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The development of solid electrolytes for solid-state metal batteries is challenging and limited due to low
ionic conductivity, poor interface stability, and accompanying side reactions. Herein, a novel thioctic acid-
functionalized solid electrolyte based on hybrid heterogeneous 3D cross-linked network covalently tethering
thioctic acid is designed and synthesized. Thioctic acid makes soft PEGDA polymerized in hard P(VDF-HFP)
matrix to form tough hybrid heterogeneous 3D cross-linked network without initiator, which simultaneously en-
hances the ion transport and regulates the lithium deposition on the lithium metal surface. Moreover, the C-S
bonds formed by polymerization can increase the migration rate of Li*, and this initiator-free polymerization
process eliminates residual free radical side reactions and by-products, effectively improving the compatibility of
the solid electrolyte with lithium anode. Due to the rational design, the thiotic acid-functionalized hybrid network
electrolyte exhibits high ionic conductivity of 0.11 mS cm~! at ambient temperature. The symmetrical Li//Li cells
enable over 1800 h cycling, and the LiFePO,//Li full solid-state batteries deliver high capacity retention (>80%)
over 300 cycles at 0.5 C at 25 °C. This work demonstrates a rational design of thicotic acid-functionalized hybrid

network with greatly improved ionic conductivity and stability for high performance solid-state batteries.

1. Introduction

Lithium metal batteries have captured worldwide attention due to
their superior theoretical energy density [1,2]. However, there are many
problems in traditional batteries with liquid electrolytes, including the
side reaction of electrolytes with electrodes, the inevitable growth of
lithium dendrites, and unstable solid electrolyte interface (SEI) [3-5].
Moreover, Lithium dendrites would pierce the separator and trigger
short circuits of the battery. The flammable liquid electrolyte is prone
to security accidents [5,6]. Therefore, Solid-State Batteries (SSBs) with
better safety and higher energy density have been regarded as one of
the most promising next-generation energy storage systems [7,8]. As for
solid state electrolytes, the representative Li* conductors (garnet type
[91, LGPS type [10], etc.) in inorganic solid electrolytes demonstrate
high ionic conductivity and safety. However, the poor physical contact
and relatively complicated synthesis process limit their large-scale pro-
duction and application [9,10]. Solid polymer electrolytes have become
the promising electrolyte materials owing to their flexibility, good inter-
facial contact, cost-effectiveness, and easy fabrication, but the low ionic
conductivity and poor interface stability still impede their practical ap-
plication [11,12]. In order to improve their ionic conductivity, organic

plasticizers (PEG [13], TEGDME [14], etc.) can be added to increase the
amorphous area and reduce the crystallinity. However, the different seg-
ments mixed by conventional blending process may be inhomogeneous
in phase, which cannot form the continuous Li* transport path [15].
To construct 3D continuous Lit transport path, the cross-linked elec-
trolyte is a promising strategy that can enhance the ionic conductivity
without sacrificing mechanical properties. Fan et al. designed a 3D cross-
linked electrolyte through the thermal polymerization method, and it
effectively enhanced the ionic conductivity of electrolyte at room tem-
perature [16]. Jaumaux et al. proposed a safe deep eutectic solvent-
based electrolyte by the thermal cross-linked polymerization, which ex-
hibits non-combustibility, electrochemical stability, and stable interfa-
cial properties [17]. However, most crosslinking processes use thermal
or photoinitiators to generate free radicals to initiate the reaction. The
residual free radicals produced by the initiators affect the interface sta-
bility between the electrode and electrolyte, causing the degradation of
battery performance [18,19]. Therefore, it is indispensable to find a way
to prepare a cross-linked ionic conducting network without initiators.
In this regard, research efforts have been reported, such as epoxy ring-
opening polymerization [20,21], thiol-ene photopolymerization [22],
Electron Beam (EB) irradiation [23]. Among the various polymerization
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methods, radical ring-opening polymerization is attractive since it can
combine heteroatoms (such as sulfide atoms) and functional groups into
polymer backbone [24]. The high polarizability of thioether bonds (C-
S bonds) exhibits weaker complexation with cations than ether oxygen
bonds, which might be helpful for rapid cation conduction [25,26].

In this work, considering the advantages of radical ring-opening
polymerization and the unique features of C-S bonds, a novel chemically
stable hybrid network electrolyte was designed and synthesized via ring-
opening polymerization of thioctic acid (TA) with poly (ethylene glycol)
diacrylate (PEGDA) under the framework of P(VDF-HFP). There are sev-
eral unique features of our novel TA-functionalized hybrid network elec-
trolyte. First, TA is the small biological molecule containing multiple
self-polymerize reaction sites, and is linked to PEGDA and P(VDF-HFP)
by covalent bonds and hydrogen bonds under heating. Second, the ether
oxygen chain in PEGDA of 3D cross-linked network electrolyte can pro-
vide the strong Li* dissolution environment and serving as transport
chains for charge carriers. Third, high polarized sulfur atoms in TA can
provide suitable coordination, and thioether bonds can produce suitable
sites near Lit* transport for rapid transport. As a result, the ionic conduc-
tivity of the TA-functionalized hybrid network is increased to 0.11 mS
cm~! at room temperature. The 3D cross-linking heterogenous network
can adjust the distribution of active sites for Li * deposition, thereby gen-
erating a relatively uniform deposition on the lithium surface. Further-
more, the initiator-free crosslinking process reduces the occurrence of
side reactions at the interface, increasing the interface stability between
the electrolyte and lithium metal. As a result, the cycle life of lithium
symmetrical cells can reach 1800 h, and the LiFePO,//Li batteries ex-
hibit superior cycle performances, indicating that the heterogenous 3D
cross-linked network synthesized without initiator provide a promising
way for high performance solid electrolyte.

2. Results and discussion

Fig. 1 shows the schematic of the membrane formation of the cross-
linked PEGDA-TA-P(VDF-HFP) electrolyte (abbreviated as TA-hybrid
network), here PEGDA and TA are inspired by vulcanization polymer-
ized (Fig. S1). The multiple reaction sites of TA under heated condi-
tions provide possibilities of self-polymerization and copolymerization
(Fig. 1a). In 3D cross-linked structure, P(VDF-HFP) can form H-F hydro-
gen bonds with TA, and TA can form C-S covalent bonds with PEGDA
(Fig. 1b). The addition of hard P(VDF-HFP) is beneficial for improving
mechanical stability and thermal stability. Moreover, the excessive ether
groups of PEGDA are hidden in the 3D cross-linked network structure to
accommodate more Li* solvation. Photographs of TA-hybrid network in
Fig. 1c show its superior flexibility. As can be seen in the FT-IR spectra
for different positions of TA-hybrid network and the EDS mapping im-
ages (Figs. S2 and S3), the molecular bonding effect between PEGDA,
TA, and P(VDF-HFP) offers stable and homogeneous 3D connected soft-
hard polymer chains, which substantially enhances the amorphous area
and flexibility of the electrolyte and supplies a better Li* transport path
at room temperature [27].

To demonstrate the occurrence of crosslinking reaction and the mor-
phology of products after polymerization, Scanning Electron Microscopy
(SEM) is used to observe the morphology of TA-hybrid network. It re-
veals that a homogeneous and textured membrane is obtained after poly-
merization, and the wrinkled texture may be derived from the crosslink-
ing domains between the polymer chains (Fig. 2a). A compact and well-
distributed cross-sectional SEM image of TA-hybrid network is shown
in Fig. 2b, indicating that the thickness of electrolyte is ~50 um. The
characteristics of the TA-hybrid network before and after copolymer-
ization were characterized by Fourier Transform Infrared Spectroscopy
(FT-IR). Since the double bond of PEGDA undergoes vulcanization to
quench the terminal double radicals of poly (thioctic acid), the change
in the C=C bonds (Fig. 2c) peaks at about 1635 cm~! indicates the oc-
currence of copolymerization. The Raman peaks (Fig. 2d) at 513 cm™! is
attributed to the vibration of disulfide bonds originated from vulcanized
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PEGDA. The remarkable peak splitting at around 684 cm~! indicates
the existence of C-S bonds. It is reported that longer C-S bond lengths
and proper coordination are conducive to segment motion, which con-
tributes to higher ionic conductivity of solid polymer electrolyte [28].

For solid electrolytes, the crystallization changes of different com-
ponents were studied by XRD. The characteristic peaks corresponding
to the original crystalline P(VDF-HFP) are reduced. The TA sharp peak
disappears completely (Fig. 2e), indicating that the crystallinity of the
final product is reduced. To further investigate the thermal stability of
the electrolyte, thermogravimetric analysis (TGA) shows that the TA-
hybrid network can stand a relatively high decomposition temperature
until 230 °C (Fig. 2f). polymer blends have begun to lose weight around
200 °C. Both electrolytes have good thermal properties, which can be
attributed to the heat resistance of the P(VDF-HFP). The reason why the
former is more resistant to high temperatures may be the formation of
cross-linked networks.

Mechanical properties are another core parameter of solid polymer
electrolytes. The high mechanical strength of the electrolyte membrane
can inhibit the growth of lithium dendrites [29]. Excellent flexibility
can ensure firm and stable contact between electrode and solid elec-
trolyte during the cycle [30]. The crosslinking 3D network improves
the toughness of the film and ensures good flexibility. Fig. S4 presents
the strain-stress curves of the TA-hybrid network and polymer blends
at room temperature. The enhanced tensile strength of the TA-hybrid
network is 1.53 MPa with an elongation-at-break of 330% with the ad-
dition of cross-linking agents. In contrast, the performance of polymer
blends is relatively poor since no cross-linking reaction occurs.

The ionic conductivity is an important index for evaluating solid
electrolyte. By testing the impedance of TA-hybrid network (Fig. 3a)
and polymer blends (Fig. S5) at different temperatures. The TA-hybrid
network electrolyte shows a prominent high ionic conductivity value
(0.11 mS cm~1) at ambient temperature (Fig. S6), which is seven times
higher than polymer blends (Table S1). Fig. S7 shows the temperature
dependence of the ionic conductivity of TA-hybrid network electrolytes
membranes in the temperature range of 20-80 °C. The corresponding Ar-
rhenius plots are depicted in Fig. 3b, and the TA-hybrid network reveals
a more stable temperature-dependent conductivity with lower activa-
tion energy (E,) of 0.21 eV whereas 0.37 eV of polymer blends, which
matches well with the high ionic conductivity. The increase in ionic
conductivity may be attributed to the synergistic effect of weak coordi-
nation of thioether bonds and the 3D cross-linked Li* conductive net-
work paths [25,31]. The electrochemical stabilities of electrolyte were
tested by linear sweep voltammetry (LSV) in Fig. 3c. Compared to the
polymer blends of 4.1 V vs. Lit/Li, the TA-hybrid network exhibits im-
proved anodic stability, and no decomposition occurs below 4.3 V vs.
Lit/Li. The Li* transference number (LITN) is another important as-
pect of electrolytes to reflect the ratio of mobile Li*. The LITN of the
TA-hybrid network was calculated to be 0.47 (Fig. 3d), because TA can
weaken the coordination between Li* and -EO- unit on the PEGDA seg-
ment and facilitate the separation of Lit from ion pairs. For another,
the cross-linked network formed by the self-polymerization and copoly-
merization of TA impedes the movement of anions [14], thus retards
Li dendrite nucleation and effectively blocks the growth of Li dendrites
[32].

The symmetrical Li cells are applied for the galvanostatic cycling
test to observe the interfacial stability in the process of lithium-ion
stripping/plating. The TA-hybrid network exhibits a relatively steady
cycling performance in Li/TA-hybrid network/Li at 0.1 mA cm~2 for
1800 h (Fig. 4a) due to good compatibility between the TA-hybrid net-
work and lithium metal, indicating a certain resistance to the growth
of lithium dendrites [33]. As shown in Fig. 4b, under different current
densities of 0.05, 0.1, 0.2, 0.3, and 0.4 mA cm~2, after 10 h cycling,
the Li/TA-hybrid network/Li symmetrical cells exhibit stable lithium
electroplating/dissolution, and the polarization voltage is 15, 30, 60,
95, 140 mV, respectively. Moreover, at a constant capacity of 0.2 mAh
cm~2, the symmetrical cell tests under current densities of 0.1, 0.2, 0.4,
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Fig. 1. (a) Chemical structures for PEGDA, TA and P(VDF-HFP). (b) Schematic illustration of the prepared TA-hybrid network structure and the intermolecular
hydrogen binding effect. (c) Photographs for TA-hybrid network. Schematic illustration of the superiority of 3D cross-linked network that works in solid-state lithium
batteries. (d) Li-ion transport pathways in polymer blends. (e) Li-ion transport pathways in TA-hybrid network.

and 0.5 mA cm~2 in Fig. S8 show ultralow overpotentials. Remarkably,
at a relatively high current density of 0.5 mA cm~2, the cell maintains
an overpotential value of 150 mV. However, the polarization voltage
of the polymer blends symmetrical battery rises greatly with the cycle
time increases, even more than 750 mV (Fig. S9). In comparison, the TA-
hybrid network is more conducive to Li* transport and has a smaller po-
larization. The morphology of lithium electrode surface was detected. A
pulverized rough surface is observed on the lithium electrode retrieved
from cells after 100 cycles with the polymer blends (Fig. 4c), while the
TA-hybrid network is used as an electrolyte to assemble a symmetri-
cal cell under the same conditions, and the surface of the lithium sheet
after cycling is smooth without obvious cracks and pits (Fig. 4d). The re-
sults demonstrate that an intimate interfacial contact is generated by the
formed 3D cross-linked network, which enables lithium ions to deposit
uniformly on the lithium anode surface.

Fig. 4e shows the EIS impedance spectrum of the Li/ TA-hybrid net-
work /Li cell after cycle. The equivalent circuit models for fitting the
Nyquist diagrams are shown in Fig. S10. The impedance spectrum curves
can be divided into two parts: the intersection of the curve with the real
axis at high frequency region (resistance in the bulk of SPE, R;) and the
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intermediate frequency semicircle (including the reaction resistance at
the electrolyte/electrode interface, R;,;) [13]. In Fig. 4e, the decrease in
R, is due to increased contact at the electrolyte interface, but remains
almost unchanged during subsequent cycles, indicating that the cell is
stable thereafter [34,35]. the Li/TA-hybrid network/Li cell shows an
initial R, of ~750 Q, which is then reduced to ~100 Q after 10 cycles.
Thereafter, the R;,; of the Li//Li cell increase gradually with the cycle
number increase. Even though, after 50 cycles, the surface impedance
remained as low as 400 Q, showing that TA-hybrid network has good
compatibility with the Li-metal anode. Moreover, the composition of SEI
layer in the cycle of Li//Li battery was investigated by X-ray Photoelec-
tron Spectroscopy (XPS) (Fig. 4f-i). As shown in F1s spectra, it can be
seen that more LiF is formed on the lithium metal surface in contact
with the TA-hybrid network electrolyte (Fig. 4g and i). It is reported the
presence of LiF-rich SEI can probably yield great ascendancy associated
with regulating homogeneous deposition of Li* ions flux [36,37]. More-
over, the distinct difference between the two samples can be found in
the C1s spectra. Two extra peaks centered at 290.8 eV and 292.8 eV oc-
curs for the SEI formed in the polymer blends, whereas these two peaks
do not show up in the SEI formed with TA-hybrid network. This peak
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Fig. 3. (a) EIS curves of TA-hybrid network from 20 to 80 °C. (b) Ionic conductivities of TA-hybrid network (red point) and polymer blends (blue point) as a function
of temperature. The plots represent the experimental data meanwhile the dotted lines represent Arrhenius fitting results. (c) LSV of the TA-hybrid network and
polymer blends at a scan rate of 10 mV s~! using stainless steel as working electrode, and Li as counter and reference electrodes. (d) Current-time profiles of the
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before and after polarization.
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Fig. 4. (a) Li//Li symmetric cells with TA-hybrid network at a current density of 0.1 mA cm~2 with a capacity of 0.1 mAh cm~2 at 25 °C. Insets: voltage profiles
at 90th, 450th, and 900th cycles of the Li/TA-hybrid network/Li cell. (b) Voltage profile of the lithium plating/stripping cycling in the symmetrical Li/TA-hybrid
network/Li cell with different current densities of 0.05, 0.1, 0.2, 0.3 and 0.4 mA cm™2, respectively. SEM images of Li metal surface in (c) Li/polymer blends/Li
and in (d) Li/TA-hybrid network/Li after cycling. (e) Alternating current impedance profiles of Li/TA-hybrid network/Li at different cycles. X-ray photoelectron
spectroscopy spectra of interface of Li foils after cycling with the TA-hybrid network (900th cycle) and polymer blends (90th cycle). (f) C 1s and (g) F 1s of TA-hybrid
network on the Li anode side. (h) C 1s and (i) F 1s of polymer blends on the Li anode side.

can be assigned to C in the functional group -CF, and -CF3, which may
originate from Li,NSO,CF3 and LiCF5 [38,39]. These two compounds
are the products of LITFSI decomposition [40], which proves that the
TA-hybrid network electrolyte is beneficial to stable SEI and reduces the
source of interfacial by-products.

Full battery tests are the most comprehensive evaluation of all as-
pects of electrolyte performance. To demonstrate the applications, the
solid-state lithium batteries (SSLBs) composed of LiFePO, as cathode,
TA-hybrid network or polymer blends as electrolytes and Li metal as an-
ode were assembled. At a rate of 0.5 C under ambient temperature, the
cycling stabilities of solid-state batteries assembled with TA-hybrid net-
work and polymer blends were compared in Fig. 5a. The batteries using
TA-hybrid network deliver a maximum specific capacity of 140.2 mAh
¢~! and remain 136.1 mAh g~! after 150 cycles, corresponding to a ca-
pacity retention of 97%. Conversely, although the discharge capacity of
battery assembled with polymer blends is equal to that of TA-hybrid net-
work at the beginning, the decreasing of the battery’s capacity is very
noticeable, the final capacity is only 50.1 mAh g ~! after 150 cycles.
Meanwhile, a comparison between this work and previously reported
SSLBs in terms of capacity retention in different conditions is shown
(Table S2). The stable cycling performance of TA-hybrid network can
be attributed to 3D rapid Li* transport paths and enhanced Li anode
compatibility.

Fig. 5b illustrates the rate performances of Li/TA-hybrid net-
work/LFP batteries at room temperature, as the current density rise,
the discharge voltage value decreases slowly. The discharge capacity
is 156.6 mAh g1 at 0.1 C, approximately 92.1% of the theoretical ca-
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pacity of LiFePO, (170 mAh g~1). The batteries deliver high reversible
capacities of 152.4 mAh g~! at 0.2 C and 143.2 mAh g1 at 0.5 C.
When the rate is restored to 0.1 C, the specific capacity quickly returns
to 156.3 mAh g~1. Corresponding discharge-charge curves is shown in
Fig. 5¢, remarkably, at a relatively high discharge/charge rate of 1 C, the
cell maintains a high capacity of 134.5 mAh g~!, over-potential value is
as low as 0.06 V at 0.1 C. However, the specific capacities of Li/polymer
blends/LFP cells were only 132.2 mAh g~1, 129.1 mAh g1, 122.1 mAh
g1, and 107.4 mAh g~! when cycling at 0.1 G, 0.2 G, 0.5 C, and 1 C, re-
spectively, much lower than that of the Li/TA-hybrid network/LFP cell.
These results demonstrate that compared to the polymer blends, the 3D
continuous Li* transport path with thioether bonds in the TA-hybrid
network possessed higher ionic conductivity and excellent interface sta-
bility, and contributed to the significantly enhanced performance of
LFP//Li batteries. Additionally, the LFP/TA-hybrid network/Li pouch
cell was assembled to verify the practicality of different conditions. As
illustrated in Fig. 5d-f, the pouch cell initially exhibits high open-circuit
voltages and it proves the same ability to lighting Light-emitting diode
(LED) devices before and after folding testing. Even shortly after sev-
eral cutting, the pouch cell can still successfully light up the green LED
(Fig. 5g), which indicates that the TA-hybrid network solid electrolyte
can be used to produce flexible solid state batteries with high safety.
Our designed TA-functionalized polymer electrolyte greatly affects
the process of lithium deposition behavior. In the polymer blends sys-
tem (like traditional polymer electrolytes), brief blending of PEGDA and
P(VDF-HFP) does not form a 3D cross-linked network. The coordination
sites of lithium ions between polymer chains are randomly distributed
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at the interface (Fig. 1d). The developed active areas are unevenly dis-
tributed. Li* preferentially accumulates and deposits at sites with higher
active sites to form dendrites, thus lithium is not uniformly deposited
during the discharge process to produce a new SEI layer or even dead
lithium [41,42]. On the contrary, the 3D cross-linking network is intro-
duced to effectively adjust the distribution of coordination sites in TA-
hybrid network, resulting in a relatively uniform interface deposition
site (Fig. 1e). In addition, the thioether bonds and the coordination of
the ether oxygen segments synergistically ensure continuous Li* transfer
channels in the electrolyte system.

3. Conclusion

In summary, we designed a novel thioctic acid-functionalized poly-
mer electrolyte under initiator-free that can simultaneously possess high
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ionic conductivity, stable interfacial and dendrite-free Li plating. The
effect of thioctic acid-functionalized includes the synergistic impact of
highly polarized sulfur atom polymer and ether oxygen segment, which
accelerates the dissociation of lithium salt while providing a good trans-
port path for lithium ions. The formation of the 3D cross-linked network
regulates the distribution of active sites for lithium deposition at the in-
terface, leading to a more relatively uniform lithium deposition process.
Moreover, compared with the initiators for cross-linked polymerization,
the advantages of the polymerization methods reported here are its mild
reaction conditions and ease of control. It is free of by-product that de-
teriorates battery performance caused by initiators. These exceptional
features ensure satisfactory cycling performances when applying the TA-
hybrid network in symmetrical Li//Li and Li//LFP batteries. This simple
initiators-free synthesis method and favorable performance make it pos-
sible for other battery systems.
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