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ABSTRACT: All-solid-state lithium batteries are promising to overcome the safety issues and limited energy density concern of
commercial Li-ion batteries (LIBs). In this study, cubic-phase Li1.4Al0.4Ti1.6(PO4)3 (LATP) powders are prepared and filled into
biodegradable polycaprolactone (PCL) matrixes to form a flexible PCL−LiClO4−LATP hybrid solid electrolytes (HSEs). Owing to
the excellent electrochemical stability of the PCL matrix, the HSEs offer a wide electrochemical potential window of 5 V (vs Li/Li+),
an ionic conductivity of 3.64 × 10−5 S cm−1 at 55 °C, and a high Li-ion transference number of 0.58. In addition, the fabricated all-
solid-state lithium batteries exhibit an outstanding electrochemical performance with a high initial discharge specific capacity of
136.6 mAh g−1 and a good capacity retention of 75% after 200 cycles at 0.3 C. The superior performance indicates that the HSEs
with the PCL as the polymer matrix provide an inspiring approach to develop high-performance flexible and safe all-solid-state
lithium batteries.

KEYWORDS: all-solid-state lithium battery, hybrid solid electrolyte, polycaprolactone, high Li-ion transference number, high voltage

1. INTRODUCTION

Massive efforts have been dedicated toward enhancing the
energy density of Li-ion batteries (LIBs) because of the
growing demand for electric vehicles and hybrid electric
vehicles. Metallic lithium is one of the most promising anode
candidates for LIBs, which has a high theoretical capacity
(3860 mAh g−1), a low density (0.535 g cm−3), and the lowest
negative potential (−3.04 V vs standard hydrogen elec-
trode).1−4 However, metallic lithium-based batteries using
liquid organic electrolytes cannot form a stable and
homogeneous solid electrolyte interphase (SEI).5,6 Conse-
quently, the SEI within these batteries is easily damaged
irreversibly, and Li dendrites are formed rapidly, leading to a
limited life span. More importantly, the liquid organic
electrolyte is unfriendly to the environment and brings
nonnegligible safety issues such as uncontrolled chemical
reactions, flaming, leakage, internal short circuits, and even
explosion. In comparison, solid-state electrolyte-based lithium
batteries have attracted extensive research interest, thanks to

the high energy density, high safety, and stable SEI layers with
the lithium metal anode.7−9 Solid-state electrolytes are thus
highly desirable for next-generation battery electrolytes.10,11

Among various solid-state electrolytes, hybrid solid electrolytes
(HSEs), where the polymer matrix, lithium salt, and passive
ceramic filler or active ceramic filler are basically contained,
have showed high ionic conductivity and excellent electro-
chemical performance.12−15 In a previous work, the liquid
electrolyte was introduced into the all-solid-state lithium
batteries for the improved interface infiltration between
HSEs and electrodes.16,17 The volume of the liquid electrolyte
is typically overcommitted to promote the battery perform-
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ance, which are not believed as real all-solid-state lithium
batteries.18

Poly(ethylene oxide) (PEO)-based HESs have been mostly
investigated with varied kinds of lithium salt and additive
particles in recent years, as it possesses a strong Li-ion
solvating ability and a high chain flexibility for ion trans-
port.19,20 However, the narrow electrochemical stability
window (<4 V vs Li/Li+), low Li-ion transference number,
and poisonous preparation processes of PEO-based electro-
lytes limit the development of all-solid-state lithium batteries.21

As an alternative to PEO, polycaprolactone (PCL) is
biodegradable, inexpensive, environment friendly, and involves
low cost production, which can act as the ideal polymer matrix
for HSEs. As a flexible chain, the structure of PCL is similar to
that of PEO, and it has nonbonding electrons that can
dissociate lithium salt easily, a low glass transition temperature
(Tg) at −60 °C, and a wide electrochemical stability window
(>5 V vs Li/Li+).22 Moreover, PCL exhibits brilliant thermal
stability and mechanical properties that are critical parameters
of a separator in LIBs. Fonseca et al. used PCL/LiClO4 as the
solid-state electrolyte to develop a biodegradable polymer
electrolyte in an all-solid-state lithium battery for the first time
in 2006.23 Eriksson et al. fabricated HSEs based on PCL/
TFSI/Al2O3, which exhibited good compatibility with electro-
des in all-solid-state lithium batteries in 2019.24 Additionally,
some investigations paid attention to the copolymer of PCL
and obtained favorable-performance solid-state electro-
lytes.25−30 However, the solid-state electrolytes based on
PCL also exhibit some drawbacks, such as a high degree of
crystallinity and rate performance in all-solid-state lithium
batteries.31 Thus, it is a huge challenge for promoting the PCL-
based solid-state electrolyte performance of batteries and
making it possess the value of practical applications.
In this study, we report HSEs where Li1.4Al0.4Ti1.6(PO4)3

(LATP) and LiClO4 are both filled in the PCL matrix to
improve the electrochemical performance. It is demonstrated
that the preparation process of HSEs is uncomplicated,
inexpensive, nonpoisonous, and accessible to large-scale
production.32,33 The optimized PCL−LiClO4−LATP HSEs
have a high Li-ion transference number (tLi+ = 0.58) which
ensures the superior cycling performance and a stable interface
between electrolytes and electrodes and offers a wide
electrochemical potential window of 5 V vs Li/Li+. Addition-
ally, the percentage of the crystallinity of optimized PCL−
LiClO4−LATP HSEs is 26.48% that is lower than that of pure
PCL (41.43%). Without using any liquid electrolyte, all-solid-
state lithium batteries based on LiFePO4 (LFP) presents a high
discharge specific capacity of 149.0 mAh g−1 at 0.2 C at 55 °C
and shows a prominent cycling performance of 75% capacity
retention without distinct Li dendrite growth after 200 cycles
at 0.3 C. The result also shows a significant cycling
achievement, superior electrochemical stability, and interfacial
wettability under high temperature conditions, which paves a
new avenue for future inexpensive, environmentally friendly,
high-performance solid-state electrolytes.

2. EXPERIMENTAL SECTION
2.1. Materials Preparation. Dimethyl carbonate (DMC), lithium

perchlorate (LiClO4), powders of TiO2, Al2O3, Li2CO3, and
(NH4)2HPO4 were purchased from Aladdin, Shanghai (China).
PCL was dried in a vacuum oven for 12 h at room temperature. The
cathode material LFP and lithium metal were obtained from Tianjin
STL Energy Technology Co.

Stoichiometric amounts of TiO2, Al2O3, Li2CO3, and (NH4)2HPO4
were used as the starting materials to prepare LATP using a
conventional solid solution method.34 The mixture was heated to 700
°C for 1 h to ensure the complete decomposition of (NH4)2HPO4
and Li2CO3 and then continued to be heated to 900 °C for 2 h in
order to accomplish the melting and homogenization processes.
Subsequently, the ceramic powders were prepared by ball milling for 6
h, and the obtained sample was LATP particles that were stored in an
Ar-filled glovebox for further electrochemical tests. The phases of the
LATP particles are shown in Figure S1.

PCL and LiClO4 were dissolved in anhydrous DMC by magnetic
stirring at O/Li = 20 (the molar ratio). The mixed solution was stirred
for 6 h at 60 °C. Then, different LATP particle contents of 20 and 40
wt % were added as fillers into the solution, and it was further stirred
continuously for 6 h at 55 °C to disperse homogeneously. Afterward,
the solution was casted onto the glass plate using a coater, and the
resultant HSEs membrane was dried for 12 h at room temperature in
order to evaporate the solvent. The membrane of HSEs was cut into
circular pieces with a diameter of 19 mm and placed in an Ar-filled
glovebox for electrochemical measurements and assembly of all-solid-
state lithium batteries. Additionally, PCL−LiClO4−LATP-20% and
PCL−LiClO4−LATP−40% were denoted as HSEs-20% and HSEs-
40%, respectively.

2.2. Characterization and Electrochemical Measurements
of HSEs. The morphology and the element distribution of HSEs were
characterized by scanning electron microscopy (SEM, HITACHI
SU8010) and energy-dispersive spectrometry (EDS). The phases of
samples were examined using CuKα1 radiation (λ = 0.15405 nm) with
a D8-ADVANCE X-ray diffractometer. Thermogravimetric analysis
(TGA) was performed on a STA 449 F3 thermal analyzer with a
heating rate of 10 °C min−1 from room temperature to 900 °C in a N2
atmosphere. Differential scanning calorimetry (DSC) character-
izations were performed to investigate the melting temperature
(Tm) and the percentage of crystallinity (χc) for different electrolyte
membranes. The crystallinities (χc) of the HSEs could be calculated
according to the following formula:

χ φ= Δ
Δ * − *

H
H (1 ) 100%c

m
PCL add (1)

where ΔHm and ΔHPCL (139.3 J g−1)35 are the melting enthalpies for
the samples and pure PCL matrix with 100% crystallinity, and φadd is
the total weight percentage of additives (lithium salt and nano-
particles).24,36,37

The ionic conductivities of HSEs were determined via electro-
chemical impedance spectroscopy (EIS). An alternating current (AC)
amplitude of 5 mV was imposed, and the measurements were
achieved with a frequency from 10 M Hz to 0.1 Hz at various
temperatures using a Zahner electrochemical workstation. The HSE
membrane was sandwiched between two stainless-steel (SS) blocking
electrodes to construct SS| PCL−LiClO4−LATP |SS batteries.38 The
resistance value associated with the membrane conductivity was
determined according to the following formula:

σ = L
RS (2)

where L, R, and S stand for the film thickness, the total resistance, and
the area of the HSE membrane, respectively.6,39 The thickness of the
HSE membrane is ∼120 μm. The battery was determined by the
Zahner electrochemical workstation from 30 to 75 °C.

To investigate the electrochemical stability window of HSEs, the
measurement was assessed using the linear sweep voltammetry (LSV)
technique from 1.0 to 5.0 V at a scan rate of 1 mV s−1. Then, an SS
electrode played a part of a working electrode, and Li metal was
utilized as a reference and counter electrode (Li| PCL−LiClO4−
LATP |SS). The Li-ion transference number measurement of HSEs-
20% and HSEs-40% was conducted in a Li| PCL−LiClO4−LATP |Li
battery system that was polarized with a direct current(DC) voltage of
5 mV. The Li-ion transference number was tested using the following
Bruce−Vincent formula:
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=
Δ −

Δ −
+t

I V I R
I V I R

( )
( )Li

SS 0 0

0 SS SS (3)

where ΔV is the potential applied across the battery (5 mV in this
case), I0 and ISS are the initial and steady-state currents, respectively,
and R0 and RSS represent the initial interfacial resistance and the
steady-state interfacial resistance of the passivating layers on the
lithium metal electrodes, respectively.40,41 The interface compatibility
and stability between the HSEs and lithium metal electrodes were
examined by Li| PCL−LiClO4−LATP |Li symmetric batteries, and the
symmetric batteries were tested at 55 °C. A galvanostatic cycling of
the Li| PCL−LiClO4−LATP |Li battery was charged and discharged
for 1 h alternately to further investigate the interface stability and
suppression of Li dendrite formation by introducing a current density
of 0.12 mA cm−2.42−46

2.3. Electrochemical Measurement of all-Solid-State Lith-
ium Batteries. The cathode in the all-solid-state lithium battery was
composed of 60 wt % LFP, 20 wt % super-P and 20 wt %
polyvinylidene fluoride, whose slurry was dispersed homogenously
and coated on an aluminum foil. Then, the coated cathode was dried

in vacuum at 60 °C for 24 h in order to remove traces of the
remaining solvent. The lithium metal with a diameter of 16 mm
served as the anode. The loading of the LFP active material on the
cathode was controlled at 0.90−1.20 mg cm−2, and the cathode film
was cut into circular pieces with a diameter of 15 mm. The CR 2032-
type LFP| PCL-LiClO4-LATP |Li battery was assembled in an Ar-
filled glovebox. The batteries were subjected to a temperature of 55
°C for 1.5 h to improve the interface compatibility and were activated
by a low rate in the initial few cycles. The cycling performance and
rate capability (0.2∼2C) of the all-solid-state lithium batteries was
investigated using a Neware CT-4008 battery testing system at 55 °C
with the voltage range of 2.5∼4.2 V (vs Li/Li+). The EIS of all-solid-
state lithium batteries was explored with a frequency from 10 M Hz to
0.1 Hz using a Zahner electrochemical workstation by applying 5 mV
AC amplitude at 55 °C.

3. RESULTS AND DISCUSSION

The HSEs were prepared via solution casting, as shown in
Figure 1. The preparation process is simple and highly

Figure 1. Schematic illustration of HSE fabrication.

Figure 2. (a) Photograph of the membrane of HSEs-40%. (b) TG curves of the PCL, PCL−LiClO4, HSEs-20%, and HSEs-40%. (c) DSC curves of
the PCL, PCL−LiClO4, HSEs-20%, and HSEs-40%. (d) XRD patterns of LATP, PCL, PCL−LiClO4, HSEs-20%, and HSEs-40%.
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repeatable, indicating the ease of large-scale fabrication. The
excellent mechanical property and thermal stability of HSEs
are facilitative to the industrial production and reducing the
risk of short circuiting when operating at high temperatures.
The photographic images of the obtained HSE film after
solution casting and the corresponding thermal stability are
displayed in Figure 2a,b, respectively. The initial weight loss of
3 wt % before 300 °C was associated with the absorbed water
or the DMC solvent, which illustrated that the sample was not
dried sufficiently. It is worth noting that DMC, as the
environmentally friendly solvent, is different from poisonous
acetonitrile. The severe weight loss occurred from 300 to 450
°C with a weight loss more than 50% because of the
degradation of carbon backbone, and the last left weight is that
of the LATP particle. Under 300 °C, there is no significant loss
in weight, forecasting that HSEs decomposed at temperatures
over 300 °C. Because of its superior thermal stability, the HSEs
could tolerate much higher operating temperatures than liquid
organic electrolytes without destructing their structure. An
endothermic peak was found at 54.5 °C in the curve of neat
PCL, corresponding to the melting temperature (Tm). With
the increasing LATP content, the melting temperature
distinctively declined because of the inhibition crystallinity of
the polymer (Figure 2c), which is profitable to the Li-ion
movement. As we know, the migration of Li-ion happens in the
noncrystalline phase,47 the crystallinity of the PCL reduces, as
exhibited by X-ray diffraction (XRD) (Figure 2d), and the
increasing amorphous phase is convenient to promote
elevating ionic conductivity and ion migration. Furthermore,
the XRD results of the PCL and the PCL−LiClO4 are shown
in Figure S2. The percentage of crystallinity (χc) of PCL, PCL-
LiClO4, HSEs-20%, and HSEs-40% were 41.33, 39.63, 31.98,
and 26.48%, respectively. The melting heat (ΔHm) and the
corresponding percentage of crystallinity (χc) of HSEs with
different LATP contents are shown in Table S1. The
mechanical properties of the HSEs are presented in Table
S2, the mechanical strength of HSEs-40% was 5.37 MPa, and
corresponding deformation was 41% while the maximum stress
of HSEs-20% was 5.86 MPa, and the strain reached 117.75%.
The SEM image of HSEs with different LATP contents is

shown in Figure 3. The surface morphologies of the HSEs

show that the LATP particles are embedded in the PCL matrix,
and the particles in HSEs-40% are more widely dispersed in
the polymer matrix compared to those of HSEs-20%, as
illustrated in Figure 3. The additional EDS mappings reveal the
homogenous distributions of various elements (Al, Cl, Ti, and
P) in HSEs-40% (Figure S3).

The impedance of HSEs was further investigated, and the
ionic conductivities of HSEs-40% and HSEs-20% are shown in
Figure 4a, which shows the ionic conductivity evolution of the
HSEs with the change in temperature and LATP content. The
ionic conductivity of HSEs-40% was measured to be 3.64 ×
10−5 S cm−1 at 55 °C, which is higher than that of HSEs-20%
(7.78 × 10−6 S cm−1 at 55 °C). The ionic conductivity
increased with elevating temperature, which is consistent with
the law of ionic conductor. The results also indicated that the
ionic conductivity of the electrolyte was higher by mixing more
LATP fillers from 20 to 40 wt % content because LATP
particles could suppress the crystallinity of the polymer and
increase the percentage of the amorphous phase, leading to the
promotion of ionic conductivity. With different LATP
contents, the electrochemical window was tested by the LSV
measurements, and the Li-ion transference number increased,
as illustrated in Figure 4b,c. The Li-ion transference number of
the HSEs-40% is 0.58, which is in contrast to the value 0.15 of
HSEs-20% (Figure S4 and Table S3). The migration pathway
for HSEs with different LATP amounts is shown in Figure S5.
The electrochemical performance of PCL−LiClO4 is shown in
Figure S6 a-c, and the ionic conductivity of PCL−LiClO4 was
measured to be 2.36 × 10−6 S cm−1 at 55 °C, which is lower
than that of the HSEs-40% (3.64 × 10−5 S cm−1 at 55 °C). In
addition, the Li-ion transference number of PCL−LiClO4 was
0.05, which was not satisfactory for practical applications. Also,
the electrochemical stability of PCL−LiClO4, HSEs-20%, and
HSEs-40% by cyclic voltammetry(CV) is presented in Figure
S6c−e. Moreover, the ionic conductivity of PCL−LiClO4,
HSEs-20%, and HSEs-40% was compared, as presented in
Figure S6f.
Typically, three major factors are of importance for affecting

the performance of HSEs: (1) the LATP particles decline the
crystallinity of the polymer and increase the amorphous phase
percentage, which is critical for facilitating the migration of Li-
ions; (2) the migration efficiency of Li-ions and ionic
conductivity are promoted with more migration paths and
meliorates thermostability, as displayed in Figure S7a−d; (3)
the PCL matrix may offer nonbonding electrons for
coordination with Li-ions, which facilitates the dissociation of
lithium salt. However, with the increase in the LATP content,
more ceramic particles are difficult to be dispersed in the PCL
matrix, and it is easy to form clusters, and it involves free-
volume consumption.6,39 In addition, more LATP particles
that may induce irreversible side reactions were added in the
system and caused breaking the equilibrium of charge/
discharge. The symmetric battery of HSEs was tested using
Li| PCL-LiClO4-LATP |Li, as shown in Figure 4d. The
interface of HSEs-40% with the lithium metal anode is more
stable than that of HSEs-20% for over 300 h. The HSEs-40%
showed a small polarization potential of 0.16 V, which was
lower than that of HSEs-20% (0.91 V after 200 h), illustrating
that the prominent stability and compatibility between HSEs
and the lithium metal electrode were achieved for the HSEs-
40%, and forecasting a relatively stable Li plating/stripping
process. Most importantly, the HSEs-40% did not show any
unusual condition by symmetric battery testing, which may be
due to the fact that the PCL matrix and appropriate LATP
particle content played an important role in the whole system
for interfacial compatibility and suppressing dendrite formation
or growth.48−50

Based on the symmetric Li battery results, the cycling tests
of all-solid-state lithium batteries were further performed. The

Figure 3. SEM images of (a, b) HSEs-20% and (c, d) HSEs-40%.
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rate performance of all-solid-state LFP| PCL-LiClO4-LATP |Li
batteries is displayed in Figure 5a. The all-solid-state lithium
battery with HSEs-40% exhibited high discharge capacities of

149.0, 138.4, 124.3, 97.2, 83.7, 69.2, and 46.4 mAh g−1 at the
rates of 0.2, 0.3, 0.5, 0.8, 1, 1.5, and 2 C, respectively. In
comparison, the all-solid-state battery with HSEs-20%

Figure 4. (a) Ionic conductivity of HSEs-40% and HSEs-20% as a function of temperature. (b) LSV curves and (c) chronoamperometry profiles of
HSEs-40% and HSEs-20%. (d) Polarization voltage profiles of the symmetrical Li/HSEs/Li battery.

Figure 5. (a) Rate performance and (b) cycling performance of batteries with HSEs-20% and HSEs-40%. (c) Typical charge/discharge curves of
batteries with HSEs-40% at various rates. (d) Typical charge/discharge curves of batteries with HSEs-40% at different cycles. (e) EIS of batteries
with HSEs-20% and HSEs-40% before and after cycling.
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displayed the discharge capacities of 144.1, 124.7, 98.5, 55.3,
45.5, 28.8, and 16.7 mAh g−1 at the corresponding same rates.
The exhibited rate performance of all-solid-state batteries with
HSEs-40% is better than that of HSEs-20%, which proved the
assumption that the addition of more LATP particles could
promote Li-ion transmission and elevate battery performance,
especially under high-rate conditions. Nevertheless, the further
increase in the LATP content may induce side reactions,
leading to the disequilibrium of charge/discharge processes.
The charge−discharge curves of the battery with HSEs-60%
(60 wt % LATP) are shown in Figure S7e where the charge
capacity is higher than the discharge capacity because excess
LATP particles may cause the irreversible side reaction.13,51 In
addition, the Coulombic efficiency of the battery with HSEs-
60% was far below 100%, as shown in Figure S7f, and the
reason may be the reduction reaction of Ti4+. For HSE-60%,
the side reaction was revealed by the CV curve shown in
Figure S8a. The side reaction would be caused when lithium
metal contacted with the LATP ceramic plate directly, as
displayed in Figure S8b, as the other side of the LATP ceramic
plate that did not contact with lithium metal showed no
change.
The cycling performance of batteries with HSEs-40% and

HSEs-20% is presented in Figure 5b. The solid-state battery
with HSEs-40% showed a high initial discharge capacity of
136.6 mAh g−1 and good cycling performance with 75%
capacity retention after 200 cycles at 55 °C. A remarkable
Coulombic efficiency of nearly 100% was also observed for the
battery with HSE-40%. In addition to LFP, Li-
Ni0.5Mn0.2Co0.3O2 was also used as the cathode for the all-
solid-state lithium battery with HSEs-40%, and the electro-
chemical performance is shown in Figure S9. In contrast, the
all-solid-state lithium battery with HSEs-20% exhibited a lower
initial discharge capacity of 126.5 mAh g−1, and the discharge
capacities declined sharply after 140 cycles (Figure 5b). The
cycled battery cannot operate normally, which may be caused
by the increase in the interfacial resistance with growing cycles
at a high temperature. It is illustrated that the battery with
HSEs-40% exhibits better thermal stability and higher
electrochemical performance than the battery with HSEs-
20% because rational LATP additives may promote the ability
of thermotolerant and transfer efficiency of Li-ion, leading to
elevate the electrochemical performance. The performance of
the reported HSE-based all-solid-state lithium batteries is
summarized in Table S4. The typical charge−discharge curves
of LFP-based all-solid-state lithium batteries at various rates
from 0.2 to 2 C at 55 °C are shown in Figure 5c. Figure 5d
exhibits typical charge−discharge curves of the first, 100th, and
200th cycle of the LFP| PCL-LiClO4-LATP |Li battery
assembled with HSEs-40%. The 24.4 mAh g−1 capacity faded
from the first cycle to the 100th cycle, while only 8.9 mAh g−1

capacity declined from the 100th cycle to the 200th cycle.
Thus, the capacity decay rate was up to 17.9% in the first 100
cycles, which is higher than 7.9% of the subsequent 100 cycles.
It is believed that the interface becomes more stable with the
growing cycles to maintain long-term stability. The result
forecasts that the SEI is reforming and consuming HSEs in the
initial cycles. Although the capacity fades after cycles because
of the loss of Li inventory and active materials, the all-solid-
state lithium batteries with HSEs-40% still show favorable
cycling performance and thermal stability at high temperatures.
In addition, the EIS curves of HSEs-40% and HSEs-20% no-
cycled samples and the sample after the cycle are shown in

Figure 5e, which revealed that the capacity fading was due to
the largely increased interface impedance inner all-solid-state
lithium batteries with growing cycles and the resultant Li-ion
transmission restriction, and the equivalent circuit of the as-
prepared all-solid-state lithium batteries is shown in Figure
S10. The EIS of HSEs-40% shows lower interface impedance
than that of HSEs-20%, which is the crucial factor to promote
the cycling performance for the all-solid-state lithium batteries
with HSEs-40%. Hence, the prominent interfacial compatibility
and stability of HSEs are the essential parameters for all-solid-
state lithium batteries.52−54

In order to investigate the Li dendrite growth mechanism
and the interface stability between the electrodes and HSEs-
40%, the all-solid-state lithium battery with HSEs-40% was
disassembled in an Ar-filled glovebox after the long cycling test.
The internal structure of the battery is shown in Figure 6a,

where the HSEs-40% and the electrodes coalesce closely. The
corresponding microstructure was observed evidently after
heating, as exhibited in Figure 6b. During the cycling process,
the interfacial adhesion between the cathode layer and the
HSEs-40% membrane was reinforced accordingly, and the
interfacial impedance also reduced.55,56 The interface between
HSEs-40% and the lithium metal anode is displayed in Figure
6c; the interface was flat without obvious Li dendrite
formation. Furthermore, the cathode and HSEs-40% displayed
favorable stability and compatibility after long cycles, as
presented in Figure 6d. The structure not only reduces the
interface impedance between the electrolytes and electrodes
but also suppresses the growth of Li dendrites by the polymer
matrix and thus protects the lithium metal anode without side
reactions. The excellent interface contact and good wetting
ability can promote Li-ion migration significantly and reduce
the impedance of charge transfer.57−59 Moreover, the pouch
battery with HSEs-40% was fabricated to explore the practical
applications.
The pouch battery that lighted the light-emitting diode

(LED) at room temperature is shown in Figure 7a,
demonstrating that the HSEs-40% has enough capacity to
maintain working miniwatt devices. The pouch battery with
HSEs-40% was well-operated when the pouch battery was

Figure 6. (a) Photographs of the all-solid-state lithium battery after
disassembling. (b) SEM image of HSEs-40%-based all-solid-state
lithium battery. SEM images showing (c) the interface between the
electrolyte (HSEs-40%) and the lithium metal anode. (d) Interface
between the HSEs-40% and the cathode.
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under folding or even cropping, as presented in Figure 7b,c.
The battery with HSEs-40% showed outstanding safety
performance and application prospect compared to the liquid
organic electrolyte in extreme environments, indicating that
HSEs-40% hold great promise for flexible electronics. Notably,
the pouch battery with HSEs-40% has no liquid solvent even
after disassembling, as shown in Figure 7d, which makes a
smaller battery than the liquid organic electrolyte-based battery
with an equivalent capacity, and that is beneficial to elevate the
energy density.

4. CONCLUSIONS

A flexible HSE was synthesized using a simple strategy, and it
demonstrated a large electrochemical window (>5 V vs Li/Li+)
and excellent thermal stability. With adding 40 wt % LATP,
PCL−LiClO4−LATP HSEs have shown a high Li-ion
transference number of 0.58, a stable interfacial contact, and
a low percentage of crystallinity (χc) of 26.48%. The symmetric
battery with HSEs-40% maintains highly stable plating/
stripping cycling for 300 h under a current density of 0.12
mA cm−2 at 55 °C. The LFP-based all-solid-state lithium
batteries utilize the HSEs-40% that exhibits a high initial
discharge specific capacity of 136.6 mAh g−1 with a superior
capacity retention of 75% after 200 cycles at 0.3 C and an
excellent rate performance from 0.2 to 2 C without any liquid
electrolyte. In addition, PCL as a biodegradable polymer
matrix shows excellent mechanical properties and interfacial
compatibility with the lithium metal anode. The outstanding
performance of the HSEs-40% not only reveals that it is a very
promising electrolyte candidate but also shows that the
employed method could be an effective and convenient
strategy to expand the family of HSEs by employing different
chelating ligands and inorganic active ceramic fillers. Moreover,
the all-solid-state lithium batteries with HSEs-40% demon-
strate superior safety even with the cropping operation, which
is a crucial step to enter the times of flexible, implantable
energy-powering devices.
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