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Abstract: This study develops a composite cathode material suitable for solid-state Li-ion batteries
(SSLIB). The composite cathode consists of LiFePOsas the active material, Super P and KS-4 carbon
materials as the conductive agents, and LiTFSI as the lithium salt. An LiFePOs/LATP-PVDF-HFP/Li
all-solid-state LIB was assembled using Li13AlosTi17(POs)s (LATP)/ poly(vinylidenefluoride-co-hex-
afluoropropylene (PVDF-HFP) as the solid-state electrolyte and lithium metal as the anode. The
structure of the synthesized LATP was analyzed using X-ray diffraction, and the microstructure of
the composite cathode and solid electrolyte layer was observed using a field emission scanning elec-
tron microscope. The electrochemical properties of the all-solid-state LIB were analyzed using elec-
trochemical impedance spectroscopy (EIS) and a charge-discharge test. The effect of the composi-
tion ratio of the fabricated cathode on SSLIB performance is discussed. The results reveal that the
SSLIB fabricated using the cathode containing LiFePOs, Super P, KS-4, PVDF, and LiTFSI at a weight
ratio of 70:10:10:7:3 (wt%) and a LATP/PVDF-HFP solid electrolyte layer containing PVDF-HFP,
LiTFSI, and LATP at a weight ratio of 22:33:45 (wt%) exhibited the optimal performance. Particu-
larly, the SSLIB fabricated using the cathode containing 3% LiTFSI exhibited a discharge capacity of
168.9 mAhg™ at 0.1 C, which is close to the theoretical capacity (170 mAhg™), and had very good
stability. The findings of this study suggests that the incorporation of an appropriate amount of
LiTFSI can significantly enhance the electrochemical performance of SSLIB batteries.
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1. Introduction

Lithium-ion batteries (LIBs) have attracted significant attention as an energy storage
technology owing to their high energy density, long cycle life, and low self-discharge rate
[1]. However, LIBs present safety issues caused by the unstable and combustible liquid
alkyl-carbonate-based electrolytes frequently used in commercial LIBs [2,3]. These issues
are particularly crucial in the development of various devices and electric vehicles that
require significant energy storage [4].

All-solid-state lithium metal polymer batteries with flexible thin films as the anode,
electrolyte, and cathode enable flexible battery assembly and a broad range of battery
shape/design adaptations as well as enhanced safety and efficiency [5]. Lithium metal pol-
ymer batteries exhibit high cell potentials and energy densities owing to the low atomic
weight and strong electropositive potential of lithium metal; however, the cathode active
material used in these batteries has restricted their further application [6]. Among the var-
ious cathode materials used in lithium metal batteries, lithium iron phosphate (LiFePOa)
has attracted significant attention owing to its high theoretical capacity (170 mAhg),
good thermal stability, and long-term cycling performance [7-9]. As is known for carbon-
coated particles and for conducting polymer coatings, which may also be used to protect
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the aluminum current collector from oxidation, LiFePOus-based positive electrodes, with
enhanced electric conductivity between the electrode’s interphases when LiTFSI-based
electrolytes are utilized, allow particularly high -rate capability [10-12]. Additionally,
compared to lithium, LiFePOs exhibits a reversible electrode potential of approximately
3.5V, making it suitable for usage with hybrid electrolytes [13,14]. Furthermore, LiFePOx
has been reported to contain abundant elemental iron, which is good for the environment
[15]. Several studies have investigated the potential of LiFePOs as a positive electrode
[16,17]. However, its poor electronic conductivity and low -rate capability have limited its
practical application [18,19]. To overcome these limitations, various approaches have been
proposed, such as the use of conductive agents [20,21]. Lithium salt addition is a promis-
ing strategy to enhance the rate capability and ionic conductivity of electrodes for solid-
state LIBs. For example, lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), a commonly
used lithium salt, has been demonstrated to improve the electrochemical performance of
LiFePOs-based LIBs [22,23] and to improve mechanical stability and interfacial contact
between the cathode and electrolyte [24,25].

Another important aspect of solid-state lithium-ion batteries (SSLIBs) is the use of
solid electrolytes [26,27]. Solid-state electrolytes exhibit higher thermal stability and me-
chanical strength than liquid electrolytes, thus reducing the risk of leakage and thermal
runaway, and improving the safety of batteries [28-30]. Poly(vinylidenefluoride-co-hex-
afluoropropylene) (PVDF-HFP) is a widely used solid electrolyte for SSLIBs owing to its
high ionic conductivity and excellent mechanical properties [31,32].

In this study, we aimed to develop a composite cathode material suitable for SSLIBs
by mixing LiFePOs, Super P, KS-4, and LiTFSI as cathode materials. In addition, LATP was
added to the PVDF-HFP, and the composite was used as the solid-state electrolyte layer.
At ambient temperature, LATP exhibits air- and water-resistant properties, as well as a
high lithium-ion conductivity of up to 510 S cm™ [33,34]. The addition of a hexafluoro-
propylene (HFP) group to PVDF-HFP suppressed the crystallinity of PEO suppressed,
thereby enhancing its ionic conductivity [35]. In addition, LATP was added to the PVDE-
HFP, and the LATP/PVDF-HFP electrolyte exhibited a low capacity during the rapid
charge/discharge test owing to the high interface impedance between it and the positive
electrode [36]. The pores formed in the cathode hinder the rapid passage of lithium-ions
into the electrolyte layer, resulting in a high resistance and a low battery capacity, partic-
ularly at a high charging and discharging rate [37]. To increase the lithium-ion conductiv-
ity of the cathodes, in this study, lithium salt was added to the cathode, and the effect of
the ratio of lithium salt to binder in the cathode was investigated. The findings of this
study will shed light on the optimization of LiFePOs-based LIBs via the addition of lithium
salt, and contribute to the pioneering of high-performance SSLIBs for practical purposes.

2. Results and Discussion

Figure 1 shows the structure and properties of the LATP ceramic powder prepared
using the sol-gel method, and the image reveals that the structure and properties are con-
sistent with the standard product. X-ray diffraction (XRD) results, which were utilized to
investigate the crystalline structure of LATP powder, revealed that the diffraction peaks
of the LATP powder were consistent with the standard diffraction pattern of JCPDS 35-
0754 (Figure 1a). The mole ratio Li:AL:Ti:P was 1.25:0.32:1.79:3.13, which was determined
by ICP-AES. Figure 1b shows the diffraction peaks of the LATP/PVDF-HFP composite
electrolyte membrane containing LATP powder, PVDF-HFP, and LiTFSI at a ratio of
45:22:33 (wt.%). The positions of the main crystallization peaks of pure PVDF-HFP can be
observed in the XRD pattern in Figure 1c. After the PVDF-HFP polymer was mixed with
LATP, the crystallization peaks of LATP appeared in the XRD pattern, indicating the suc-
cessful incorporation of LATP into the electrolyte membrane. The XRD pattern of the
LATP/PVDEF-HFP composite electrolyte membrane revealed that the addition of LATP na-
noparticles into the polymer resulted in a decrease in the signal of the PVDF-HFP crystal-
lization peak, indicating that the addition of LATP decreased the crystallinity of PVDE-
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HEFP, thus enhancing the ionic conductivity of the LATP/PVDE-HFP composite electrolyte
[38]. LATP is a high -crystallinity ceramic particle; thus, it can be used as a nucleating
agent to induce the formation of smaller and less ordered crystals in the PVDF-HFP matrix.
Consequently, this results in a reduction in the overall crystallinity of the composite ma-
terial [39]. The addition of LATP resulted in a decrease in the crystallinity of the PVDF-
HFP polymer, thereby improving its ion conductivity.
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Figure 1. X-ray diffraction (XRD) patterns of (a) Li13AlosTi17(PO4)s powder, (b) LATP/PVDF-HFP
composite electrolyte membrane, and (c) pure PVDF-HFP.

LATP nano-ceramic materials are incredibly small, which enable their agglomera-
tion, thus preventing the ability of PVDF-HFP polymers to effectively fill the gaps between
the ceramic materials. Consequently, these gaps formed holes and increased the interface
impedance. In addition, the pores formed by the agglomeration phenomenon hinders the
transport and mobility of lithium ions, and increase the interface impedance between the
formed LATP/PVDEF-HFP electrolyte membrane and the positive electrode material. To
prevent the agglomeration of the LATP in the PVDEF-HFP electrolyte membrane, the
LATP/PVDE-HFP composite was subjected to planetary ball milling to achieve simultane-
ous revolution and rotation during mixing when preparing the electrolyte slurry. The dis-
tribution of nano-sized LATP powders in the PVDF-HFP polymer was observed using
field emission scanning electron microscopy (FE-SEM; Figure 2). The image revealed that
the composite electrolyte membrane containing 45% LATP exhibited the most compact
structure (Figure 2b). In contrast, the composite electrolyte membrane containing 40%
LATP contained notable holes (Figure 2a). In addition, some holes were observed in the
composite electrolyte membrane containing 55% LATP (Figure 2c). The positive electrode
material and LATP/PVDEF-HFP electrolyte were fabricated using the procedure described
in the materials and methods section of this article. The positive electrode/LATP/PVDE-
HFP interface was investigated using FE-SEM, as shown in Figure 3. The FE-SEM image
reveals the uniform interface of the positive electrode sheet without LiTFSI and the posi-
tive electrode material containing LiTFSI-3% with the LATP/PVDEF-HEFP electrolyte mem-
brane. However, the delamination between the positive electrode and the LATP/PVDEF-
HFP electrolyte was notable, resulting in high interfacial resistance.
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Figure 2. Field emission scanning electron microscopy (FE-SEM) images of electrolyte membranes
prepared with different LATP contents: (a) LATP-40%, (b) LATP-45%, and (c) LATP -55%.
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Figure 3. FE-SEM images of composite cathode sheets with different LiTFSI contents: (a) LiTFSI-0%,
(b) LiTFSI-3%, and (c) LiTFSI-4% on a LATP/PVDE-HFP electrolyte membrane.
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The internal impedance of the material was analyzed using AC impedance, and the
impedances of the samples under different conditions were tested at room temperature.
To test the resistance of the battery, a coin cell battery was used with an X% LiTFSI (X =0,
2, 3, 4, and 5) +LiFePOs cathode//LATP/PVDE-HFP electrolyte membrane// Li metal as-
sembly. Figure 4 shows the electrochemical impedance spectroscopy (EIS) results and the
analogous circuit. The Nyquist plots consisted of one semicircle and one inclined line.
Here, R: is the resistance value of the LiFePOs cathode material and the electrolyte and R:
is the interface resistance allying the electrolyte and the electrodes, which includes charge
transfer as well as the resistances of the electrodes. The interface impedance of the cathode
with the electrolyte, Cz, is for the electric double-layer capacitor; W: is the Warburg im-
pedance of the diffusion reaction. The Ri, Rz, and the total resistance (Rea) of the LiFePOs
and the electrolyte membrane were determined via a software using the analogous circuit.
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Figure 4. AC impedance spectra of the X% LiTFSI (X = 0, 2, 3, 4, and 5) +LiFePOu cath-
ode//LATP/PVDEF-HFP electrolyte membrane// Li cells at room temperature.

The AC impedance test results (Table 1) revealed that the total resistance values (Rtotar)
of the cathodes containing LiTFSI were less than that of the sample not containing LiTFSI
(LiTFSI-0%), confirming that the addition of LiTFSI effectively reduced the total resistance
of the cathode. Particularly, the battery containing LiTFSI-3% exhibited the smallest re-
sistance value, indicating a reduction in the hindrance of the internal lithium-ion transport
path and the interface impedance. The differences between the experimentally measured
impedance spectra and the predictor variables in the full spectral regions of all the samples
were less than 10%. The resistance of the electrolyte and the component of the contact
resistance are represented by the higher-frequency interception of the semicircle with the
real axis of impedance. The resistance, a crucial kinetics characteristic of the cell processes,
indicates the charge-transfer mechanism of the Faradic reactions occurring at the elec-
trode—electrolyte interfaces. Furthermore, the addition of LiTFSI to the positive electrode
not only reduced the total resistance of the battery but also improved the transport of
lithium-ions and reduced the resistance of the interface between the electrolyte and elec-
trodes [40]. In summary, the addition of LiTFSI to the positive electrode of the battery
improved the efficiency of the battery by reducing its internal resistance and improving
the transport of lithium ions [41].
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Table 1. Resistances and ionic conductivity of the X% LiTFSI (X =0, 2, 3, 4, and 5) +LiFePOu cath-
ode//LATP/PVDE-HFP electrolyte membrane// Li cells.

Sample R:1 (QQ) Rz (Q) Riotar ()
LiTFSI-0% 21.4 1019.0 1040.4
LiTFSI-2% 40.8 819.3 860.1
LiTFSI-3% 20.2 415.7 435.9
LiTFSI-4% 18.7 666.2 685.9
LiTFSI-5% 33.9 831.6 865.5

In this study, CR2023 cells with a configuration of X% LiTFSI (X =0, 2, 3, 4, 5)
+LiFePOs cathode//LATP/PVDE-HFP electrolyte membrane// Li metal anode were pre-
pared, and their performances under continuous charge/discharge cycling at a rate of 0.1
1 Cin a potential window of 2.5-4.0 V at room temperature were investigated. The gal-
vanostatic charge- discharge curves of the cells at 25 °C are shown in Figure 5. The batter-
ies were galvanostatically charged and discharged between 2.5 and 4.0 V (vs. Li/Li*) at 0.1
C. In this study, the C rate was determined using the theoretical capacity of LFP, which is
170 mAh g. The results revealed that the batteries exhibited a notable charge—discharge
plateau at a voltage of approximately 3.4 V vs. Li*/Li, demonstrating the presence of a
dual-phase Fe¥/Fe? redox reaction via a first-order shift between FePOs and LFP [42,43].
The cells coupled with LiTFSI-0%, LiTFSI -2%, LiTFSI -3%, LiTFSI -4%, and LiTFSI -5%
exhibited discharge capacities of 153.1, 125.5, 168.9, 107.3, and 127.3 mAh g at 0. 1C, re-
spectively. This indicates that, compared to other samples, the SSLBs containing LiTFSI-
3%-based composite LiFePOs cathodes exhibited larger discharge capacities and im-
proved coulombic efficiency (>94%), demonstrating good Li* reversibility throughout the
charge/discharge cycling process. This result indicates that the electrochemical perfor-
mance of the composite LFP cathode-based cells increased considerably at an LiTFSI con-
centration of 3%.
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Figure 5. Typical charge-discharge curves of LilLATP/PVDF-HFPIX% LiTFSI (X =0, 2, 3, 4, 5)
+LiFePOu cells at 0.1 C.

To test the cyclic performance of the Li| LATP/PVDF-HFP| X% LiTFSI (X =0, 2, 3, 4,
5) +LiFePOus batteries, they were repeatedly charged and discharged between 2.5 and 4.0
V vs. Li/Li* at room temperature (Figure 6a). The discharge capacity of the battery with
the Li| LATP/PVDF-HFP| X% LiTFSI (X =0, 2, 3, 4, 5) +LiFePOs configuration increased
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significantly during the initial cycles and stabilized with an increase in the number of cy-
cles (Figure 6a). During the cycling test, all the SSLBs exhibited outstanding coulombic
efficiency and enhanced capacity retention (with nearly no capacity receding). The steady
discharge capacity of the as-fabricated SSLBs can be attributed to three factors: the absence
of iron disintegration from the composite LFP cathode [44], the strength of the solid elec-
trolyte interphase (SEI) layer, and homogeneous Li metal precipitation during long-term
cycling [45]. Compared to other composite cathodes, SSLBs fabricated using LiTFSI-3%
composite cathodes exhibited greater capacity retention. Furthermore, the hybrid solid
state electrolytes and the composite cathode collectively enabled the formation of a stable
SEI layer structure and the homogeneous precipitation of Li metal, which increased the
lifecycle of the SSLBs by reducing the production of Li dendrites. These results indicate
that a Li salt-based composite cathode can be successfully used in high-voltage lithium-
ion batteries (with a potential range of 2.5-4.0 V). The findings of this study will be bene-
ficial for fabricating very stable battery materials for high-performance lithium-ion batter-
ies that comprise composite structures made of polymers and particles. To expand on the
ideal formula for enhanced cycle stability, inner resistance, electrode polarization, and
rate capability, further research is required. Figure 6b shows the discharge capacity of the
battery as a function of LiTFSI concentration at various C rates. The SSLBs fabricated using
LiTFSI-3%-based composite cathodes exhibited a capacity retention as high as 94% during
the charge/discharge cycling test at 0.1-0.5C. This further confirmed the importance of
LiTESI content for the electrochemical properties of Lil LATP/PVDE-HEP| X% LiTFSI (X
=0, 2, 3, 4, 5) +LiFePOu batteries in order to achieve improved specific capacity and rate
capability. The addition of LiTFSI at 2, 4, and 5 wt% led to a decrease in internal resistance
but a lower capacity and rate capability compared to the bare sample. The decrease in
capacity and rate capability can be attributed to the increased ionic conductivity of the
electrolyte at higher concentrations of LiTFSI, which can lead to a decrease in concentra-
tion polarization and improve the internal resistance of the electrode [46]. However, at
higher concentrations of LiTFSI, the electrolyte becomes more viscous, and the diffusion
of lithium ions is hindered, resulting in a lower capacity and rate capability [47].
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Figure 6. (a) Cyclic performance curves of Lil LATP/PVDF-HFP| X% LiTFSI (X =0, 2, 3, 4, 5)
+LiFePOxs cells at ambient temperature and (b) the change in the discharge capacity with a change
in the LiTFSI content at different C rates.

3. Materials and Methods

First, LATP nano ceramic powder was prepared using the modified sol-gel method
described in our previous study [48]. Subsequently, the mixture was dried and sieved.
Thereafter, LiTFSI: PVDF-HFP with a mass ratio of 3:2 and LATP powder (45% weight
ratio) were added to 1-methyl-2-pyrrolidone (NMP, showa, purity: 95%) solvent. Subse-
quently, the mixture was stirred using a planetary ball mill at 700 rpm for 90 min to pre-
pare the electrolyte slurry. The solution was sealed with a sealing mold to prevent solvent
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evaporation, after which it was heated and stirred in a heater for an entire day for the
thorough dissolution of PVDEF-HFP (Sigma, molecular weight: 400,000) and LiTFSI (Alfa,
purity: 98%).

N-methyl pyrrolidone (NMP, showa, purity: 95%) solvent and polyvinlidene flouride
(PVDF, Jingming Chemical, 99%) binders were combined and centrifuged for 1 h to re-
move foam. Thereafter, LiFePOs powder (Jingming Chemical, 98%), Super P (Taiwan Libo,
99%), and KS-4 (Taiwan Libo, 99%) were added to the mixture in a 7:1:1 ratio, and agitated
using a centrifugal defoamer for 1 h. Subsequently, the mixture was uniformly distributed
on the first layer of an aluminum foil using a spatula machine with a squeegee size of 100
m. Thereafter, the solution was dried in a vacuum oven at 100 °C for 8 h to eliminate the
solvent. The thickness was measured using a thickness gauge after vacuuming and the
complete removal of the solvent. LiTFSI-X% (X =0, 2, 3, 4, 5, and 6) (Alfa, 98%) and NMP
solvent were pre-mixed; a portion of the PVDF binder was replaced with LiTFSI lithium
salt, and centrifuged for 1 h to remove foam. Thereafter, LiFePO4 powder, Super P, and
KS-4 were added to the solution at a ratio of 7:1:1, and the mixture was stirred for 1 h
using a centrifugal defoamer to achieve a ratio of 70:10:10:(10-X):X for LiFePOs; Super P;
KS-4; PVDF; and LiTFSI. The solution was uniformly distributed on the first layer of alu-
minum foil using a spatula machine with a squeegee size of 100 m. Thereafter, the solution
was dried in a vacuum oven at 100 °C for 8 h to eliminate the solvent. The thickness was
measured using a thickness gauge after vacuum treatment and the complete removal of
the solvent.

The prepared hybrid electrolyte slurry was spread uniformly on the composite cath-
ode sheet using a tape-casting machine with a scraper size of 1000 mm. The thickness of
the solid electrolyte layer was measured using a thickness gauge after the assembly was
dried in a vacuum oven at 50 °C for three days. A pole piece with a 13 mm diameter circle
was cut out. Thereafter, a coin cell battery was assembled by placing the pole pieces in a
glove box, and adding a lithium metal negative electrode (diameter: 13 mm) and other
battery components. The button battery components were stacked and assembled using a
hydraulic press. The assembled coin cells were left in a glove box for a day, after which
their electrochemical properties were investigated.

The pure phase of the synthesized LATP was examined using XRD (D2 phaser,
Bruker). The elemental composition of LATP was determined by ICP-AES (Agilent
7500ce). The microstructure of the composite cathode and solid electrolyte layer was ex-
amined using FE-SEM (JSM 6701F, JEOL). The electrochemical properties of the SSLIBs
were examined using EIS (VSP-300, BioLogic) and charge-discharge testing (BAT-750B,
Acu Tech), and the effect of the composition ratio of the composite cathode on the battery
performance is discussed.

4. Conclusions

In conclusion, the results of this study revealed that the addition of LiTFSI to the
cathodes of SSLBs can significantly affect their electrochemical properties. FESEM analy-
sis revealed that the addition of LiTFSI reduced delamination between the positive elec-
trode sheet and the electrolyte membrane. In addition, the EIS results revealed that the
LiTFSI-based cathode exhibited a smaller total resistance value, indicating lower hin-
drance in the internal lithium-ion transport path and smaller interface resistance. Addi-
tionally, the discharge capacity of the battery assembled using the cathode containing 3%
LiTFSI was 168.9 mAhg at 0.1 C, which is close to the theoretical capacity (170 mAhg™),
and the battery demonstrated stability during high-rate charging and discharging. When
charging at a high rate of 0.5 C, the discharge capacity of the battery reached 161.8 mAhg™,
with a capacity retention rate as high as 94%, when charging at a high rate and switching
back to low-rate charging (0.1 C), indicating that the battery maintained strong stability
even after high-rate charging and discharging. In summary, this result indicates that the
addition of an appropriate amount of LiTFSI can effectively enhance the electrochemical
performance of the battery, with the optimal performance achieved at an LiTFSI ratio of
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3%. Future studies will focus on improving the synthesis of LiFePOs-lithium salt compo-
site cathodes to achieve a more uniform and stable composite structure; optimize the com-
position of the composite material; and enhance understanding of the electrochemical be-
havior of the composite cathode.
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