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Solid-state batteries (SSBs) with thermal stable solid-state electrolytes (SSEs) show intrinsic capacity and
great potential in energy density improvement. SSEs play critical role, however, their low ionic conductiv-
ity at room temperature and high brittleness hinder their further development. In this paper, polypropy-
lene (PP)-polyvinylidene fluoride (PVDF)-Li3Alg3Ti;7(POg4)3 (LATP)-Lithium bis(trifluoromethane sulpho-
nyl)imide (LiTFSI) multi-layered composite solid electrolyte (CSE) is prepared by a simple separator coat-
ing strategy. The incorporation of LATP nanoparticle fillers and high concentration LiTFSI not only reduces
the crystallinity of PVDF, but also forms a solvation structure, which contributes to high ionic conductivity
in a wide temperature. In addition, using a PP separator as the supporting film, the mechanical strength
of the electrolyte was improved and the growth of lithium dendrites are effectively inhibited. The results
show that the CSE prepared in this paper has a high ionic conductivity of 6.38x10* S/cm at room tem-
perature and significantly improves the mechanical properties, the tensile strength reaches 11.02 MPa. The
cycle time of Li/Li symmetric cell assembled by CSE at room temperature can exceed 800h. The Li/LFP
full cell can cycle over 800cycles and the specific capacity of Li/LFP full cell can still reach 120 mAh/g
after 800 cycles at 2 C. This CSE has good cycle stability and excellent mechanical strength at room tem-
perature, which provides an effective method to improve the performance of solid electrolytes under

moderate condition.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the wide application of lithium-ion batteries (LIBs) on
new energy electric vehicles (EVs), their energy density and safety
is receiving increasing attention [1,2]. Electrolyte, as a key compo-
nent in lithium-ion batteries, plays a role in conducting ions be-
tween the positive and negative electrodes [3]. It needs to have
a series of advantages such as good electrochemical stability, high
ionic conductivity, high thermal stability and a wide temperature
range for operation [4]. It is a guarantee for lithium-ion batter-
ies to obtain high voltage, high specific energy, and other advan-
tages. Traditional liquid electrolytes are prone to side reactions
with lithium metals, which cannot effectively inhibit the growth
of lithium dendrites, leading to short circuits and thermal runaway
in batteries [5-7]. By contrast, solid-state electrolytes (SSEs) have
excellent mechanical properties, and electrochemical stability, and
can inhibit dendrite growth, making them the core material for
preparing all solid-state lithium batteries with higher safety [8-10].
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Compared to inorganic SSEs, polymer SSEs exhibit good flexibil-
ity and stable interfaces, which has attracted much attention [11-
13]. Specifically, due to its excellent flexibility, thermal stability,
and electrochemical stability, PVDF has become one of the most
attractive polymer electrolytes [14]. However, under room temper-
ature conditions, the poor ionic conductivity of PVDF electrolyte
seriously affect its practical application [15]. Many scholars have
proposed that metal-organic frameworks (MOFs) can accelerate the
migration of lithium ions in PVDF-based solid electrolytes [16],
as MOFs themselves can act as ion conductors and provide addi-
tional transport channels for lithium ions [17]. However, due to
their porous structure, they cannot form a dense solid electrolyte
with PVDF, resulting in uneven ion conductivity and unstable inter-
face with the electrode. Therefore, designing and preparing dense
PVDF-based electrolytes with excellent ionic conductivity still faces
significant challenges.

Furthermore, the mixing of inorganic ceramic electrolytes and
polymer electrolytes can reduce the crystallinity of polymers and
improve the properties of polymer-based electrolytes [18,19]. NASI-
CON type ceramic Lij5Aly5Tiq5(PO4)3 (LATP) exhibits high ion con-
ductivity (10-4-10-3 S/cm) and optimal air stability at room tem-
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Fig. 1. (a) Schematic diagram of battery prepared with PP-PVDF-LATP-LIiTFSI multi-
layered CSE. (b) XRD pattern of PP-PVDF-LATP-LiTFSI multi-layered CSE. (c) Sur-
face SEM image of PP-PVDF-LATP-LiTFSI multi-layered CSE. (d) Raman spectra of
PP-PVDF-LATP-LiTFSI multi-layered CSE. (e) Stress-strain curves of PP separator and
PP-PVDF-LATP-LIiTFSI multi-layered CSE.

perature [20], which can improve the physical and chemical prop-
erties of SPEs while providing more effective lithium ion channels.
However, it has problems such as high brittleness and high inter-
facial impedance between electrodes. Moreover, in many studies
of composite solid electrolytes (CSEs) based on PVDF-LATP, the cy-
cling at room temperature is unstable and the mechanical proper-
ties are poor. Therefore, it is crucial to prepare a solid-state PVDF-
based electrolyte that achieves stable cycling at room temperature.

Therefore, we use a simple separator coating strategy to prepare
PP-PVDF-LATP-LITFSI multi-layered CSEs, to improve the various
properties of the electrolyte. Compared to liquid electrolytes, the
CSEs we prepared in this study can effectively reduce the occur-
rence of side reactions, making it safer and more stable. Secondly,
mixing LATP as nanoparticle fillers with PVDF helps to prevent the
ordered aggregation of polymer chains, reduce the crystallinity of
PVDF, increase the amorphous region, and facilitate Lit migration
[21]. In addition the mass ratio of LiTFSI to PVDF polymer, which
may increase the ratios of AGGs and CIPS in the solvation shell,
thereby improving the overall ion conductivity, and facilitating the
formation of dense solid-solid contact with electrode active mate-
rials, and maintaining contact for a long time during the electro-
chemical cycling process. Coupled with PP separator as the sup-
porting film as support, it increases the mechanical strength of the
electrolyte, effectively inhibits lithium dendrite growth, and im-
proves the energy density and cycling capacity retention rate of
the battery. It is worth mentioning that the CSEs prepared in this
study expand the temperature range of battery use, and can main-
tain good cycling stability even at room temperature. The research
on this topic is expected to improve the performance of solid-state
electrolytes and provide assistance for the application of all-solid-
state lithium batteries.

In this paper, CSEs were prepared by a simple separator coat-
ing method (Fig. 1a). The CSE was based on PP separator and
coated with PVDF-LATP-LIiTFSI coating on both sides. Its thickness
is 55 um. Theoretically, the CSE prepared in this study can improve
the mechanical properties and increase the toughness of the solid
electrolyte, on the other hand, it can effectively improve the elec-
trochemical performance and achieve stable circulation at room
temperature. The X-ray diffraction (XRD) pattern is shown in Fig.
1b. The characteristic peaks of PVDF and LATP are obvious, indi-
cating that PVDF and LATP are well mixed, and the peak of LiTFSI
disappears in the XRD pattern, indicating that the PVDF-LATP sys-
tem has excellent Li salt solubility [22]. From the scanning elec-
tron microscope (SEM) shown in Fig. 1c, it can be seen that the
particle size on the surface of the PP separator is uniform without
agglomeration. LATP particles are evenly distributed on the surface
and internal pores of PVDF, reducing the size of pore defects and
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Fig. 2. (a) Charge/discharge curve of Li/Li symmetric cell with PP-PVDF-LATP-LiTFSI
multi-layered CSE at the current density of 0.1 mA/cm?. (b) The charge and dis-
charge voltage platform of Li/LFP full cell with PP-PVDF-LATP-LiTFSI multi-layered
CSE during the cycle at 2 C. Long-term cycling performance of Li/LFP full cell with
PP-PVDF-LATP-LIiTFSI multi-layered CSE at (c) 2 C and (e) 5 C. (d) Rate performance
of Li/LFP full cell with PP-PVDF-LATP-LiTFSI multi-layered CSE. (f) Performance com-
parison of Li/LFP cells with different solid electrolytes in rencent articles [27-35].

forming dense CSE, which is in line with the expected assump-
tion and can effectively inhibit the growth of lithium dendrites
[23]. The Raman spectra (Fig. 1d) showed CIP (contact ion pair)
and AGG (small aggregate) near 741cm™! and 753 cm™!, respec-
tively, indicating that Li* and TFSI- gathered to form ion clusters,
which improved the ionic conductivity of solid electrolyte, thereby
inhibiting the growth of lithium dendrites, reducing the interface
impedance, and improving the electrochemical performance of the
battery [24]. The better the mechanical properties of solid elec-
trolyte, the better the inhibition effect on lithium dendrite growth,
and the stronger the ability to resist lithium dendrite puncture
[19]. In order to analyze the mechanical properties of CSE, we con-
ducted tensile tests on PP-PVDF-LATP-LIiTFSI multi-layered CSE and
PP separator (Fig. 1e). The results showed that the tensile strength
of CSE was 11.02 MPa, significantly higher than that of the PP sep-
arator, The results show that PVDF-LATP-LiTFSI multi-layered will
not reduce the mechanical strength of the PP separator. The tensile
strength of pure PVDF solid electrolyte studied in the past is about
4.5MPa, which is far lower than that of this CSE. This is because
with PP as the supporting film, PVDF-LATP is evenly distributed
in the CSE as a skeleton structure, which improves the mechanical
property of CSE. In addition, due to the good flexibility of PVDF, the
mechanical strength of CSE is improved while it still has good flex-
ibility, so that the interface between CSE and electrode is in good
contact, which is conducive to the stability of the interface.

In order to verify the cycle stability of CSE, we assembled Li/Li
symmetric cell and Li/LFP full cell, and conducted charge discharge
cycles on them. The Li/Li symmetric cell was charged and dis-
charged at room temperature with current density of 0.1 mA/cm?
and 0.25mA/cm? respectively. Fig. 2a shows that the Li/Li symmet-
ric cell assembled with PP-PVDF-LATP-LIiTFSI multi-layered CSE can
cycle stably for more than 800h at current density of 0.1 mA/cm?
and for more than 200h at current density of 0.25 mA/cm? (Fig. S1
in Supporting information). Further, from partial enlarged drawing,
it can be found that its overpotential is stable at 30 mA and 50 mA
respectively, indicating that the CSE prepared in this study can in-
crease the stability of the interface between the electrode and elec-
trolyte. It can inhibit the growth of lithium dendrite and prolong
the life of the battery. Moreover, We conducted critical current
density test on Li/Li symmetric cell, and the result is shown in
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Fig. 3. (a) AC impedance spectra of stainless steel symmetric cells at different tem-
peratures. (b) Arrhenius curve of stainless steel symmetric cells with PP-PVDF-LATP-
LiTFSI multi-layered CSE. (c) EIS patterns of Li/Li symmetric cells. (d) The CV curve
of Li/LFP full cell during the 2-4 cycling. (e) In situ impedance of Li/Li symmetric
cell. (f) EIS-DRT measurement of Li/Li symmetric cell.

Fig. S2 (Supporting information). Li/Li symmetric cell can achieve
a critical current density of 3.75mA/cm?, indicating its high abil-
ity for suppressing Li dendrites during repeated cycling. Similarly,
the Li/LFP full cell was assembled with PP-PVDF-LATP-LiTFSI multi-
layered CSE at room temperature and the cycle test was carried
out. We were surprised to find that the specific capacity of the bat-
tery we assembled could reach 130 mAh/g at 2C (1 C=140 mAh/g)
(Fig. 2¢), and the coulomb efficiency remained stable at about
100%. Specifically, Fig. 2b shows the relationship between voltage
and specific capacity at 200, 400, 600 and 800 cycles. The curve
coincidence degree is good, and the charging and discharging plat-
form is relatively stable, indicating that the battery cycle is stable.
Similarly, as shown in Fig. 2e, the specific discharge capacity of the
cell at 5 C is maintained at about 110 mAh/g, and the coulomb ef-
ficiency is still maintained at about 100%. After 1000 cycles, the
capacity retention rate is 80% (Fig. S3 in Supporting information).
On the one hand, the prepared CSE can form a dense solid-solid
contact with the electrode, effectively reduce side reactions, in-
hibit the growth of lithium dendrites, and improve the cycle sta-
bility. On the other hand, the high concentration of LiTFSI provides
a large amount of free Lit and TFSI~ and also aggregates to form
ion clusters, forming a unique fast conduction channel through the
connection of filler LATP [25]. In order to study the rate perfor-
mance of the full battery, the PP-PVDF-LATP-LiTFSI multi-layered
CSE was used to assemble the Li/LFP full cell to charge/discharge
at the rate of 1, 2, 4, 6, 8 and 10 C at room temperature (Fig. 2d),
gradually increasing from 1 C to 10C, and then returning to 1C.
The discharge specific capacities were 140, 131, 118, 108, 100 and
97 mAh/g respectively (Fig. S4 in Supporting information). It is not
difficult to find that the specific capacity of the cell can be main-
tained at 97 mAh/g even at the high rate of 10C. When the cur-
rent density falls back to 1C, the capacity can return to the orig-
inal state, which is due to the high ionic conductivity of CSE and
the fast migration path of lithium ions [26]. It also shows that the
stable interface between CSE and electrode can greatly reduce the
polarization of the battery. Compared with the solid electrolytes
in other recent articles, the CSE in this paper has excellent perfor-
mance in terms of temperature, cycle number and magnification,
and can achieve stable and long cycle at room temperature (Fig.
2f) [27-35].

In order to further study the electrochemical performance
of CSE, we prepared stainless steel|PP-PVDF-LATP-LiTFSI|stainless
steel cell and Li|PP-PVDF-LATP-LIiTFSI|Li cell, and conducted EIS
test on them at different temperatures (Figs. 3a and c). Calculate
the lithium-ion conductivity according to Eq. S1 (Supporting in-
formation). The Arrhenius diagram of CSE is obtained by lithium-
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Fig. 4. (a) XRD pattern of PP-PVDF-LATP-LiTFSI multi-layered CSE after cycling. (b)
Surface SEM image of lithium metal sheet after 1000 cycles. (c) Schematic diagram
of surface/interface between CSE and lithium metal. (d) C 1s, (e) F 1s and (f) Li 1s
spectra of composite solid electrolyte and lithium surface/interface under different
etching degrees.

ion conductivity, as shown in Fig. 3b and Fig. S5 (Supporting in-
formation). It can be found that CSE has excellent ionic conduc-
tivity in both stainless steel symmetric cells and Li/Li symmet-
ric cells. The ionic conductivity of pure PVDF electrolyte is only
3.6 x 10 S/cm [26]. However, the ionic conductivity of CSE can
reach 6.38x10™* S/cm even at room temperature (see Table S2 in
Supporting information for comparison with ionic conductivity of
solid eelectrolytes in other articles). Moreover, its electronic con-
ductivity is 1.375x10719S/cm (Fig. S6 in Supporting information).
The difference between ionic conductivity and electronic conduc-
tivity is 6 orders of magnitude, indicating that CSE can improve the
migration rate of lithium ions and effectively inhibit the growth
of lithium dendrites [36]. The activation energy is 0.17eV in the
stainless steel symmetric cell and 0.39eV in the Li/Li symmetric
cell, indicating that the CSE prepared in this study has a dense
surface, which effectively improves the porous characteristics of
PVDF electrolyte [26]. It is conducive to the stable circulation of
the battery at room temperature. We also tested Li/LFP full cell
by cyclic voltammetry (CV). As shown in Fig. 3d, in the process
of battery charging and discharging, there are only peaks around
3.3V and 3.6V, which are the characteristic peaks of lithium iron
phosphate [37], indicating that the battery has no obvious side re-
actions and has good stability. This means that the prepared CSE
does not participate in the electrochemical reaction process, but
only provides a channel for lithium ion migration. In order to test
the interface stability of Li/Li symmetric cells during cycling, in-situ
impedance measurements were carried out. Fig. S7 (Supporting in-
formation) reveals the voltage change during the cycle, which is
consistent with the fitted Arrhenius diagram (Fig. 3e). In the first
2 h, the impedance of the battery firstly increases, and then grad-
ually decreases to stable, which is the same as the result of the
charge-discharge cycle. This process is the film-forming process of
SEI film. The thermal diagram is drawn through DRT analysis. As
shown in Fig. 3f, it can be clearly seen that the grain boundary
impedance is concentrated in about 1073 s, corresponding to the
semicircle of the Arrhenius diagram. This process is closely related
to lithium ion migration [38], while the low-frequency diffusion
process is mainly in 7s.

The structure and surface composition of metal lithium sheet
and PP-PVDF-LATP-LIiTFSI multi-layered CSE after 1000 cycles were
studied to further evaluate the stability of the electrode sheet and
CSE. Fig. 4a XRD spectrum shows that there is no detected differ-
ence in the overall structure between the original CSE and the re-
cycled CSE, and only the peak at 32° becomes stronger. This peak



S. Zhao, J. Lu, B. Sheng et al.

is LiTFSI [39], indicating that CSE has no significant side reaction
with the electrode during the cycle, and the interface stability is
good, and the lithium-rich coordination compound [Li(DMF),TFSI]
was formed and it can improve the ionic conductivity [25]. Fig.
4b shows the surface morphology of the lithium metal sheet af-
ter 1000 cycles. It can be observed that the surface of the lithium
metal sheet is relatively flat without sharp dendrites, indicating
that CSE can better induce uniform deposition of Li* and inhibit
the formation of Li dendrites [40]. The X-ray photoelectron spec-
troscopy (XPS) results of CSE show that the C 1s spectrum in-
cludes C-C (284.8eV), C—0 (286.82¢eV), Li,CO; (290.81eV) and
C—F (292.74eV) (Fig. 4d), which are derived from the decompo-
sition fragments of PVDF polymer [41]. The F 1s spectrum (Fig. 4e)
can be divided into two peaks of 684.57 eV and 684.95 eV, corre-
sponding to LiF and C—F/LiTFSI species, respectively. In the Li 1s
spectrum (Fig. 4f), there are signal peaks of 52.98 eV, 55.68 eV and
58.24 eV, corresponding to LiF, LiO,/LiTFSI and Li,COs, respectively.
The appearance of LiF is mainly due to the decomposition of LiTFSI
[42]. Previous studies have shown that although the ionic conduc-
tivity of LiF is not high, as an artificial SEI, it cannot only improve
the stability of solid electrolyte to lithium anode, but also main-
tain the rapid transmission of lithium ions [43]. Fig. 4c shows that
with the increase of etching degree, the Li,CO3 content decreases
and LIF content increases at the interface between CSE and lithium
metal, which indicates that CSE can improve the cycle stability of
the battery, because Li;CO3; as a wide gap insulator will lead to a
higher charging platform, resulting in a large amount of side re-
actions [44]. The addition of LiF can homogenize the Li* flux and
inhibit the growth of lithium crystals [45]. It is obvious that the
CSE prepared in this study has good stability at the interface with
lithium metal, which effectively inhibits the growth of lithium den-
drites.

In conclusion, the CSE prepared in this paper has high ionic
conductivity and good mechanical properties at room temperature,
and then achieve stable cycle and excellent rate performance. LATP
as fillers with high ionic conductivity are evenly distributed on the
surface and internal pores of PVDF to reduce the size of pore de-
fects. In addition, a large number of free Li* and TFSI~ provided by
high concentration of LiTFSI are aggregated to form ion clusters.
Through the connection of LATP fillers, a unique fast conduction
channel is formed, which can not only improve the overall ionic
conductivity but also effectively inhibit the growth of lithium den-
drites, and then realizing the stable cycle of lithium-ion battery at
room temperature. The Li/Li symmetric cell assembled by CSE at
room temperature can cycle stably for more than 1000 cycles at
a current density of 0.1 mA/cm?2, and the Li/LFP full cell can cycle
for more than 800 cycles at 2 C. What is more, PVDF is a polymer
with good toughness. With PP separator as the supporting film, it
not only ensures the mechanical strength of CSE, but also has good
toughness. The SEM images of the lithium metal sheet after cycling
confirmed that the CSE was not easy to be pierced by lithium den-
drites, which inhibited the growth of lithium dendrites to a certain
extent. According to the XRD and XPS spectra after cycling, we can
also find that the CSE has no obvious side reaction with lithium
anode, and the interface stability is good. This study provides en-
lightenment for the design of CSE which can achieve stable cycling
of lithium-ion batteries at room temperature.
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