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Ultrathin thiol-ene crosslinked polymeric electrolyte for solid-state and
high-performance lithium metal batteries
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ABSTRACT Solid polymer electrolyte (SPE) is a potential
material for the next-generation safe battery system. However,
the inability of SPEs to maintain mechanical strength and
ionic conductivity is a bottleneck in further research. Here, a
poly(ether-thioether) electrolyte with a thiol-ene crosslinked
network was prepared by in situ click polymerization and
supported on an electro-spun polyimide (PI) mat to provide
an ultrathin membrane (19 μm in thickness). Combining a
thiol-ene crosslinked network and the reinforcement of the
electro-spun PI mat, this SPE membrane obtains high storage
modulus (135 MPa), high ionic conductivity (2.24 ×
10−4 S cm−1), and wide electrochemical window (up to 4.0 V) at
60°C. In addition, the Li-Li symmetrical cell based on the as-
prepared electrolyte demonstrates stable cycling performance
during Li plating/stripping, lasting more than 800 h at
0.1 mA cm−2. Such LiFePO4/Li cells with an ultrathin thiol-ene
network SPE membrane achieve over 250-cycle stability at
0.5 C and 60°C. This work develops a new ultrathin polymer
electrolyte for stable solid-state and high-performance lithium
metal batteries.

Keywords: solid polymer electrolyte, electro-spun PI mat, ul-
trathin, lithium metal battery

INTRODUCTION
Lithium-ion batteries (LIBs) have greatly improved our living
standards since their successful commercialization in 1991 [1].
Most commercial LIBs use organic carbonate liquid electrolytes
(LEs), which will not only result in the deterioration of battery
performance caused by irreversible side reactions between
electrolyte and anode, but also cause a series of safety problems,
including combustion and explosion [2–5]. Replacing the LE
with a solid-state electrolyte (SSE) is an effective way to promote
the safety and cycling performance of batteries [6]. In addition,
the SSE generally has a higher electrochemical stability window
(ESW) than LE; thus, it can match with high-voltage cathode
materials and increase the energy density of LIBs [7–9].
SSE can be classified into solid inorganic electrolytes (SIE) and

solid polymer electrolytes (SPE) [10]. SIE has been widely
researched because of its high ionic conductivity (>10−4 S cm−1),

excellent thermal stability (>200°C), and nonflammability [11–
13]. However, the high cost and poor interface contact between
the electrode and electrolyte hinder its development [14].
Compared with SIE, SPE can easily form a compact interface
with an electrode. Polyethylene oxide (PEO) is the commonly
used SPE because of its ability to complex with lithium ions and
chemical stability [15–17]. At present, the application of PEO in
the solid-state battery is limited by its low ionic conductivity
(10−7–10−5 S cm−1) and weak mechanical strength. PEO crys-
tallizes easily at room temperature, while ion transport primarily
occurs in the amorphous region of the polymer [18,19].
Therefore, several studies have been conducted to decrease the
degree of crystallinity, such as grafting, copolymerization,
crosslinking, adding plasticizer, and compositing with inorganic
filler [20–28]. Among these methods, copolymerization and
crosslinking can effectively decrease crystallinity without losing
mechanical strength. Wen et al. [29] reported a copolymer with
a crosslinked structure, which possessed high ionic conductivity
and low interfacial resistance, thus rendering batteries good
cycling performance. Zhang et al. [30] designed a UV-cross-
linked SPE based on PEO. This SPE with a crosslinked network
showed great electrochemical performance and successfully
suppressed Li dendrite growth. These studies demonstrated an
approach to enhance ionic conductivity and mechanical prop-
erties from the structural design level.
Furthermore, the thickness of SPE is an important parameter

that influences the internal resistance of the battery. Thinner
SPE indicates lower impedance and higher energy density for
LIBs [12,31,32]. Areal conductance is also a critical parameter
for the SPE membrane (σs = σ/l, where σs, σ, and l represent the
conductance per unit area, ionic conductivity, and thickness of
SPE, respectively), which is more appropriate to describe ion
transport in the battery than ionic conductivity. Therefore, the
higher the areal conductance, the better the battery performance
[33]. However, fabricating ultrathin SPE is difficult, as its
polymer matrix is a soft material that easily cracks. Thus, a thin
and robust scaffold material is necessary to obtain ultrathin SPE
[34–36]. Wan et al. [35] reported an ultrathin composite SPE
supported by a vertically aligned porous polyimide (PI) film.
The PI film is strong enough to reduce the thickness of SPE to
8.6 μm, and it enables the battery to operate over 1000 h without
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short circuit. Recently, Wang et al. [34] developed an ultrathin
SPE by filling poly(ethylene glycol) methyl ether acrylate and
lithium salts into a polyethylene host. Although the ionic con-
ductivity was not so outstanding, the LiFePO4//Li pouch cell
assembled with ultrathin SPE could cycle over 1000 times with
76.4% capacity retention. These studies indicate that a strong
scaffold material can reduce the thickness of SPE.
In this study, we reported an ultrathin thiol-ene network SPE

membrane by in situ polymerization, which was reinforced by a
PI electro-spun mat. –C–C–O– (EO) and –C–C–S– (ES) chain
segments in the thiol-ene network serve as carriers to conduct
lithium ions, and the PI electro-spun mat functions as a support
matrix to increase the modulus and ensure the continuous phase
of the polymer electrolyte matrix, resulting in SPE membrane
with a thickness of 19 μm. This ultrathin SPE membrane fea-
tured a high storage modulus (135 MPa) and high ionic con-
ductivity (2.24 × 10−4 S cm−1) at 60°C. Consequently, LiFePO4
solid-state batteries based on the as-fabricated SPE membrane
demonstrated a high capacity of 146.7 mA h g−1 at 0.5 C and
60°C after several activated cycles, and remained at
145.2 mA h g−1 after 250 cycles.

EXPERIMENTAL SECTION

Materials
Ethanedithiol (EDT, J&K), diethylene glycol divinyl ether
(DGDE, J&K), pentaerythritol tetra(3-mercaptopropionate)
(PETMP, Sigma), 2,2-dimethoxy-2-phenylacetophenone
(DMPA, Aladdin), lithium bis(trifluoromethane sulfonyl)imide
(LiTFSI, Macklin), gamma-butyrolactone (GBL, J&K), PEO (Mw:
100,000 g mol−1, Sigma Aldrich), PEO (Mw: 600,000 g mol−1,
Sigma Aldrich), LiFePO4 (LFP, Great power Co., Ltd.), Super P
(Canrd Co., Ltd.), anhydrous acetonitrile (CH3CN, J&K), N,N-
dimethylformamide (DMF, J&K), N-methyl-2-pyrrolidone
(NMP, J&K), chloroform-d (CDCl3, Innochem), PI electro-spun
mat (Jiangxi Advanced Nanofiber S&T Co., Ltd.), and lithium
foil (Guangzhou Tianlida Chemical Glass Co., Ltd. thickness:
600 μm) were used as received.

Preparation of polymer electrolyte
EDT (3.0 mmol), DGDE (3.2 mmol), PETMP (0.1 mmol),
DMPA (0.1 mmol), LiTFSI (1.0 mmol), and GBL (0.1 mL) were
added into a glass vial without other solvent and stirred under a
dark condition for 0.5 h to obtain a homogeneous precursor
solution. The obtained solution was dropped onto a PI electro-
spun mat with 10 μm thickness and cured under UV light
(365 nm) for 10 min. Afterward, an ultrathin, transparent, and
flexible solid membrane (poly(ether-thioether) (PETE)-15/
PI10G) was formed (thickness: 19 μm; area density:
2.7 mg cm−2). The experiment was performed in an argon-filled
glove box. The PEO electrolyte membrane was prepared as
previously reported [37] (thickness: 170 μm; area density:
21.2 mg cm−2). The PEO/PI electrolyte membrane was prepared
by solution casting (thickness: 20 μm). The ratio of (EO + ES) or
EO to Li for all SPE membranes was 15:1.

Cell assembly and measurements
Homogeneous cathode slurry was obtained by mixing LFP,
PEO/LiTFSI, and Super P (w/w/w = 7:2:1) in acetonitrile (ACN)/
DMF (v/v = 1:1) by planetary ball milling at 150 r min−1 for 12 h.
The slurry was coated with Al foil, followed by drying in an oven

at 50°C and further drying at 70°C under a high vacuum for
12 h. LFP was loaded at approximately 1.5 mg cm−2. Before cell
assembly, 10 μL of a homogeneous solution (0.05 g mL−1) of
PEO and LiTFSI (EO:Li = 15:1) in ACN/DMF was added to the
surface of the cathode, followed by drying at room temperature
in an argon-filled glove box for 12 h. A 2025-type coin cell was
assembled by piling the LFP cathode, SPE, and Li foil together.
Charge and discharge tests were conducted to evaluate the
cycling performance on a LAND testing system at 60°C in the
range of 2.5–3.9 V. A 2032-type Li|SPE|Li symmetric cell was
assembled using the same method to evaluate the cycling sta-
bility of the SPE and tested at a current density of 0.1 mA cm−2

and capacity of 0.1 mA h cm−2 at 60°C.

Characterization
The nuclear magnetic resonance (NMR) was recorded on a
spectrometer (Bruker, Advance III, 400Hz), using CDCl3 as
solvent. Differential scanning calorimeter (DSC) was tested by
using a Netzsch Model 204 and heated from −100 to 100°C at a
heating rate of 10°C min−1 under a nitrogen atmosphere.
Thermogravimetric analysis (TGA) was performed from 30 to
700°C at a heating rate of 10°C min−1 under nitrogen protection
with PerkinElmer Pyris Diamond. Fourier transform infrared
spectra (FTIR) were recorded using a spectrometer (Perki-
nElmer Spectrum 100). Scanning electron microscopy (SEM)
was performed by using TESCAN CLARA and JEOL JSM-
6380LA. In addition, X-ray photoelectron spectroscopy (XPS)
was performed by using Thermo Fisher Scientific ESCA NEXSA.
Storage modulus was tested by dynamic mechanical analysis
(DMA 242 D) using tensile mode.

Electrochemical measurement
The ionic conductivity was measured by electrochemical impe-
dance spectroscopy (EIS) using NOVE ranging from 1 Hz to
100 kHz. The SPE was sandwiched between two stainless steels
(SS), and the ionic conductivity (σ) can be calculated using the
following equation:

l
S R= * ,

where l, S, and R represent the thickness, area, and resistance
value of the SPE, respectively.
The activation energy can be calculated using the following

equation [38,39]:

( )
E

R T T= exp ,i 0
a

0

where T0 is the temperature that is 50 K lower than Tg, T is the
Kelvin temperature, Ea is the activation energy, R is the ideal gas
constant, and σ0 is a function of temperature ( AT=0

1
2 ),

respectively.
The lithium-ion transfer number (t Li+) was calculated using

the Bruce-Vincent-Evans equation [40]:
( )t
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where I0, Iss, R0, and Rss are the initial current, steady-state
current, and interface impendence before and after polarization,
respectively. ΔV is the polarization potential (10 mV).
ESW was measured by linear sweep voltammetry (LSV) from

0 to 6 V at 1 mV s−1 using a CHI 604E electrochemical work-

SCIENCE CHINA Materials ARTICLES

April 2023 | Vol. 66 No.4 1333© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2022



station. The SPE was placed between lithium foil and SS or
carbon paper.

RESULTS AND DISCUSSION
The design strategy of the PETE-15/PI electrolyte membrane is
shown in Fig. 1. Comparing PETE-15/PI with PEO and PEO/PI
electrolyte membrane, we solve the common key problems by
primarily eliminating the crystal of EO segments by carefully
designing a molecular structure, such as, considerably increasing
the robustness of electrolyte membranes and decreasing their
thickness. PEO is a typical crystalline polymer electrolyte with a
low viscous flow temperature. When the PEO electrolyte
membrane operates at high temperatures such as 60°C, the
polymer chains move faster and even flow, which causes the
breaking of the membrane and short circuit of batteries. Using a
supported matrix can effectively increase the strength and
reduce the thickness of the PEO electrolyte membrane, but the
molecular chain can still move out of the supported membrane.
Therefore, the broken membrane may block the transmission of
Li+, which degrades battery performance.
Considering the abovementioned problems, we design and

fabricate a crosslinked thiol-ene network within a PI electro-
spun mat to obtain an ultrathin (only 19 μm) and robust elec-
trolyte membrane. The thiol-ene network is superior to other
olefin addition networks in conducting Li+ with the following
benefits: (1) the thiol-ene network can conduct ions through
main chains, which boosts conductivity; (2) the segment length
between crosslinking points can be controlled for an adjustable
and uniform network; (3) the alternating structure obtained
from thiol-ene addition ingeniously decreases the crystallinity of
EO segments. The designed electrolyte membrane exhibits a
well-rounded performance, including excellent dimension sta-
bility and high ion conductivity.
We investigated the compatibility of the thiol-ene crosslinked

network and PI electro-spun mat and the controllable fabrica-

tion of the thiol-ene crosslinked network to decouple the trade-
off between ionic conductivity and mechanical strength. Fig. 2a
shows the chemical structure before and after the polymerization
of PETE. The PI electro-spun mat was immersed in a precursor
containing EDT, DGDE, PETMP, LiTFSI, and DMPA and then
cured under a 365-nm ultraviolet lamp for 10 min. The thiol-ene
click addition reaction between thiol and vinyl groups was
initiated around PI fibers, which possessed high conversion,
rapid rate, and mild reaction conditions (Fig. S1). The composite
membrane with 19-μm thickness is light yellow, transparent,
integrated, and robust (Fig. 2h, i), demonstrating the excellent
compatibility and cooperation between the PI electro-spun mat
and PETE. As shown in Fig. S2a, the PI electro-spun mat has a
continuous and uniform fiber network and sufficient porosity,
which ensures a high content of ionic conductivity in the pre-
pared electrolyte membrane. For the obtained PETE-15/PI
membrane, the PI fibers are entirely wrapped in a crosslinked
PETE matrix (Fig. S2b). The cross-sectional SEM images of the
composite membrane shown in Fig. S2c, d also indicate that the
thickness of the composite membrane is 19 μm.
The reaction initiated by the photoinitiator was tracked by 1H

NMR analysis and FTIR spectrum (Fig. 2b, e). The characteristic
peaks of EDT and DGDE are approximately 1.7 and 6.5 ppm,
corresponding to the hydrogen of sulfhydryl and C=C bond,
respectively. In addition, the molar ratio of the thiol group is
excessively high. After polymerization, the peak at 6.5 ppm
disappears, indicating the complete conversion of double bonds,
whereas the peak around 1.7 ppm of ETE is weak, corresponding
to the capped thiol group. In the spectrum of ETE, the major
peaks can be divided into two parts; the peaks around 2.8 ppm
correspond to the hydrogen on the carbon next to the sulfur
atom, and the other peaks around 3.6 ppm correspond to the
hydrogen on the carbon next to the oxygen atom. The FTIR was
selected to characterize the successful preparation of the polymer
electrolyte matrix. Fig. 2e shows the FTIR spectra of PETE-15/PI

Figure 1 Design of the PETE-15/PI composite electrolyte membrane for improved battery performance. The differences among the PEO electrolyte, PEO/PI
electrolyte, and PETE-15/PI electrolyte are displayed.
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and DGDE, but EDT and PETMP were not tested because of
their strong odor. The absorption peak at 1618 cm−1 is ascribed
to the C=C stretching vibration of DGDE, which is absent in the
spectrum of PETE-15/PI, indicating the complete conversion of
DGDE. As reported in the literature, the thiol group in FTIR
appears around 2500 cm−1, and no evident peak is observed at
this area, implying completely reacted thiol functional groups
[41,42]. In addition, the stretching vibrations of C–O–C
(1196 cm−1) and C–S–C (1108 cm−1) confirm the chemical
structure of PETE-15/PI.
The adjustable thiol-ene network of PETE greatly affects the

ionic conductivity and mechanical strength of the PETE-x/PI
composite membrane. x refers to the theoretical structural repeat
unit calculated by the ratio of reactants. The thiol-ene click
reaction is in accordance with the rule of the step-growth
reaction mechanism accompanied by the chain transfer reaction
of sulfur-free radicals. x follows the equation x = r/(1 − r), where
r is the mole ratio of EDT/DGDE. We matched up r and x.
When we select a higher r approaching 1, x is larger, which
indicates a thiol-ene network with a lower crosslinking density.

Therefore, we further explored the relationship between the
chain length x and ionic conductivity. As shown in Fig. 2c, the
ionic conductivity is improved, when x increases from 10 to 20,
which can be attributed to the enhancement of the segmental
motion as the crosslinking degree declines. We also selected
PETE-15 as a preferential option to fabricate the PETE-15/PI
composite membrane for an overall consideration of con-
ductivity and mechanical strength. Fig. 2c shows the ionic
conductivity of PETE-15 with and without a PI electro-spun
mat, and the results indicate that the addition of PI electro-spun
fiber slightly decreases the ionic conductivity. To enhance ionic
conductivity, 5, 10, and 15 wt.% GBL was added in PETE-15/PI,
labeled PETE-15/PI5G, PETE-15/PI10G, and PETE-15/PI15G,
respectively. The temperature-dependent ionic conductivities of
these three electrolytes are shown in Fig. 2d. With high con-
ductivities of 2.80 × 10−5 S cm−1 at 25°C and 2.24 × 10−4 S cm−1

at 60°C, PETE-15/PI10G was applied for the assembly and
performance test of subsequent batteries. Furthermore, we
applied the Vogel-Tamman-Fulcher (VTF) equation to describe
the relationship between the conductivity and temperature for

Figure 2 (a) Schematic illustration of the synthesis of PETE-x via the thiol-ene click reaction. (b) 1H NMR spectra of EDT, DGDE, and their product of the
reaction, ETE. (c) Temperature-dependent ionic conductivities of PETE-x with and without PI electro-spun mat. (d) Temperature-dependent ionic con-
ductivities of PETE-15/PI with different ratios of GBL. (e) FTIR spectra of PETE-15/PI and DGDE. Storage modulus of (f) PETE-15/PI10G and (g) PEO
electrolyte membrane from −60 to 60°C measured by DMA. (h) Optical image of PETE-15/PI. (i) Thickness of PETE-15/PI.
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the PETE-15/PI10G and PEO electrolyte membrane (Fig. S3).
The lower activation energy (Ea) calculated for PETE-15/PI10G
indicates fast ion transportation through the thiol-ene network.
Another outstanding merit of the alternating thiol-ene structure
lies in the high lithium-ion transfer number (tLi+) of PETE-15/
PI10G. Fig. 3c exhibits its interfacial resistance before and after
polarization and polarization current curve. tLi+ of the PETE-15/
PI10G electrolyte membrane is calculated to be 0.31, whereas
that of the PEO electrolyte membrane is only 0.11 (Fig. S4c).
Higher tLi+ promotes the weakened coordination of EO segments
and lithium ions in PETE-15/PI10G, which indicates the success
of designing the alternating structure of ES segments and EO
segments.
In previous reports, the mechanical property of SPE is usually

characterized by tensile tests at room temperature. However, it
cannot reveal the actual strength at high temperatures during
battery tests. Therefore, we utilized DMA to analyze the storage
modulus of the electrolyte membrane at different temperatures.
As shown in Fig. 2f, the storage modulus of the PETE-15/PI10G
electrolyte membrane achieves 3140 MPa at −60°C and remains
135 MPa at 60°C, which is superior to the PEO electrolyte
membrane (Fig. 2g). The PETE-15/PI10G electrolyte membrane
has an interpenetrating network of thiol-ene crosslinked net-
work and PI electro-spun fiber network. Therefore, it maintains
a high storage modulus of more than 135 MPa at 60°C, whereas
the PEO electrolyte membrane loses its modulus dramatically
from 494 to 16.8 MPa at −60 to 60°C.
For a polymer electrolyte, a lower glass transition temperature

(Tg) indicates more free volume, which can promote segmental

motion and increase ionic conductivity. As shown in Fig. 3a,
PETE-15/PI10G shows Tg of −45.5°C, without any melting peak,
which confirms its amorphous structure. This finding can be
attributed to the introduction of ES segments in the polymer
chain. By contrast, higher Tg and melting peaks are observed in
the DSC curve of the PEO electrolyte (Fig. S4a). In addition, Tg
of PETE-x/PI decreases with the increase of x and the amount of
GBL (Fig. S5), which is consistent with the ionic conductivity
variation rules. Furthermore, TGA was conducted to evaluate
the thermal stability of the polymer electrolytes. Fig. 3b shows
the TGA curve of PETE-15/PI10G. 5 and 50 wt% weight loss can
be obtained at 144 and 319°C, respectively, which can meet the
requirement of thermal stability in LIBs. The derivative ther-
mogravimetry (DTG) curve shows three evident peaks corre-
sponding to the decomposition of GBL, polymer matrix, and
lithium salt. Two thermal decomposition temperatures (321 and
451°C) belong to PETE and LiTFSI, respectively, which can also
be verified in the TGA curve of the PETE-15/PI electrolyte
(Fig. S6a). In addition, the thermal decomposition temperature
of the PI support matrix is over 500°C (Fig. S6b).
LSV was applied to evaluate the electrochemical stability of the

polymer electrolyte at 60°C. As shown in Fig. S7, when taking SS
as the counter electrode, the response current rapidly increases
at 4.8 V, indicating the electrochemical oxidation decomposition
of the PETE-15/PI10G electrolyte membrane. However, using SS
as the working electrode cannot accurately test LSV as reported
in previous literature because SS is smooth, flat, and inert,
whereas the cathode is porous and rough [43,44]. Therefore, we
used carbon paper as the counter electrode to test the electro-

Figure 3 (a) DSC curve; (b) TGA and DTG curves of PETE-15/PI10G. (c) Chronoamperometry curve of Li|PETE-15/PI10G|Li cell at 60°C (inset: EIS
spectra before and after polarization); (d) LSV of Li|PETE-15/PI10G|carbon paper cell at 60°C.
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chemical stability, and the result suggests that the ESW of the
PETE-15/PI10G electrolyte membrane is 4.0 V (Fig. 3d), which
can meet the application requirement of LIBs.
To investigate the lithium/electrolyte interface stability, the

lithium plating/stripping cycling experiment was performed at
60°C. We designed a test procedure, including charge and dis-
charge processes for 1 h, at a current density of 0.1 mA cm−2.
Fig. 4a shows the time-voltage curves of the lithium symmetric
cell with PETE-15/PI10G and PEO electrolyte membranes. The
Li|PETE-15/PI10G|Li cell presents a low overpotential of 44 mV
at the early cycle and increases slightly until 800 h. Meanwhile,
no short circuit occurs during lithium plating/stripping, indi-
cating its good mechanical strength and compatibility with
lithium metal. Moreover, the Li|PETE-15/PI|Li cell exhibits a
stable overpotential and no short circuit over 1400 h (Fig. S8).
By contrast, the Li|PEO|Li cell presents an overpotential of
77 mV at the first cycle and reaches a stable state of 42 mV after
several activation cycles. However, the symmetric cell shows
micro short circuit at 172 h and short circuit at 207 h (Fig. 4c),
which is primarily due to poor dimensional stability. We also
prepared a PEO/PI electrolyte membrane using solution casting
and tested the symmetric cell at the same condition. The cell

shows short circuit at 40 h, which indicates the superiority of the
PETE-15/PI10G electrolyte (Fig. S9). Fig. S10 illustrates the
difference in dimensional stability between PETE-15/PI10G and
PEO electrolyte membranes. We raised the temperature to 70°C
to observe the result more quickly, whereas the melting point of
the PEO electrolyte is 49.8°C (Fig. S4a). After thermal insulation
for 24 h, the PETE-15/PI10G electrolyte membrane can keep its
shape, but the PEO electrolyte membrane has observable
deformation. This property will make it easier for cell failure,
particularly in coin cells with high-stress structures.
As for liquid lithium metal batteries, the side reaction between

LE and lithium anode is an important problem, which will cause
an unstable solid electrolyte interface layer and uneven lithium
plating. As shown in Fig. 4f, ununiform lithium plating is
observed at the surface after 200 h of continuous testing in Li|
LE|Li cells. By contrast, the surface of the cycled Li|PETE-15/
PI10G|Li cell is dense and smooth (Fig. 4e), which is almost the
same as that of the cell before cycling (Fig. S11). The result
indicates a stable interface between PETE-15/PI10G and lithium
anode. For further explaining the lithium/polymer electrolyte
interfaces, XPS analysis was selected to illustrate the composition
information of the Li surface after cycling. As shown in Fig. S12,

Figure 4 (a) Galvanostatic cycling performances of Li|PETE-15/PI10G|Li and Li|PEO|Li cells at 0.1 mA cm−2, 60°C. Voltage-time profiles of Li|PETE-15/
PI10G|Li cells from (b) 100–110 h, (c) 202–212 h, and (d) 600–610 h. Surface SEM images of the lithium foil disassembled from (e) Li|PETE-15/PI10G|Li and
(f) Li|LE|Li after 200 h of cycling. (g) XPS spectrum of F 1s for the lithium foil disassembled from Li|PETE-15/PI10G|Li after 200 h of cycling.
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three peaks in the C 1s spectra are attributed to C–C, C–O, and
C=O [45,46], which are primarily derived from reactions
between the polymer electrolyte and Li anode during Li plating
and striping. As previously reported, LiF is a useful component
of solid electrolyte interface, which can achieve uniform Li
electrodeposition [47]. In the F 1s spectrum (Fig. 4g), the peaks
of C–F and LiF are derived from lithium salt.
Finally, we explored the potential application of PETE-15/

PI10G in lithium batteries. The 2025-type coin cells were
assembled using Li metal as the anode, PETE-15/PI10G as the
SPE, and LFP as the cathode material. As shown in Fig. S13, two
peaks are observed at 3.70 and 3.18 V, which correspond to the
de-intercalation and intercalation of Li-ion. The Li|PETE-15/
PI10G|LFP cell shows satisfactory reversibility of electrochemical
reaction because of the similar area of oxidation and reduction
peak. The rate performance of the Li|PETE-15/PI10G|LFP cell is
shown in Fig. 5a. The cell delivers a high capacity of
153.3 mA h g−1 at 0.2 C with the Coulombic efficiency of 99.2%.
At a higher current density, the discharge capacity can reach
151.1 and 144.4 mA h g−1 at 0.5 and 1 C, respectively, with the
Coulombic efficiency of 99.9%. In addition, the capacity of
154.2 mA h g−1 can be maintained in the last five cycles, indi-
cating its outstanding rate performance. Fig. 5d shows the vol-
tage-capacity curves at different rates. The cell has low
overpotentials of 56, 81, and 156 mV at 0.2, 0.5, and 1 C,
respectively, which can be attributed to the thickness of the
polymer electrolyte. Fig. 5b represents the cycling stability of the
Li|PETE-15/PI10G|LFP cell at 60°C. At 0.5 C rate, the specific
capacity can achieve 146.7 mA h g−1 after several activated cycles
and remain at 145.2 mA h g−1 after 250 cycles (average Cou-
lombic efficiency: 99.9%), which is 99.0% of the highest capacity.
By contrast, the Li|PEO|LFP cell provides the specific capacity of
142.1 mA h g−1 and decays to 130.1 mA h g−1 rapidly with worse
Coulombic efficiency from cycle 21 (Fig. S4d). Moreover, the Li|
PEO/PI|LFP cell can cycle 16 times and fail (Fig. S14). This
excellent cycling performance is primarily due to the compat-
ibility of the PETE-15/PI10G electrolyte membrane with Li

anode and its dimensional stability and high storage modulus.
Even at a higher discharge rate (1 C), the Li|PETE-15/PI10G|
LFP cell can also deliver 139.9 mA h g−1 at the initial cycle and
remain 124.8 mA h g−1 after 360 cycles (retention rate: 89.2%,
Fig. 5c). Furthermore, the loss capacity is due to the worsening
of battery polarization (Fig. 5f). These results indicate that the
PETE-15/PI10G electrolyte exhibits an enormous potential for
the practical application of LIBs.

CONCLUSIONS
An ultrathin PETE-15/PI10G electrolyte membrane was suc-
cessfully designed and fabricated via a thiol-ene click reaction
within a PI electro-spun mat. Compared with the conventional
PEO electrolyte membrane, the PETE-15/PI10G electrolyte
membrane exhibits the storage modulus up to 135 MPa and
ionic conductivity of 2.24 × 10−4 S cm−1 at 60°C. These out-
standing performances can be attributed to the construction of
an adjustable and uniform network containing EO and ES chain
segments on the PI electro-spun mat. Such LFP/Li cells with the
ultrathin PETE-15/PI10G electrolyte membrane exhibit an
excellent rate performance (144.4 mA h g−1 at 1 C) and cycling
stability (99.0% retention rate after 250 cycles at 0.5 C). This
work provides a simple, rapid, and high-efficiency approach for
an ultrathin SPE membrane in lithium batteries.
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超薄烯-巯交联聚合物电解质及其固态高性能锂金属
电池
李志峰1†, 王天羿1†, 钟雷1*, 肖敏1, 韩东梅2, 王拴紧1, 张世超3,
黄盛1, 孟跃中1*

摘要 固态聚合物电解质(SPE)是下一代安全电池系统的潜在材料, 但
SPE不能同时保持较高的机械强度和离子传导率, 使下一步研究进入瓶
颈. 在此, 我们通过原位点击反应在静电纺丝聚酰亚胺(PI)膜上制备了
一种具有交联结构的聚醚硫醚电解质, 厚度仅为19 μm. 由于烯-巯网络
的交联结构和静电纺丝PI膜的增强作用 , 该SPE膜在60°C下具有
135 MPa的储能模量, 2.24 × 10−4 S cm−1的离子传导率和4.0 V的电化学
稳定窗口, 并且锂-锂对称电池在0.1 mA cm−2下循环超过800 h, 展现出
了优异的循环稳定性. 用该超薄聚合物电解质膜组装的LiFePO4/Li电池
在60°C, 0.5 C下能够循环超过250圈. 这项工作开发了一种用于固态高
性能锂金属电池的新型聚合物电解质.

ARTICLES SCIENCE CHINA Materials

1340 April 2023 | Vol. 66 No.4© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2022


	Ultrathin thiol-ene crosslinked polymeric electrolyte for solid-state and high-performance lithium metal batteries 
	INTRODUCTION
	EXPERIMENTAL SECTION
	Materials
	Preparation of polymer electrolyte
	Cell assembly and measurements
	Characterization
	Electrochemical measurement

	RESULTS AND DISCUSSION
	CONCLUSIONS


