mostly at the ceramic-polymer interface [40–42]. Recently Li-
containing ceramic electrolytes such as LLZO [43], LLTO [19], LAGP
[14,21,44] and sulfides [45] were used as active fillers to furtherly
enhance the ion conductivity based on the fast ion diffusion in the
electrolyte particles and the suppression of polymer crystallization
[46,47].

Herein, LATP electrolyte nanoparticle-filled CPE films with various
LATP contents were developed. The ion conductivity, electrochemical
window, mechanical and thermal properties, interfacial stability
against Li dendrites, and the electrochemical properties of the CPE-
based all-solid-state cells are studied in detail. It was shown that the Li
ion conduction, mechanical and thermal stabilities, and the resistance
against Li dendrites can be greatly improved by the addition of the
active LATP nanoparticles into the PEO-LiTFSI membrane, and this also
increased the specific capacity, capacity retention and rate capability of
the all-solid-state cells.

2. Experimental

2.1. Chemicals and materials

Li2CO3, Al2O3, TiO2 and (NH4)2H(PO4)3 with 99% purity were
purchased from Alfa Aesar. PEO with molecular weight of 600,000 was
obtained from Aldrich. Lithium bis(trifluoromethane) sulfonamide
(LiTFSI) with 99% purity, N-methylpyrrolidone, anhydrous acetonitrile
were purchased from Aladdin.

2.2. Preparation of LATP nanoparticles and PEO-LATP composite
electrolytes

To synthesize Li1.4Al0.4Ti1.6(PO4)3, a stoichiometric mixture of
Li2CO3, Al2O3, TiO2 and (NH4)2H(PO4)3 was firstly ball-milled at
400–600 rpm for 2 h in ethanol, and then heated in a alumina crucible
at 80 °C for 3 h, 450 °C for 2 h and 900 °C for 4 h with a heating rate of
2 °C/min. The sintered samples were ball-milled in ethanol at
400–600 rpm/min for 4 h and dried at 60 °C for 12 h for LATP nano-
particles.

To prepare CPE films, PEO, LATP and LiTFSI powders with the EO/
Li ratio of 16 and LATP content of 1–10wt% were stirred in acetonitrile
at 40 °C for 12 h. After that the mixture solutions were dropped in
Teflon plates, and then dried in vacuum oven at 30 °C for 12 h and 50 °C
for 12 h. The composite films with 0, 1, 5 and 10wt% LATP were de-
noted as PEO-LATP00, PEO-LATP01, PEO-LATP05 and PEO-LATP10,
respectively.

2.3. Characterization and measurements

The crystal structures of the LATP particles and CPE films were
examined by a Bruker D8 Focus X-ray diffraction (XRD) analyzer (Cu Kα
radiation, λ=0.154 nm) at 10 o/min. The morphologies were taken by
a FEI Quanta 200F scanning electron microscope (SEM). The FT-IR
spectra were taken in a Frontier analyzer in a wavelength range of
500–4000 cm−1. The thermal stability of the electrolyte films was
measured by D840TA Q500 thermo-gravimetric analyzer (TGA) under
Ar flow with a heating rate of 10 °C/min.

Stainless steel (SS)/CPE/Li, Li/CPE/Li and LiFePO4/CPE/Li cells
were assembled in a glove box under Ar protection. The LiFePO4

cathodes were prepared by coating a slurry of LiFePO4, carbon black

Fig. 1. (A) SEM image of the LATP nanoparticles, (B) EIS impedance of the LATP pellet, (C) optical photo of the PEO-LATP01 CPE film, surfacial SEM images of the
(D) PEO-LATP00, (E) PEO-LATP01 and (F) PEO-LATP05 CPE films, and (G) FT-IR spectra and (H) XRD spectra of the PEO-LATP CPE films.

L. Liu et al. Solid State Ionics 331 (2019) 89–95

90



(CB) and PVDF at a weight ratio of 8:1:1 onto Al foils with ~2mg/cm2

mass loading. The electrochemical impedance spectroscopy (EIS) was
measured at 20–80 °C using a Zahner Zennium electrochemical work-
station in a frequency range of 106–10−2 Hz. The ion conductivity (σ) of
the electrolyte films was calculated from the equation: σ= L/SR, where
L, S and R represented the thickness, surface area and resistance of the
electrolyte films, respectively. Cyclic voltammetry (CV) and linear
sweep voltammetry (LSV) tests were performed on a CHI660E elec-
trochemical workstation. Galvanostatic charge-discharge measure-
ments were conducted in a Land LANHE CT2001A multichannel battery
tester within 2.5–3.8 V (vs. Li/Li+) under various temperatures and C
rates (1 C= 150mAh/g).

3. Results and discussion

3.1. Crystal structure and morphology

The ball-milled LATP particles had an average size of ~140 nm by
counting the particle size in the SEM image (Fig. 1A). The LATP pellet
showed a total resistance of 536Ω, which corresponded to a high ion
conductivity of 2.25×10−4 S/cm at 25 °C (Fig. 1B). The small size and
high ion conductivity of the LATP particles were expected to effectively
improve the properties of the CPE films. The CPE films with ≤10wt%
LATP were semi-transparent and flexible (Fig. 1C). A lot of wrinkles
formed on the CPE films, and the LATP nanoparticles agglomerated
when increasing the LATP content to 5 wt% (Fig. 1D–F). The aggrega-
tion of the LATP nanoparticles may affect the crystallization of PEO and
the ion conductivity of the CPE films.

The FT-IR absorbance spectra of the electrolyte films were shown in
Fig. 1G. The typical absorbance peaks at 2876 and 1095 cm−1 were
assigned to the vibrations of CeH and CeO bonds of PEO. Compared

the spectra of LATP-free film with the LATP-filled film, there were no
obvious shifts and shape changes, indicating that the LATP nano-
particles were not forming complexes but mechanically dispersing in
the PEO matrix. The LATP nanoparticles exhibited typical X-ray dif-
fraction peaks same to LiTi2(PO4)3 crystal (JCPDS card ID: 35–0754,
Fig. 1H). A group of strong peaks at around 19.5 and 23.6° were ob-
viously visible, suggesting the high crystallinity degree of the PEO
matrix in the LATP-free film. These typical peaks disappeared in the
PEO-LATP01 and PEO-LATP05 films, indicating the low PEO crystal-
linity in the films. However, the peaks at 19.5 and 23.6° (ascribed to
PEO) and at 21.1 and 24.5° (may ascribed to (104) and (113) lattice
planes of LATP) appeared again in the PEO-LATP10 film, which should
be attributed to the much aggregation of the LATP nanoparticles and
the resulted high PEO crystallinity.

3.2. Electrical, electrochemical, mechanical and thermal stabilities

The PEO-LATP01 CPE film showed much higher ion conductivities
of 6.17× 10−6 and 1.15×10−5 S/cm at 20 and 30 °C than the LATP-
free film (2.81× 10−6 and 5.35× 10−6 S/cm, Fig. 2A), respectively,
because of the high ion conductivity of LATP (Fig. 1B) and the inhibi-
tion of PEO crystallization by the LATP nanofillers (Fig. 1H). However,
the CPE films with higher LATP contents had lower ion conductivities at
room temperatures, which was ascribed to the much more agglomera-
tion of the LATP nanoparticles and the increase of the PEO crystallinity
(Fig. 1F and H). When the temperature increased to 60 and 80 °C, the
ion conductivities of all the CPE films increased to around 3.61×10−4

and 7.03×10−4 S/cm, respectively, due to the transition from crys-
tallization to amorphous state of the PEO matrices at ~60 °C [48].

The LATP-free film was electrochemically oxidized at around 5.0 V
(vs. Li/Li+) at 30 °C, but its electrochemical window decreased to

Fig. 2. (A) Ion conductivity at various temperatures, (B) linear sweep voltammetry profiles, (C) stress-strain curves, (D) TGA curves, and optical photos at 160 °C for
(E) 0, (F) 0.5 and (G) 3.0 h in an oven of the PEO-LATP CPE films.
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around 4.5 V at 60 °C (Fig. 2B). However, when increasing the LATP
content to 5 wt%, the electrochemical window increased to around
4.8 V, because of the wide electrochemical window of LATP [1]. The
CPE film with 1 wt% LATP also exhibited higher ultimate tensile stress
of 0.95MPa and lower tensile strain of 1244% than the PEO-LiTFSI film
(0.35MPa and 1572%, Fig. 2C), indicating the better mechanical sta-
bility of the LATP-filled CPE films. Moreover, because of the in-
corporation of high-thermostability LATP fillers (with only obvious
weight decrease of 4.0% before 200 °C due to water evaporation) into
the polymer electrolyte, the PEO-LATP01 film had a higher decom-
position temperature of 365.4 °C than the PEO-LITFSI film (347.2 °C,
Fig. 2D), suggesting the higher thermal stability of the LATP-filled CPE
films. The superior thermal stability of the LATP-filled films was fur-
therly proven by observing the shape and size changes of the films at
160 °C in air. The LATP-free sample began to melt after 0.5–3.0 h sto-
rage, but the LATP-filled films still kept the original shape and size
(Fig. 2E–G).

3.3. Interfacial resistance against Li

The mechanical stability of the electrolyte films against Li dendrites
was investigated using symmetric Li/CPE/Li cells. During the periodic
charge-discharge processes, Li ions were plating/stripping the Li metal
electrodes. When tested at 60 °C, the LATP-free cell showed an initial
potential of 0.0121 V at 0.05mA/cm2, and the potential increased to
0.1135 V at 0.50mA/cm2 (Fig. 3A). After the current density returned
to 0.05mA/cm2, the potential almost kept the same value (0.0127 V)

even after 240 h. In comparison, the PEO-LATP01 and PEO-LATP05
film-based cells exhibited lower potentials than the LATP-free cell,
suggesting that the lower interfacial resistances between the LATP-
filled CPE films and Li metals (Fig. 3B–C). The PEO-LATP01 film-based
cells also had the lowest potential among the samples.

When tested at a lower temperature of 30 °C, the LATP-free cells
showed a higher potential of 0.2772 V at 0.10mA/cm2, and then the
potential suddenly decreased to 0.0329 V after 567 h (Fig. 3D), im-
plying the penetration of the electrolyte film by Li dendrites and short
circuit of the cell [49,50]. However, no sudden potential drop was
observed in the LATP-based cells even after 600 h (Fig. 3E–F), in-
dicating that the LATP nanofillers may reinforce the PEO matrices and
make them mechanically stronger. The potentials also slowly reduced
from ~0.20 V to 0.18 V, due to the improved interface contact between
the CPE films and Li metal electrodes during the repeated Li deposition
process [51]. Besides, the LATP-based cells showed lower potential
values than the LATP-free cells, furtherly proving the lower resistances
of the LATP-filled CPE films.

EIS spectra were also used to investigate the impedance change of
the Li/CPE/Li cells during the Li plating/stripping processes (Fig. 3G–I).
An equivalent circuit model was utilized to fit the impedance plots. The
semicircles at high and low frequencies were attributed to the ohmic
resistance from the electrolytes (Re) and the interfacial resistance be-
tween the electrolyte films and lithium metals (Ri), respectively
[51,52]. The PEO-LATP01 film-based cell displayed lower total re-
sistances of 252 and 208Ω than the PEO-LATP00 and PEO-LATP05
film-based cells after 1200 cycles at 0.025–0.50mA/cm2 (373 and

Fig. 3. Galvanostatic cycling curves of the (A) PEO-LATP00, (B) PEO-LATP01 and (C) PEO-LATP05 film-based Li/CPE/Li cells under various current densities of
0.025–0.50mA/cm2 for 240 h at 60 °C. Galvanostatic cycling curves of the (D) PEO-LATP00, (E) PEO-LATP01 and (F) PEO-LATP05 film-based Li/CPE/Li cells under
various current densities of 0.10mA/cm2 for 600 h at 30 °C. EIS spectra at 50 °C of the Li/CPE/Li cells (G) before galvanostatic cycling and after (H) 1200 cycles at
0.025–0.50mA/cm2 and (I) 3000 cycles at 0.10mA/cm2.
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286Ω) and 3000 cycles at 0.10mA/cm2 (240 and 220Ω), respectively.
These findings about the Li plating/stripping showed that the 1 wt%
LATP nano-filling can effectively reduce the interface resistance be-
tween the electrolyte film and Li metal electrodes and mechanically
stabilize the PEO matrices, which were consistent with the impedance,
mechanical tensile and thermal stability measurements (Fig. 2). More-
over, the 1% and 5% LATP-based cells showed decreasing Ri values
from 270 and 315Ω to 144 and 162Ω after 3000 cycles at 0.10mA/
cm2, respectively, because of the improved interface between the
electrolyte films and Li metal electrodes, which furtherly explained the
decrease in voltage (Fig. 3E–F) [50,51].

3.4. Cycling performance of the all-solid-state cells

The electrolyte films were also assembled in LiFePO4/CPE/Li-
structured coin cells for investigating their electrochemical properties.
Olivine-structured LiFePO4 cathode materials were usually used in all-
solid-state batteries due to its relatively high thermal stability com-
pared to the layered cathode materials. The dry slurries of LiFePO4-
PVDF-CB can be easily removed from the Al current collectors after the
fold/unfold or scratch processes (Fig. 4A), which should originate from
the low adhesive capability of the PVDF binder and the resulting loose
construction in the electrodes and poor bonding strength between the
electrode films and the Al foils (Fig. 4B–D). The cyclic voltammetry
measurements showed that the oxidation and reduction peaks related to
the delithiation/lithiation of LiFePO4 appeared at around 3.6 and 3.0 V,

Fig. 4. (A) Optical images (a) before and after (b) two fold/unfold and (c) one scratch processes, and (B–C) surface and (D) cross-section SEM images of the LiFePO4-
PVDF-CB/Al electrode. (E) Cyclic voltammograms of the LiFePO4/CPE/Li cells under 0.1 mV/s at 60 °C, and (F) cycling performance of the PEO-LATP01 film-based
cells at 0.1 C under various operation temperatures. (G) Charge-discharge profiles and (H) cycling performance of the PEO-LATP01 film-based cells at 0.1 C and 50 °C.
(I) Rate performance and (J) impedance curves of the LiFePO4/CPE/Li cells at 60 °C.
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respectively, and the higher peak currents of the LATP-based cells
suggested that the more rapid electrochemical reactions occurred in the
Li-ion cells (Fig. 4E).

The LiFePO4/CPE/Li cells were then electrochemically cycled at
0.10 C under various temperatures to disclose the effect of the operation
temperature on the cycling performance (Fig. 4F). When increasing the
temperature from 50 to 60 °C, the discharge capacity of the PEO-
LATP01 film-based cells increased to 151.6 mAh/g, which was 89.2% of
the theoretic capacity of LiFePO4. However, the discharge capacity
decreased to 132.1 mAh/g at 70 °C, and the capacity dropped much
quickly during the continued cycling process. Such phenomenon also
happened in other reports [28,53,54], which should be attributed to the
low ionic conductivity and poor adhesive capability (Fig. 4A–B) of the
PVDF binder, and the resulted high resistances of the cathode and the
cathode/electrolyte interface [14]. The optimization of the cathode
composition and constructure (e.g., flexible PEO with higher ionic
conductivity and adhesive capability as binder, and use of high-strength
carbon nano-additives to increase the mechanical strength) would be
beneficial to improve the high-temperature cycling stability by de-
creasing the resistance and increasing the mechanical stability of the
cathodes [14,28].

When the LiFePO4/CPE/Li cells were cycled at 0.10 C under a lower
temperature of 50 °C (Fig. 4G–H), two potential plateaus appeared at
around 3.6 and 3.2 V (Fig. 4G), corresponded to the delithiation/li-
thiation processes of LiFePO4. There was also a polarization during the
continued charge-discharge processes, owing to the decomposition of
LiFePO4 at the high temperature and the charge transport kinetic lim-
itations at the electrode-electrolyte interface [55]. Moreover, the PEO-
LATP01 film-based cells exhibited initial reversible capacity of
98.7 mAh/g and Coulombic efficiency of 84.2% (Fig. 4H). The capacity
and Coulombic efficiency increased to 118.3 mAh/g and 99.5% after
the first five cycles, respectively, because of the penetration of the CPE
into the cathode and the activation of LiFePO4. The cells also main-
tained high capacity of 82.7 mAh/g and capacity retention of 84% after
20 cycles.

The rate performance of the LiFePO4/CPE/Li cells was also eval-
uated at 60 °C (Fig. 4I). When increasing the charge-discharge rate from
0.10 C to 0.25 C, the capacity of the PEO-LATP01 film-based cells de-
creased from around 147 to 70mAh/g. After the rate returned to
0.10 C, the capacity increased to 132mAh/g with a capacity retention
of 90% relative to the initial cycling at 0.1 C. The PEO-LATP05 film-
based cells exhibited relatively low capacities of 140.2 and 65.3mAh/g
at 0.10 C and 0.25 C, respectively, owing to the relatively low ion
conductivity of the PEO-LATP05 CPE. In sharp contrast, the LATP-free
cells showed much lower capacities and capacity retentions at
0.10–0.25 C, because the LATP-free electrolyte film had lower ion
conductivity (Fig. 2A) and higher interfacial resistance with the elec-
trodes (Fig. 3).

EIS technology was then applied to study the impedance change
during the charge-discharge process (Fig. 4J). An equivalent circuit
model was used to fit the impedance plots. Re, Ri and Rct represent the
bulk resistance of the electrolyte, the interfacial resistance, and the
charge transfer resistance, respectively [56]. The LATP-based cells
showed lower total resistances of 648 and 2050Ω than the LATP-free
cells (1200 and 11,100Ω) before and after the electrochemical cycling
at the various C rates, respectively, furtherly indicating the much rapid
charge transfer inside the LATP-based cells [57–60], which was con-
sistent with the cyclic voltammetry test (Fig. 4E).

4. Conclusions

LATP electrolyte nanoparticles were used to prepare PEO-LATP CPE
films by solution casting. Because of the effective inhibition of the PEO
crystallization, the CPE film with 1 wt% LATP showed the highest ion
conductivity of 1.2× 10−5 S/cm at room temperature. The electro-
chemical, mechanical and thermal stabilities were also enhanced by the

active LATP nanofillers. The LATP-filled CPEs also exhibited superior
interfacial stability against Li dendrites during the periodic Li plating/
stripping (600 h at 0.10mA/cm2 and 30 °C), due to the improved con-
ductivity and mechanical robustness. High capacity of 118.3 mAh/g
and capacity retention of 84% were achieved in the LATP-based
LiFePO4/Li cells after 20 cycles at 50 °C.
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