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Abstract: Solid-state electrolytes are widely anticipated to revitalize lithium-ion batteries with high
energy density and safety. However, low ionic conductivity and high interfacial resistance at room
temperature pose challenges for practical applications. This study combines the rigid oxide elec-
trolyte LLZTO with the flexible polymer electrolyte poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF-HFP) to achieve effective coupling of rigidity and flexibility. The semi-interpenetrating
network structure endows the PEL composite solid electrolyte with excellent lithium-ion transport
capabilities, resulting in an ionic conductivity of up to 5.1 x 107 S cm ™! and lithium-ion transference
number of 0.41. The assembled LiFePO,/PEL/Li solid-state battery demonstrates an initial discharge
capacity of 132 mAh g~! at a rate of 0.1 C. After 100 charge-discharge cycles, the capacity retention
is 81%. This research provides a promising strategy for preparing composite solid electrolytes in
solid-state lithium-ion batteries.

Keywords: lithium-ion batteries; composite solid electrolytes; LLZTO

1. Introduction

With rapid technological advancements and increasing global energy dependence, the
excessive extraction of fossil fuels has led to a significant energy crisis and severe ecological
pollution [1-3]. Consequently, a growing focus is on low-carbon, environmentally friendly,
and renewable energy sources, such as wind, hydropower, and solar energy [4-6]. However,
the challenge of storing these clean resources necessitates using large-scale energy storage
systems to integrate and convert them into electricity, enhancing their conversion efficiency,
which is vital in modern life [7,8]. Lithium-ion batteries are one of the most promising
options among various energy storage devices, known for their high energy density and
long cycle life [9,10]. As lithium battery technology evolves, these batteries have found
widespread applications in smartphones, computers, and vehicles [11]. Solid electrolytes
offer better mechanical properties than liquid electrolytes and can function effectively
under certain complex deformations, significantly reducing the risks of short circuits and
fires [12]. Given the growing demand for energy density and safety, research on solid
electrolytes is expected to receive increased attention [13,14].

For decades, solid polymer electrolytes (SPEs) have been studied as promising solid
electrolyte materials [15]. Since the discovery that lithium ions (Li*) can be conducted in
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complexes of poly(ethylene oxide) (PEO) with alkali metal salts, researchers have employed
various methods, such as blending [16-18], cross-linking [19-21], and organic-inorganic
composites [22-24], to enhance the ionic conductivity of SPEs at room temperature. The
polymer matrix poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) features
a high dielectric constant and forms both amorphous and crystalline phases at ambient
temperatures [25]. The amorphous phase facilitates ion movement within the polymer
matrix, while the crystalline phase contributes to mechanical stability [26]. Polyacrylonitrile
(PAN) is known for its excellent thermal resistance, low flammability, and potent antioxi-
dant properties, making it a common choice for high-voltage cathode materials due to its
compatibility [27]. Among inorganic solid electrolytes, Lij 3Aly 3Ti; 7(PO4)3 (LATP) exhibits
notable ionic conductivity at room temperature (approximately 103 S cm~!). However,
its high oxidation state titanium (Ti*") can react with lithium metal anodes, reducing Ti**
to Ti®* [28]. LiyLa3Zr,O;, (LLZO) has garnered attention for its ionic conductivity com-
parable to that of liquid electrolytes (1073 S cm~!) and its exceptional stability against
lithium metal, positioning it as a promising inorganic filler in solid-state batteries [29]. Gu
et al. [30] developed a PVDF-HFP/LLZTO composite solid electrolyte using a UV-curing
process. The composite solid electrolyte (CSE) membranes in lithium metal batteries ex-
hibited improved mechanical properties and excellent electrochemical performance. At
room temperature, the CSE-15 wt% LLZTO demonstrated the highest ionic conductivity
(0=37%x103Sem™ 1), a high lithium-ion mobility (ty; ¥ =0.79), an electrochemical sta-
bility window exceeding 5 V, and good mechanical strength (8.2 MPa). Zhou et al. [31]
employed a simple spray-drying method to enhance the mass ratio of inorganic particles
while addressing the issue of filler aggregation. During the atomization process, PVDF and
lithium bis(trifluoromethane sulfonyl)azanide (LiTFSI) covered the surface of each LLZTO
particle, forming a flat solid electrolyte through layer-by-layer deposition. Atomic force
microscopy characterization revealed that the resulting solid electrolyte achieved a uniform
dispersion of Young’s modulus and surface electric field.

Consequently, the prepared SPEs demonstrated a high tensile strength of 7.1 MPa,
ionic conductivity of 1.86 x 10* S cm ™! at room temperature, and a wide electrochemical
window of up to 5.0 V, reflecting improved mechanical strength and uniform lithium
ion transport pathways. Thanks to these developed SPEs, lithium symmetric cells exhib-
ited stable lithium deposition/stripping cycles exceeding 1000 h at a current density of
0.1 mA cm~2. Correspondingly, LiCoO, /SPEs/Li batteries demonstrated good rate perfor-
mance and excellent cycling stability, maintaining 80% of their capacity after 100 cycles at
room temperature.

In this study, we developed a PVDF-HFP-ethoxylated trimethylolpropane triacry-
late (ETPTA)-LLZTO composite solid electrolyte (PEL) by combining a polymer with an
inorganic ionic conductive material using a UV-curing process. The interactions among
PVDE-HFP, ETPTA, and LLZTO enhanced the electrochemical performance of the com-
posite. We investigated various ratios of LLZTO through physical and electrochemical
characterization methods to determine the optimal filler-to-polymer ratio. The resulting
composite solid electrolyte was then applied in LFP/PEL/Li solid-state batteries, allowing
us to evaluate the electrochemical performance of the electrolyte under operational con-
ditions. This work provides an effective strategy for utilizing composite solid electrolyte
membranes in solid lithium batteries.

2. Materials and Methods
2.1. Materials

The materials used in this study include PVDF and PVDF-HFP (Mn = 600,000, Arkema,
Colombes, France), lithium perchlorate (LiClOy4, 99.99%, Aladdin Chemical Co., Shanghai,
China), N, N-dimethylformamide (DMF, >99.9%), N-methylpyrrolidone (NMP, >99.9%),
Super-P (>99.5%), and lithium iron phosphate (LiFePOy, LFP, >99.5%), all sourced from
Kede in Shanghai, China. The plasticizer trimethylolpropane ethoxylate triacrylate (ETPTA,
Mn = 428) was obtained from Macklin, Shanghai, China.
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2.2. Preparation of PEL Composite Solid Electrolytes

The PEL composite solid electrolyte membrane was prepared using a UV-curing
method, as illustrated in Figure 1. First, 2 g of PVDE-HFP, which had been dried for 24 h
at 60 °C, was placed in a drying oven. This was then mixed with an appropriate amount
of lithium perchlorate (LiClO4) and dissolved in DMF solvent, stirring until a transparent,
homogeneous solution was obtained. The temperature was maintained at 60 °C while
LLZTO was added and stirred thoroughly for 12 h. Next, the cross-linking agent ETPTA
and the photoinitiator HMPP were added, and the mixture was stirred for 5 min. The
uniform slurry was then poured into a polytetrafluoroethylene (PTFE) mold. Finally, the
mixture was subjected to UV light at an intensity of 1200 mW cm ™2 for 1 min to form
a semi-wet membrane, which was then placed in a vacuum-drying oven for 6 h to obtain
the PEL composite solid electrolyte. The resulting PEL membrane was cut into small
discs with a diameter of 18 mm and stored in a glovebox (with H,O < 0.01 PPM and
0, <0.01 PPM).

0
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Figure 1. The preparation process of PEL.

2.3. Materials Characterization

The phase of the materials was characterized using an X-ray diffractometer (XRD,
DX-2700, Dandong, China, Cu-Ke, 40 kV x 30 mA). The surface and cross-sectional
characteristics of the composite solid electrolytes (CSEs) were examined using a scanning
electron microscope (SEM, Phenom Spectra G2, Shanghai, China). The functional groups
on the surface of the composite polymer electrolytes (CSEs) were identified using Fourier-
transform infrared spectroscopy (FTIR, Spectrum 100, PerkinElmer, Waltham, MA, USA) in
the 400 to 4000 cm ™! range. Additionally, the tensile strength of the CSEs was measured
using a universal testing machine (WDW-5, Tenson, Jinan, China).

2.4. Electrochemical Properties

Electrochemical impedance spectroscopy (EIS) measurements were conducted at
open circuit voltage (OCV) over a frequency range of 0.1 Hz to 1 MHz and at various
temperatures, with an amplitude of 10 mV. The composite polymer electrolytes (CSEs) were
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sandwiched between two smooth stainless steel (SS) electrodes. The different electrolytes’
ionic conductivity (o) was calculated from the EIS results using Equation (1):

L

U:E

1)
where R is the bulk resistance obtained by EIS, and L and S are the thickness and effective
area of CSEs, respectively.

The electrochemical window of various composite solid electrolytes (CSEs) was
tested using linear sweep voltammetry (LSV) over a voltage range of 10 mV to 1 V. The
SS/CSEs/Li assemblies were constructed in CR2025 coin cells for the LSV tests. Two
polished lithium foils were used in symmetric cells to investigate the stability of different
solid electrolytes concerning the lithium anode. A chronoamperometric method was em-
ployed to measure the lithium-ion transference number (t;;*) with the same symmetric
cells assembled with other electrolytes. A polarization of 10 mV was applied for 4000 s.
During this time, the alternating current (AC) impedance spectra were recorded before and
after polarization under a 10 mV oscillating voltage across a frequency range of 0.1 Hz to
1 MHz. The lithium-ion transference number (f;*) was calculated using Equation (2):

IS(AV — ROIO)

b= 00
Li" ™ To(AV = Rely)

(2)
where Iy and I represent the initial and steady-state currents, respectively, Ry and Rg rep-
resent the charge transfer resistance of the electrolyte system before and after polarization,
and AV is the oscillation voltage of 10 mV. LFP/CSEs/Li are assembled in CR2025 coin
batteries for Cyclic Voltammetry (CV) testing. The scan rate is 0.2 mV s~ 1.

The rate and cycling tests of the batteries were conducted using a battery testing
system (Neware, Dongguan, China). Commercial lithium iron phosphate (LiFePO,) was
used as the positive active material, with lithium foil as the negative electrode. The LFP,
PVDF, and conductive carbon mass ratio was set at 8:1:1. The mixture was dissolved in
a solvent, and the resulting solution was coated onto aluminum foil, followed by vacuum
drying for 36 h. The dried material was then cut into 14 mm discs for testing, performed
over a voltage range of 2.8 to 4.0 V.

3. Results and Discussions

Figure 2 shows surface images of two solid electrolytes: PVDF-HFP /ETPTA (referred
to as PE) and PEL. The PE membrane (Figure 2a,b) appears as a transparent solid electrolyte,
while PEL exhibits a brown color. This noticeable color change indicates a de-fluorination re-
action between LLZTO and PVDF-HFP. Figure 2c,d illustrate the flexibility and mechanical
properties of the folded solid electrolytes. Visual inspection reveals that PE has slightly bet-
ter flexibility than PEL; however, PEL demonstrates superior mechanical strength. LLZTO
ceramic particles in the composite solid electrolytes (CSEs) contribute to a more rigid mem-
brane structure. Compared to PE, PEL not only enhances the solid—solid contact between
the electrodes and the electrolyte but also reduces the risk of lithium dendrites penetrating
the electrolyte, thereby broadening the potential applications of lithium batteries.

The prepared PVDEF-HFP-based composite solid polymer electrolyte morphology
was characterized using scanning electron microscopy (SEM). Figure 3a,c,e,g show the
surface and cross-sectional SEM images of the PE membrane. The PE surface exhibits
polymer agglomeration without pore structures, resulting in a relatively smooth surface,
essential for maintaining good contact between the membrane and the electrodes. After
further adding LLZTO to the electrolyte membrane, the electrolyte surface developed
abundant pores. These pores facilitate the accommodation of the necessary electrolyte
and provide more lithium-ion (Li") pathways, thereby enhancing lithium ion transport
efficiency (Figure 3b,d,fh).
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Figure 2. Images of (a,b) PE and (c,d) PEL solid electrolyte membranes.

The XRD patterns of LLZTO, PVDF-HFP, ETPTA, and PEL are shown in Figure 4a. The
X-ray diffraction (XRD) patterns reflect the crystalline structure of the samples. In the XRD
pattern of PVDF-HFP, diffraction peaks at 26 = 18.8°, 20.5°, 27.1°, and 39.2° correspond to
the (100), (020), (021), and (200) crystal planes, indicating its semicrystalline nature. The PEL
pattern exhibits diffraction peaks characteristic of the cubic phase LLZTO. The peaks for
LLZTO powder match those of the cubic garnet LisLazNbyOq, (PDF#45-0109), confirming
LLZTO as a typical cubic phase. Comparing the PEL composite solid electrolyte with
LLZTO, PVDE-HFP, and ETPTA reveals that blending these materials reduces crystallinity,
thus increasing the amorphous regions, which is beneficial for enhancing lithium-ion
transport and improving ionic conductivity. In Figure 4b, the PVDF-HFP-ETPTA (PE)
membrane shows only a broad peak around 20°, indicating relatively low crystallinity.
The introduction of the ETPTA cross-linking network likely reduces the crystallinity of
the PVDF-HFP chains. Various amounts of LLZTO were added to PE, specifically 0 wt.%,
5 wt.%, 10 wt.%, 15 wt.%, and 20 wt.%. As the LLZTO content increased, the peak intensity
first decreased and then increased, demonstrating that LLZTO addition effectively lowers
the crystallinity of the PE electrolyte. The results indicate that when the LLZTO content
is 10 wt.%, the PEL composite solid electrolyte exhibits the minimum peak intensity and
lowest crystallinity, expanding the amorphous region and enhancing lithium-ion transport
capacity. This provides strong evidence that adding LLZTO improves ionic conductivity,
lithium-ion transference number, and other electrochemical properties.

Figure 4c presents the infrared absorption spectra of the PE polymer solid electrolyte.
Before UV irradiation, two FTIR peaks at 1618 cm ™! and 1638 cm ! are observed, attributed
to the acrylate C=C bonds of the ETPTA monomer. After UV exposure, these peaks disap-
pear, with no new peaks forming, confirming the successful polymerization of the ETPTA
monomer in the precursor mixture. The infrared spectra of the prepared PEL were analyzed
to investigate the impact of the active filler LLZTO on PE. Figure 4d displays the FTIR
spectra of both PE and PEL. The results indicate that the o-phase crystal of PVDF-HFP cor-
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responds to peaks in the 761 cm ™! to 983 cm ! range, with an absorption peak at 835 cm ™!

attributed to the B-phase vibrations and a characteristic peak at 877 cm~! arising from
vibrations of the 3 and y phases. The peak at 1170 cm ™! represents the -CF, vibrations,
while the peak at 1402 cm~! corresponds to -CH, bending vibrations. A strong absorption
peak at 1725 cm~! for ETPTA indicates the carbonyl (C=0) stretching vibrations, which
are known to facilitate Li* migration. To confirm the effect of LLZTO incorporation on the
structure of the PVDE-HFP polymer substrate, the FTIR characterization of PEL shows
that the intensities of these characteristic peaks in PE decrease with the addition of LLZTO
nanoparticles, indicating a reduction in crystallinity of PVDF-HFP. However, the PEL mem-
brane displays similar peaks to the PE membrane, suggesting that LLZTO nanoparticles
and other components form a simple physical mixture with reactive interactions among
the functional groups.

Figure 3. Surface topography of (a,c) PE; (b,d) surface topography of PEL; (e,g) cross-sectional
morphology of PE; and (f,h) cross-sectional morphology of PEL.
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Figure 4. (a) X—ray diffraction spectra of LLZTO, PVDF—HFP, ETPTA, and PEL; (b) X—ray diffraction
spectra of adding 0—20 wt.% LLZTO; FTIR infrared spectrum characterization diagram; (c) PE and
PEL before and after UV photofixation; and (d) PE and PEL.

During the battery charge—discharge cycles, the continuous deposition and removal
of lithium ions can lead to uneven deposition, resulting in moss-like or dendritic lithium
growth at the interface between the electrode and the solid electrolyte. This unevenness
increases internal stress within the battery and may also subject the electrolyte to excessive
localized pressure, potentially leading to penetration by lithium dendrites. These adverse
reactions significantly impede the battery’s regular operation and pose a significant threat to
its stability. To address these issues, the prepared solid electrolytes underwent stress-strain
testing to investigate their elongation at break and tensile strength. As shown in Figure 5a,
the tensile strength of the PE electrolyte membrane is 10.9 MPa, with a break elongation
of 319%, demonstrating good flexibility. The PEL electrolyte membrane exhibits a tensile
strength of 17.7 MPa and a break elongation of 198%. Although PEL’s break elongation
is lower than PE’s after adding LLZTO, its tensile strength has nearly doubled. This
improvement is attributed to the strong interactions between the inorganic nanoparticles
and the polymer matrix, which restrict the movement of polymer chain segments and
increase steric hindrance between molecular chains [32]. The enhanced tensile strength
of PEL can enhance segment movement and facilitate ion conduction [33]. Moreover, the
improved tensile strength of PEL is beneficial in suppressing lithium dendrite growth [34],
thereby improving the cycling stability of lithium-ion batteries. Overall, the PEL composite
membrane demonstrates good mechanical strength, adequately meeting the mechanical
performance requirements for solid electrolyte materials in lithium-ion batteries.

Ionic conductivity is crucial for evaluating lithium-ion mobility in composite solid
electrolyte membranes. Electrochemical impedance spectroscopy (EIS) was conducted to
assess the ionic conductivities of four electrolyte membranes. The trivalent vinyl groups
in ETPTA provide a new platform for UV curing due to their excellent curing activity
and efficiency, allowing for the construction of interpenetrating networks that serve as
a mechanical framework. In this process, the macromolecular monomer ETPTA was
incorporated into PVDF-HFDP, initiating polymerization under UV light to form a network
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structure, resulting in a semi-interpenetrating polymer electrolyte. As shown in Figure 5b,
the EIS impedance spectra revealed bulk resistances of 643 (2, 525 (), 342 (), and 354 ()
for the different formulations. Notably, the minimum bulk resistance was observed when
the PVDEF-HFP to ETPTA ratio was 2:1. As the ETPTA content continued to increase, the
bulk resistance showed an upward trend. This observed effect can be attributed to the
excess macromolecular monomer ETPTA, which leads to internal molecular aggregation
and a subsequent increase in resistance.

0
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Figure 5. (a) Stress—strain plot of PE and PEL; EIS at room temperature; (b) PE electrolyte with
different amounts of ETPTA added; (c) PEL electrolyte with different amounts of LLZTO added;
(d) the linear sweep voltammetry of PE and PEL. Electrochemical impedance spectroscopy (EIS)
and timing current method (CA) test the lithium-ion migration number of the assembled Li/Li
symmetrical cells (e) PE and (f) PEL.

The high ionic conductivity of the oxide LLZTO, when blended with the polymer
PVDE-HEFP, enhances the electrochemical performance of the composite solid electrolyte.
Four solid electrolyte membranes were prepared by adding varying amounts of LLZTO
(5 wt.%, 10 wt.%, 15 wt., and 20 wt.%). Figure 5c shows that the bulk resistance of the
four different electrolytes initially decreases and then increases with the addition of
LLZTO—the electrolyte membrane with 10 wt.% LLZTO exhibits the minimum bulk resis-
tance of 36 (). According to Table 1, the ionic conductivities calculated using formula (1)
increase from 1.3 x 1074Scm 1 t0 5.1 x 107% S em ™!, then decrease to 6.3 x 107> S cm ™!
and 2.6 x 1075 Scm™! as the LLZTO content increases. Table 2 shows a comparison of
PAP/PEP membranes with existing solid-state electrolytes. These results indicate that in-
corporating LLZTO particles improves the ionic conductivity of the electrolyte membrane.
This enhancement is attributed to the added LLZTO facilitating Li* transport pathways,
allowing more Li* ions to move freely within the electrolyte, thus increasing its ionic
conductivity. Research shows that the ionic conductivity of polymer electrolytes primarily
depends on the crystallinity of the polymer chain structure. Uniformly dispersed LLZTO
ceramic particles can hinder the reconfiguration of polymer chains, suppress crystalliza-
tion, and create amorphous regions that accelerate ion transport. However, as the LLZTO
content continues to increase, the ionic conductivity decreases due to excessive aggregation
of LLZTO particles, which prevents their uniform distribution within the polymer matrix
and obstructs the rapid transport of Li* ions within the electrolyte membrane.

The electrochemical stability of an electrolyte membrane is primarily indicated by its
electrochemical stability window. Under normal battery operating conditions, this window
is defined as the voltage range over which the current remains stable. When the voltage
exceeds this window, resulting in a sharp increase in current, it indicates that the electrolyte
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is undergoing oxidative decomposition, marking the limits of voltage that the membrane
can tolerate and signaling the beginning of battery failure. As shown in Figure 5d, the linear
sweep voltammetry curves illustrate the electrochemical stability windows for PE and PEL
membranes. The current for the PE composite solid electrolyte membrane begins to rise
rapidly after 4.3 V. In contrast, the introduction of LLZTO increases the electrochemical
stability window of the PEL composite solid electrolyte membrane from 4.3 V to 4.6 V. This
improvement demonstrates that the PEL composite polymer electrolyte membrane has
a wider electrochemical stability window compared to the PE polymer solid electrolyte
membrane. LLZTO particles effectively adsorb trace amounts of residual moisture in the
electrolyte, thereby preventing decomposition at high voltages. Generally, the standard
operating voltage for lithium-ion batteries is around 4.0 V, making the electrochemical
stability windows 4.3 V for the PE membrane and 4.6 V for the PEL membrane compliant
with the operational standards for lithium-ion batteries.

Table 1. The ion conductivity calculation data.

LLZTO Content (wt. %) Bulk Impedance (€2) Ionic Conductivity (S/cm)
5% 93 1.3 x 1074
10% 36 5.1 x 1074
15% 177 6.3 x 107>
20% 359 2.6 x107°

Table 2. Comparison with existing solid-state electrolytes.

Ionic Conductivity

SSEs (x10-% S/cm) Ref.

PLP 2.57 (30 °C) [35]

PPPL-10 4(25°C) [36]

SSCEs 291 (25°C) [37]

PCEs-40-10-40 4.61 (60 °C) [38]

PAN-10%LLZTO-PE 2.28 (25 °C) [39]
PEL 4.27 (RT) This work

The lithium-ion transference number is the ratio of lithium ions to the total number
of ions within a specified time frame, and it plays a crucial role in the performance and
operation of lithium batteries. A high lithium-ion transference number in the electrolyte
effectively reduces concentration polarization, promotes uniform lithium-ion flow, and
optimizes the environment for the extraction and insertion processes, thereby enhancing
the cycling stability of the battery. Electrochemical impedance spectroscopy (EIS) and
chronoamperometry (CA) were used to test the assembled Li/PE/Li and Li/PEL/Li
batteries, resulting in Figure 5e,f. The lithium-ion transference number for the polymer solid
electrolyte PE is 0.37, while for the composite solid electrolyte PEL, it is 0.41, significantly
higher than the ~0.2 reported for conventional liquid electrolytes [40]. The notable increase
in PEL’s lithium-ion transference number can be attributed to two main factors. First,
the cross-linked network formed by the addition of ETPTA restricts the movement of
anions. Second, the uniform dispersion of the garnet-type filler LLZTO within the polymer
matrix effectively reduces the crystallinity of the matrix and increases the proportion of the
amorphous region in PVDF-HFP. This structural change optimizes the transport efficiency
of lithium ions within the composite electrolyte. Furthermore, LLZTO, as an inorganic
solid electrolyte, possesses a high transference number (t;;* ~ 1). Its introduction as an
additive provides additional conduction pathways for lithium ions, further enhancing the
ionic conductivity of the entire system.

To evaluate the impact of the inorganic filler LLZTO on the rate performance of
solid-state electrolytes, standard CR 2025-coin cells were assembled using two types of elec-
trolytes: PE and PEL. We conducted electrochemical tests at room temperature, measuring
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discharge rates ranging from 0.1 to 1 C. As shown in Figure 6a, PEL demonstrated superior
capacity compared to PE at discharge rates of 0.1 C, 0.2 C, 0.5 C, and 1 C. After high-rate
cycling at 1 C, the PEL battery retained a capacity of approximately 20 mAh g~?!, while
the PE battery failed to function, dropping to 0 mAh g~!. This indicates that the modified
solid electrolyte offers more favorable ionic pathways for high current discharge. Figure 6b
presents the initial charge—discharge curves of the LFP/PEL/Li solid-state battery within
a voltage range of 2.8 to 4.0 V at different rates. The curves are stable across varying rates,
demonstrating good rate performance. Figure 6¢ compares the cycling performance of
the batteries at a current density of 0.1 C. The initial discharge capacity of the LFP/PE/Li
solid-state battery was 119 mAh g~!, which decreased to 86 mAh g~ after 100 cycles,
resulting in a capacity retention rate of 72%.

160

(al 140 1 . 0IC [L‘I) 4;

-

]
M
-
L]
L]
L]
[
[ ]

100 4 0.2C

-
20 4 LY |

60 1 sissy .,
404
2 . PE 1 307
204 N
* PEI “eu 2] \

05C 0.2C 0.1¢C

Discharge capacity(mAh g
Voltage (V)
n

= LY 20 40 i) 30 100 120 B 1]

Specific capacity (mAh g')

1804
L) [] 34
100 L
(C) 10 Irrmemiligheirtmerommyirplngvesy ()
e 140 F _ 024 /
= | 180 = &
- -,
g 1201 g E 0.1
= z &
Z1004 Joo &% -
E s 5 0.0 e
£ 50 - = p
S v 40 £E /
T 604 E £-0.4
H El
& 404 " E"j— 120 g 0.2 ——— First cvele
; * PEL —— Second cycle
20 e Y
0.3 4 Third cycle
] : : T ; 0 v : - T T T T
0 20 40 o0 -l 100 28 3.0 3.2 1.4 16 18 4.0
Cycle number Potential(V)

Figure 6. (a) Rate performance of LFP/PEL—PMEL/Li and LFP/PEL—PMEL/Li solid —state bat-
teries at different rates; (b) first charge/discharge curves at different ratios of LFP/PEL—PMEL/Li;
(¢) cycling performance of the LFP/PEL—PMEL/Li and LFP/PEL—PMEL/Li solid —state batteries
and (d) cyclic voltammetry curves of LFP/PEL—PMEL/Li solid —state batteries.

In contrast, the LFP/PEL/Li solid-state battery, after incorporating the inorganic filler
LLZTO, showed an initial discharge capacity of 132 mAh g~! at 0.1 C and maintained
a capacity of 108 mAh g~ after 100 cycles, achieving a capacity retention rate of 81%.
This indicates that the PEL composite solid electrolyte exhibits better cycling stability
and reversible capacity than the PE polymer electrolyte. Additionally, as depicted in
Figure 6d, the cyclic voltammetry (CV) results reveal oxidation and reduction peaks at
3.68 V and 3.24 V, respectively, corresponding to the intercalation and de-intercalation of
lithium ions in the LFP cathode material. Notably, the enhanced intensity of these peaks
during three LFP/PEL/Li battery scans suggests that incorporating LLZTO facilitates faster
lithium-ion diffusion.
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4. Conclusions

We successfully synthesized a composite solid electrolyte using UV curing technology
in this study. This electrolyte features a semi-interpenetrating network structure com-
posed of a cross-linked ETPTA network, linear PVDE-HFP, and inorganic filler LLZTO.
Electrochemical impedance spectroscopy revealed that the optimal ratio of PVDF-HFP
to ETPTA is 2:1. Based on the PE formulation, we found that when LLZTO content
is at 10 wt.%, the composite solid electrolytes exhibit the highest ionic conductivity of
51 x 1074 S em™1, a wide electrochemical window of 4.6 V, and a lithium-ion transference
number of 0.41. Additionally, the PEL electrolyte demonstrates a high tensile strength of
17.7 MPa. The LFP/PEL/Li solid-state battery showcases excellent capacity, rate capability,
and cycling performance, with an initial discharge capacity of 132 mAh gfl at 0.1 C. After
100 charge-discharge cycles, the capacity remains at 108 mAh g~!, yielding a retention
rate of 81%. Therefore, solid electrolytes designed with this approach hold promise for
enhanced electrochemical performance, contributing to the practical development of safe,
high-energy lithium-ion batteries.
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