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a b s t r a c t   

Composite solid electrolytes (CSEs) based on poly (vinylidene fluoride-co-hexafluoropropylene) (PVDF- 
HFP)/LiTFSI/LLZO/different wt% of tetra-ethylene-glycol-dimethyl-ether (TEGDME) were prepared using the 
facile solution casting method or phase-inversion method. X-ray diffraction (XRD) and Fourier transform 
infrared (FTIR) spectroscopy measurements were used to identify the structures and complexations of the 
prepared electrolyte films. The morphology and thermal stability of the electrolytes were investigated using 
field-emission scanning electron microscopy (FE-SEM) and thermogravimetric analysis (TGA). The ionic 
conductivity of all electrolyte films was analyzed using AC impedance analysis between 298 and 353 K. The 
data supports that the 30 wt% TEGDME CSE exhibited the highest ionic conductivity (6.2 × 10–5 S cm–1 at 
25 ℃ and 3.6 × 10–4 S cm–1 at 60 ℃) and a wide electrochemical window (4.87 V vs. Li/Li+). A solid-state 
battery with LiFePO4/Li-metal was cycled using the 0.1 C rate at 60 °C for 100 cycles, resulting in a high 
initial discharge capacity of 157 mAh g–1 with a good coulombic efficiency of >  99%. This admirable elec
trochemical performance can be attributed to the high ionic conductivity of the electrolyte and its elec
trochemical stability. We emphasize the significant role of the TEGDME plasticizer in the performance of 
the CSE as well as the ionic conductivity and compatibility of the electrolyte with the electrode in the solid- 
state battery. All encouraging results confirm that the CSE has the potential to be a high-voltage electrolyte 
for Li-ion solid-state batteries. 

© 2022 Elsevier B.V. All rights reserved.    

1. Introduction 

Secondary lithium-ion batteries (LIBs) have attracted consider
able attention as energy storage devices in the portable device 
market and for electric vehicles because of their relatively high en
ergy density, long life cycle, high output voltage, and low self-dis
charge rate [1–4]. Such safe and reliable batteries are a necessity for 
the charge/discharge process in hybrid electric vehicles. Flammable 
solvents, limited power capability, and Li-dendrite formation due to 
irregular metallic Li deposition during repeated charge/discharge 
processes restrict the future applications of Li-ion batteries [1,5]. 
Solid-state electrolytes (SSE) are emerging as the most promising 
options for LIBs because of their wide electrochemical window, 
thermal stability, and safety [6,7]. Moreover, their mechanical 

strength hinders Li-dendrite formation, thereby reducing the safety 
hazards of all-solid-state Li-ion batteries (ASSLIB) [8,9]. 

Therefore, solid electrolytes (SEs) are considered to be an optimal 
candidate for replacing liquid electrolytes in LIBs. In general, SEs are 
categorized into (i) ceramic electrolytes and (ii) organic polymer 
electrolytes. Inorganic ceramic electrolytes can be classified based 
on system type, such as perovskite-type (Li3xLa2/3−xTiO3, LLTO), 
NASICON-type LiMxZ2−x(PO4)3, M=Al, Z = Ti, Ge), garnet-type 
(Li7La3Zr2O12), and sulfide-type system (Li2S–Al2S3–GeS–P2S5) and 
its derivatives [5,10–13]. Compared with polymer electrolytes, 
ceramic SSEs afford high ionic conductivity, excellent thermal sta
bility, and high Li-ion transfer numbers (tLi+∼1) [14,15]. Nevertheless, 
their brittle nature and high interfacial resistance, which is attrib
uted to poor mechanical contact with the electrodes, restrict the 
usage of oxide SEs [16,17]. The narrow window of electrochemical 
stability due to oxidative decomposition at a relatively low voltage, 
such as for Li10GeP2S12 (LGPS) at 2.15 V and for Li3PS4 (LPS) at 2.41 V 
vs. Li/Li+ and its inherent chemical potential incompatibility with a 

https://doi.org/10.1016/j.jallcom.2022.167077 
0925-8388/© 2022 Elsevier B.V. All rights reserved.   

]]]] 
]]]]]] 

⁎ Corresponding authors. 
E-mail addresses: aravind_van@yahcoo.com (V. Aravindan),  

leeys@chonnam.ac.kr (Y.-S. Lee). 

Journal of Alloys and Compounds 927 (2022) 167077 

http://www.sciencedirect.com/science/journal/09258388
https://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2022.167077
https://doi.org/10.1016/j.jallcom.2022.167077
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2022.167077&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2022.167077&domain=pdf
mailto:aravind_van@yahcoo.com
mailto:leeys@chonnam.ac.kr
https://doi.org/10.1016/j.jallcom.2022.167077


Li-metal anode, restricts the usage of sulfide electrolytes [16]. 
Especially solid polymer electrolytes (SPEs) with polymer matrices, 
such as polyethylene oxide (PEO), polyacrylonitrile (PAN), poly
methyl methacrylate (PMMA), and polyvinylidene fluoride (PVDF), 
have attracted much attention due to their excellent flexibility and 
easy preparation [16,18,19]. The low ionic conductivity, poor me
chanical strength and high interfacial impedance with electrodes at 
25 °C are the shortcomings of polymer-based electrolytes and inhibit 
practical applications in LIBs [20]. The preparation of safe and reli
able electrolytes is still challenging. 

Compared with other polymer electrolytes, poly(vinylidene 
fluoride-hexafluoropropylene) (PVDF-HFP) has a high dielectric 
constant (ε = 8.4), which facilitates a high concentration of charge 
carriers. It also has both an amorphous (-HFP) and a crystalline 
phase (-VDF) [21,22]. The amorphous phase of PVDF-HFP facilitates 
fast ion transfer, and the crystalline phase increases the mechanical 
strength of the electrolyte [22]. The ion transfer path mostly de
pends on the amorphous region as the crystalline phase does not 
favor Li-ion transport [19]. Overcoming the obstacles of in
corporating a ceramic filler (e.g., Al2O3, ZrO2, SiO2, and TiO2) into the 
polymer matrix can increase the disorder region in order to increase 
the ionic conductivity [19,23,24]. However, these ceramic fillers are 
electrochemically inactive, and excessive use of filler decreases the 
ionic conductivity and increases the mass of the battery. Particularly, 
a Li-ion ceramic filler (LLZO) is an optimal candidate due to its high 
ionic conductivity (10–4 to 10–3 S cm–1) and good compatibility with 
the Li-metal anode [25,26]. As a promising strategy, composite solid 
electrolytes (CSEs) have captured the attention of many researchers 
because of the synergetic combination of ion-conducting polymers 
and Li-ion ceramic fillers. CSEs have also been attracting attention 
due to their promising features for innovative real-world applica
tions in flexible and safe energy storage devices. 

However, CSEs with Li-ion ceramic fillers still suffer from rela
tively low ionic conductivities. Adding the plasticizer is an effective 
way to enhance the ionic conductivity of the CSE. Recently, many 
reports have been made on the improvement of ionic conductivity of 
the PVDF-HFP-based polymer electrolytes with plasticizers; for ex
ample, Ulaganathan et al. [26] studied the surface morphologies and 
conductivity of PVDF-HFP/PEMA electrolytes prepared with different 
wt% of Li-salts and plasticizer, propylene carbonate (PC). Wei et al.  
[27] and Yang et al. [28] investigated the Li/LiFePO4 and Li/NCM811 
battery cells, respectively, using an appropriate Succinonitrile (SN) 
plasticizer. [27,28] But the PC is flammable, and SN is reactive with 
Li-metal. [29] Herein, we were using a tetra-ethylene-glycol-di
methyl-ether (TEGDME) as a plasticizer for the preparation of CSE. 
More importantly, the TEGDME is a non-flammable solvent and has 
good stability with Li metal anode is worth mentioning. [30] The 
TEGDME solvent assists in increasing the free volume of the polymer 
as well as lowering the glass transition temperature of the polymer  

[18]. Furthermore, the incorporation of TEGDME plasticizers en
hances the ionic conductivity, the compatibility of the CSEs with the 
electrode, and the release of mobile charge carriers due to the ion- 
dissolution effect [27]. In this work, we prepared a CSE based on 
PVDF-HFP and an LLZO ceramic filler using a simple solution casting 
method or phase-inversion method. The prepared CSEs revealed 
high ionic conductivity (1.13 × 10–4 S cm–1 at 25 °C and 3.01 × 10–4 S 
cm–1 at 60 °C), a good electrochemical window (4.76 V vs. Li/Li+), 
decent thermal stability, and low interfacial resistance. The sym
metric cell shows an excellent life cycle with the Li-metal anode, and 
the expectations of CSE are high for use in next-generation energy 
storage devices. A solid-state battery based on a LiFePO4 cathode, 
PVDF-HFP (LiTFSI) - LLZO – 30% TEGDME, and a Li-metal anode 
shows a high capacity at a 0.1 C rate for 100 cycles. 

2. Experimental section 

2.1. Preparation of composite solid electrolyte 

PVDF-HFP (LiTFSI) – LLZO – with different wt% of TEGDME solid 
electrolyte was prepared using facile solution casting or the phase- 
inversion method. Initially, LiTFSI (30 wt%) - TEGDME (different 
CSE0, CSE10, CSE20, CSE30, and CSE40 wt%) were dissolved in N, N- 
dimethylformamide (DMF) and different wt% concentrations of 
PVDF-HFP (70, 60, 50, 40, 30 of the total wt%), and an excess of 10 wt 
% of LLZO nanoparticles (Jeong Kwan Co. Ltd. Korea) were added to 
the solution. The as-prepared solution was stirred continuously for 
uniform dispersion of the nanoparticles in the PVDF-HFP polymer 
matrix. The resulting homogeneous solution was cast onto the sur
face of a Mylar sheet using a glass rod. The prepared CSE was dried at 
80 °C for 12 h under a vacuum to remove any residual solvent in the 
electrolyte. The dried electrolyte was punched into the appropriate 
size (diameter = 1.8 cm) and immediately transferred to a glovebox 
for further electrochemical studies (Fig. 1). 

The composite cathode slurry was prepared by mixing LiFePO4 

(MTI Co. Ltd.) active material, a CSE, Super P, and PVDF (weight ratio 
of 50:20:20:10) in an NMP solution. The slurry was cast onto an 
aluminum foil and then dried at 120 °C for 12 h under a vacuum. The 
electrode was cut into pieces (size = 1.4 cm) and transferred to the 
glovebox for assembly of the cell under an argon atmosphere. The 
mass of the electrode was in the range of 1–1.3 mg cm–2. Li-metal foil 
was used as the anode and PVDF-HFP-30 wt% TEGDME-10 wt% LLZO 
was used as the separator. The LFP/Li cell was charged and dis
charged at a 0.1 C rate at 60 °C in the potential range of 2.8–4.0 V. For 
comparison, and the LFP liquid cell was assembled using 1 M LiPF6 

(EC/DMC 1:1 in v/v) electrolyte. The cathode was prepared using 
LiFePO4:ketjen black: teflonized acetylene black (TAB) according to 
our previously reported work in the weight ratio of 7:1.5:1.5 [3,28]. 

Fig. 1. Schematic diagram of preparation of composite solid electrolytes (CSE0–40).  
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2.2. Sample characterizations 

Crystal structures of the LLZO powder and the CSEs were ex
amined using a high-resolution X-ray diffractometer (HR-XRD, 
Rigaku, Japan, D/MAX Ultima III). The surface morphology, chemical 
structure, and elemental distribution of the LLZO powder and CSEs 
were studied using a field-emission scanning electron microscope 
(FE-SEM/EDX Hitachi, Japan, S-4700/EX-200). Thermal analysis of 
the CSE was carried out using thermogravimetric analysis (TGA/DSC, 
Shimadzu, Japan, TGA-50/DSC-60) in the temperature range of 
25–800 °C under an argon atmosphere with an increased rate of 
5 °C min–1. The molecular functional group analysis was performed 
by Fourier transform infrared spectroscopy (FT-IR, Shimadzu, Japan, 
IRPresitge-21) in the wavelength range of 4000–400 cm–1. X-ray 
photoelectron spectroscopy (XPS) was performed using study the 
surface elemental analysis of the electrolyte and cathode materials. 

2.3. Electrochemical studies 

The electrochemical impedance spectra of the CSEs were re
corded using an electrochemical workstation (Biologic, model VSP 
France) in the temperature range of 25–80 °C and for frequency 
between 100 kHz and 0.01 Hz with an applied potential of 10 mV. 
The cell setup for the impedance measurement contained an elec
trolyte sandwiched between two stainless steel blocking electrodes 
(diameter is 1.6 cm). The linear sweep voltammetry (LSV) of the CSEs 
was studied using an asymmetric cell (Li/CSE/SS) at a scan rate of 
1 mV s–1 in the potential range 0–5 V (Biologic, Model VSP France). 
An analysis of the Galvanostatic charge-discharge performance of 
the symmetric cell (Li/CSE/Li) was carried out using an electro
chemical analyzer (Biologic, model VSP France) with a cell working 
current density of 0.1 mA cm–2. The charge-discharge performance of 
the LFP/CSE/Li cell was studied in the potential range of 2.8–4 V with 
a current density of 0.1 C rate at 60 °C using an Arbin BT-2000 bat
tery test system. 

3. Physical characterization 

3.1. X-ray diffraction analysis 

Fig. 2a shows the XRD patterns of LLZO, CSE0, CSE10, CSE20, 
CSE30, and CSE40 composite solid electrolytes. The characteristic 
diffraction peaks of CSE0–40 match well with those of the cubic- 
phase garnet parent Li5La3Nb2O12 structure (ICSD collection code: 
68251) [5,12,29]. This demonstrates that after physical mixing, the 
cubic phase is preserved in CSE0–40 and that there are no impurities 
in CSEs. The LiTFSI salt characteristic peaks were absent in CSEs, 
which is attributed to the complete dissolution of the salt in the 
polymer matrix, which indicates that the salt is not present in an 

isolated phase. The amorphous nature of the electrolyte was con
firmed by the broad humps in the XRD pattern. The presence of the 
plasticizer (TEGDME) in the CSE increased the amorphous region, 
and consequently, promotes the free Li-ion movement easily in the 
electrolyte. For comparison we were provided XRD pattern of films 
based on pure PVDF-HFP with different wt% of TEGDME plasticizer 
(Fig. S1). Therefore, the ionic conductivity of the CSE was con
siderably increased. Furthermore, the added LLZO strengthened the 
polymer and provided ion transfer paths for Li-ions, which sig
nificantly enhanced the migration of ions [27,30]. 

3.2. FT-IR analysis 

FTIR is an important tool for understanding the complex devel
opments in terms of molecular and structural changes between the 
polymer, Li-salt, ceramic fillers, and plasticizers. Fig. 2b represents 
the FTIR spectra of PVDF-HFP, the LiTFSI salt, the LLZO ceramic filler, 
and the TEGDME plasticizer. In pure PVDF-HFP, the peaks at 1396, 
1278, 1178, 1068, 975, 875, 840, 794, and 761 cm–1 correspond to 
-CH2 wagging, -CF3 symmetric stretching, -C-C-C- symmetric bond 
stretching, C-F symmetric stretching vibrations, C-F stretching vi
brations, combined -C-C-, and CF2 symmetric stretching vibrations, 
mixed CH2 rocking modes, CF3 stretching vibrations, and CH2 rocking 
vibrations, respectively [22,31,32]. For pure LiTFSI salt peaks were 
observed at 1631, 1350, 1201, 1109, 1055, 607, and 514–574 cm–1 and 
correspond to SO2 asymmetric stretching, the CF3 symmetric 
stretching mode, C-F stretching, and C-CO2-N bonding, the S-N-S 
symmetric stretching mode, the S-N symmetric stretching mode, the 
deformation mode of SO2, and the CF3 asymmetric bending mode, 
respectively [31,33,34]. Comparing the data of PVDF-HFP before and 
after incorporation of the Li-salt, the ceramic filler, and the plasti
cizer, it can be seen that the -CH2 wagging peak shifted to 790 cm–1, 
the combined -C-C- and CF2 stretching vibrations shifted to 
879 cm–1, the mixed CH2 rocking modes shifted to 837 cm–1, and the 
CF3 stretching vibration shifted to 790 cm–1. The peak at around 
1100 cm–1 corresponds to the C-O bonds representing the presence 
of TEGDME in CSE. Further, the PVDF-HFP characteristic peak in
tensity changed because of interactions between the polymer and 
LLZO, LiTFSI, TEGDME, and the organic solvent DMF [19]. The in
teractions between the plasticizer and polymer seen in the spectra of 
CSE are helpful for the ionic conductivity of the electrolyte. 

3.3. Thermal analysis 

The thermal stability of the electrolyte is a significant parameter 
for use in elevated temperature applications because it is related to 
the safety of the battery. In the present work, the electrolyte thermal 
stability was analyzed using thermogravimetric analysis (TGA) in the 
temperature range of 25–800 °C (Fig. 2c). Three different stages of 

Fig. 2. (a) XRD patterns of CSE0-40 electrolytes, (b) FTIR analysis of LiTFSI salt, TEGDME plasticizer, LLZO ceramic filler, PVDF-HFP polymer, and CSE0–40 electrolytes and (c) TGA 
curves of CSE0–40, LLZO, PVdF-HFP, TEGDME, and LiTFSI. 
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weight loss were observed for CSE. Below 130 °C, only negligible 
weight loss happened in the electrolyte. The first weight loss was 
observed in the temperature range of 150–300 °C as a result of 
TEGDME degradation, as the boiling point of TEGDME is 216 °C [35]. 
A steep weight loss slope in the graph denotes the partial decom
position of the LiTFSI salt in the matrix between 320 and 460 °C [36]. 
The last stage of the mass loss corresponds to PVDF-HFP polymer 
decomposition [37]. Above 540 °C, the CSE is maintained at 32.4% 
due to the introduction of the LLZO ceramic filler. This further con
firms that LLZO improves the thermal stability of CSE.[7] Further
more, we were checking the safety test of the CSE with lighting and 
heat at different temperatures. The flammability test was also car
ried out, and the results confirmed that the burning degree of CSE 
was low (Fig. S2). However, the thermal studies of CSE were also 
investigated at different temperatures in the range of 25–250 °C for 
30 min (Fig. S3). The thermal test confirmed that the electrolyte is 
stable up to 100 °C; afterward, it melts and shrinks at 150 °C, then 
finally, it changes to black color at 200 °C. 

3.4. Surface morphology analysis 

Fig. 3a–e displays the surface morphology of PVDF-HFP/LiTFSI/ 
10% LLZO with 0, 10, 20, 30, and 40 wt% of TEGDME respectively. The 
CSE membrane has a smooth surface and good compatibility with 
LLZO. Additionally, the thickness of the electrolytes was determined 
to be approximately around 110–120 µm. The optical image shows 
that the color of the PVDF-HFP/LiTFSI electrolyte and the CSE30 
electrolyte is different (Figs. S4 and S5). The PVDF-HFP electrolyte is 
transparent without the addition of LLZO. After the incorporation of 
LLZO into the polymer matrix, the La atom in LLZO forms a complex 
with the N atom and the C]O group of the DMF solvent in addition 
to behaving like a Lewis base, which then leads to a change in the 
color to brown [19,38]. These images confirmed that the electrolyte 
membrane is flexible and that it is possible to cut it to the desired 
shape (Fig. S5). The energy-dispersive spectra (EDS) image con
firmed that an LLZO ceramic filler existed in the polymer matrix. The 
elemental and cross-sectional images indicate that lanthanum, 
fluorine, and zirconium were homogeneously distributed in the 
polymer matrix (Fig. S6 a–d and S7). Polymer electrolyte EDS 

mapping confirms the presence and distribution of fluorine, ni
trogen, carbon, and oxygen in the polymer matrix (Fig. S7). 

4. Electrochemical performance of the composite solid 
electrolyte (CSE) 

4.1. Ionic conductivity and electrochemical stability 

Electrochemical impedance spectroscopy is used to analyze the 
interfacial performance and ionic conductivity of the PVDF-HFP- 
LLZO-TEGDME electrolyte. To calculate the Li-ion conductivity of 
PVDF-HFP-LLZO-TEGDME electrolytes, EIS measurements were used 
for generating Nyquist plots, and the ionic conductivity is calculated 
according to the following equation: 

= d AR/

where R is the resistance, as determined from Nyquist plot fitting, d 
is the thickness, and A is the area of the electrolyte surface contact. 
The resistance R-value was calculated from the intercept of the 
linear fit of the straight line with the x-axis in Fig. 7 [39,40]. 

Temperature dependence of ionic conductivity with various 
amounts of plasticizer loading is shown in Fig. 4a, b and S8, in 
comparison with that of the pure PVDF-HFP (LiTFSI)-LLZO electro
lyte. Pure CSEs provide an ionic conductivity of 1.2 × 10–5 at 25 °C. 
After the addition of the TEGDME plasticizer, the ionic conductivities 
of the CSEs increased and then, beyond a threshold (30 wt%), de
creased again [27,41]. The high content of 30 wt% of the TEGDME 
liquid plasticizer enhances ionic conductivity; for example, the 
CSE30 exhibits an ionic conductivity of 6.2 × 10–4 and 3.6 × 10–4 S 
cm–1 at 25 and 60 °C, respectively. When TEGDME loading is equal to 
30 wt%, the enhancement is attributed to (i) a decreased crystalline 
nature and an increase in the amorphous nature of the polymer and 
(ii) effective Li-ion transfer interactions between TEGDME, PVDF- 
HFP (LiTFSI), and the LLZO electrolyte [27,41]. Nevertheless, when 
the ratio increased to more than 30%, electrolyte conductivity de
creased, which is attributed to poor mechanical stability based on 
our work and previous reports [27,42]. The electrochemical im
pedance study shows that ionic conductivity is enhanced by orders 
of magnitude upon the addition of TEGDME plasticizers (Table 1). 

Fig. 3. Surface morphology of (a) CSE0, (b) CSE10, (c) CSE20, (d) CSE30, and (e) CSE40.  
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Fig. 4b displays the temperature dependence of ionic con
ductivity of the CSE with different TEGDME. Notably, the CSE elec
trolyte with 30 wt% TEGDME exhibits a high ionic conductivity for all 
temperatures, and the calculated activation energy was 0.1814 eV. 
The linear line indicates that the ions transfer in these CSEs by free 
diffusion rather than by a jumping motion [43]. Fig. 4c shows the 
chronoamperometry curve of the CSE30 non-ion blocking Li sym
metric cell. The polarization voltage was 10 mV, the initial (io) and 
steady-state (is) currents were 50 µA and 30 µA, and the Ro and Rs 

were 122.69 Ω and 127.65 Ω, respectively. The Li+-ion transference 
number (t Li+) of the electrolyte was calculated based on the fol
lowing equation: [44,45]. 

=+
i V i
i V i

t
( Ro)
( Rs)

s o

o s
Li

The Li-ion transference number of the CSE30 electrolyte is 0.376. 
To achieve a high energy density, long life cycle, and high safety 

for Li-ion batteries, the electrolyte must have a wide potential 
window. In commonly used commercial liquid electrolytes, 

decomposition starts at >  4.2 V [7]. Fig. 4d shows the results of our 
prepared CSE in the potential range of 3–5.1 V (vs. Li/Li+) with a scan 
rate of 1 mV s–1. The oxidation current increases at 4.87 V (vs. Li/Li+), 
indicating the CSE decomposition potential of the electrolyte. It was 
confirmed that the electrochemical stability increases with the ad
dition of LLZO nanopowder, and this proves that the electrochemical 
stability of the CSE can be increased to an extent, which fulfills the 
requirements of commercial LIBs. A-Li symmetric cell was used to 
analyze the electrochemical stability of the PVDF-HFP-LLZO- 
TEGDME electrolyte with a Li-metal anode during the Li plating and 
stripping process at 60 °C at a current density of 0.1 mA cm–2. Fig. 5a 
indicates the smooth voltage profile of the cell with the CSE30 
electrolyte, which indicates a stable interface between the electro
lyte and the Li-metal. The 30 wt% electrolytes have a lower over
potential, suggesting a lower interfacial resistance. For comparison, 
we have studied the Li plating and stripping performance of the 
different electrolytes (CSE0, 10, 20, and 40) based cells (Fig. 5b and  
Fig. S9). Other cell peaks were sharp and had high overpotential 
because of their low ionic conductivity and compatibility. Compared 

Fig. 4. (a) EIS measurements of CSE30, (b) Arrhenius plot of CSE0–40 electrolytes, (c) chronoamperometry curve of the CSE30 electrolyte and (d) Linear sweep voltammetry (LSV) 
of CSE30 electrolyte. 

Table 1 
Ion conductivity of CSE0, CSE10, CSE20, CSE30, and CSE40 at different temperatures.        

Temperature (°C) Ionic conductivity of composite solid electrolyte (S cm–1) 

CSE0 CSE10 CSE20 CSE30 CSE40   

25 1.2 × 10–5 2.6 × 10–5 1.7 × 10–5 6.2 × 10–5 4.1 × 10–5  

40 2.9 × 10–5 3.4 × 10–5 3.9 × 10–5 1.4 × 10–4 9.5 × 10–5  

60 7.7 × 10–5 9.5 × 10−5 1.2 × 10–4 3.6 × 10–4 2.5 × 10–4  

80 1.4 × 10–4 2.2 × 10–4 2.5 × 10–4 7.4 × 10–4 4.1 × 10–4 
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to others, the CSE30 Li metal symmetric cell confirms the Li stability 
nature of the electrolytes. The electrochemical stability window of 
the electrolyte is a vital parameter for electrochemical studies. Fur
ther, the tensile strength was studied to understand the mechanical 
properties of the electrolyte. Fig. S10 displays the stress-strain 
curves of CSE30 electrolytes before and after the cycling test. It was 
confirmed that the CSE30 electrolyte before and after cycling pos
sessed a tensile strength of 4.15 MPa with 250% strain and 3 MPa 
with 370% strain, respectively, which indicates that the cycled 
electrolytes tensile strength is slightly weaker than the pristine one. 
But the mechanical strength of the electrolyte is still good for long 
battery cycle life performance. 

4.2. Charge/discharge performance of a Li-ion solid-state battery 

The Li/LiFePO4 cell was assembled using PVDF-HFP (LiTFSI) – 10% 
LLZO – 30% TEGDME SEs to form a solid-state battery (SSB) at 60 °C 
for cell testing. Fig. S11 shows electrochemical impedance spectra of 
the Li/CSE30/ LiFePO4 cell at 60 °C. The charge-transfer resistance of 
the cell is 23.57 Ω,  and it indicates good interfacial compatibility 
between the electrode and electrolyte materials. The low charge 
transfer resistance is a benefit for the fast charge-discharge process 
of the ASSLIB. The CSE has good compatibility and is attached well to 
the cathode composite. The cyclic voltammetry curve of the first 5 
cycles of the cell is shown in Fig. 5c. The two characteristic peaks of 
oxidation at 3.69 V and the reduction peak at 3.15 V are due to charge 
and discharge processes.46 No other peaks could be observed in the 
CV curve, which indicates that no side reactions happen in the cell 
process. Different CV cycle curves overlap, which implies that the 

cell has a high reversible behavior and excellent interface stability  
[46]. Fig. 6a shows the charge/discharge performance of the cell for 
the selected cycles. The initial discharge capacity of the cell was 157 
mAh g–1, and the coulombic efficiency of the cell was >  99%. For 
comparison, we added the liquid cell test in Fig. S12. After 20 cycles, 
the capacity of the cell increased to 169 mAh g–1 due to the acti
vation process of the cell. Fig. 6b shows the cycle stability of the SSB 
at a 0.1 C rate. It can be seen that the discharge capacity of the cell 
decreased to 150 mAh g–1 after 100 cycles. The capacity loss was 
0.21% per cycle based on the 20th cycle (high capacity). It is worth 
mentioning that the capacity loss was low and that capacity reten
tion was 88.75%. This indicates that our prepared solid electrolyte is 
an effective candidate for an all-solid-state LIB. For comparison, we 
studied the cycling performance test for different electrolyte (CSE0, 
10, 20, and 40) based cells (Fig. 6c and S13). The initial discharge 
capacities were 95, 128, 146, and 162 mAh g–1 at a 0.1 C rate. Expect 
CSE40 and other cells capacities were lower than CSE30 cells. But 
after a few cycles, the discharge capacity of the CSE40 cell was de
creased due to low ionic conductivity and the Li-ion blocking nature 
of the excess plasticizer [42,47,48]. 

Fig. S14 (a-c) shows the cross-sectional FE-SEM image of the LFP 
cathode with different mass loading percentages. We studied the 
cycling performance test with different mass loading of LFP (2.41, 
3.64, 5.61, and 6.14 mg cm–2) based cells (Fig. S15 a-d). The cells 
delivered the initial discharge capacities of 162, 162, 144, and 138 
mAh g–1 at a 0.1 C rate. The capacity of the cells was decreased due to 
Li-ion irreversibility nature and contact loss. After 50 cycles, the 
capacity of the cells was 147, 147, 141, and 127 mAh g–1, and the 
capacity retentions were 90.7%, 90.7%, 97.9%, and 92%. At high 

Fig. 5. (a) GCD measurement of Li symmetric cell with CSE30 electrolyte ( inset image: First 10 cycles and last 10 cycles), (b) Comparison of GCD measurement of Li symmetric cell 
with CSE0–40 electrolytes and (c) Cyclic voltammetry of the Li/CSE30/LiFePO4 cell at a scan rate of 0.1 mV S−1. Electrochemical performance of the cell was tested at 60 °C. 
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loading mass, the capacity of the cell is decreased because of the low 
utilization of the active material. In Table 2, we compare our elec
trochemical cell performance with others reported work  
[43,46,49–61]. Fig. 6d show the rate performance of the Li/CSE30/ 
LiFePO4 cell between 0.1 and 1 C (1 C = 160 mAh g–1). The first dis
charge capacities are 157, 160, 147, and 127 mAh g–1 at 0.1, 0.2, 0.5, 
and 1 C, respectively. At high current densities, the polarization of 
the cell increases, leading to a capacity decay in the discharge pro
cess. Li-ion diffusion is restricted at the electrode/electrolyte inter
face at high current densities, which is the main reason for the low 
capacity. In our work, the TEGDME plasticizer was used to enhance 

the Li-ion conduction at the electrode/electrolyte interface, to in
crease retention capacity and cell life cycle [27]. 

In Fig. 7a and b, we analyzed the charge/discharge performance 
of the cell under 1 C-rate, and the cell exhibited the initial discharge 
capacity of 131 mAh g–1, with coulombic efficiency of >  99%. After 
300 cycles, the capacity is decreased to 100 mAh g–1 with a capacity 
retention of 76.3%. Fig. 7c-f shows the electrochemical performance 
of the cell under a 2 C rate in the potential range of 2.8–4 V (vs. Li/Li+) 
and 2.8–4.1 V (vs. Li/Li+). The cell tested in the potential window of 
2.8–4 V (vs. Li/Li+) provided the initial discharge capacity of 107 mAh 
g–1; nevertheless, the capacity of the cell gradually decreased 

Fig. 6. (a) Galvanostatic charge-discharge curve of the selected cycles, (b) cycle stability test under 0.1 C rate, (c) Comparison graph for the cycle stability test of the different 
electrolyte based cells (CSE0–40) and (d) Rate capability curve of the Li/CSE30/LiFePO4 cell. Electrochemical performance of the cell was tested at 60 °C. 

Table 2 
Comparison of electrochemical performances for the LiFePO4 cathode materials associated with composite solid electrolytes.      

Electrolytes Electrochemical Performance Cycle retention Ref.  

PVdF-HFP/TEGDME/LLZO 157 mAh g–1 under 0.1 C at 60 °C 88.7% after 100 cycles This work 
PVdF-HFP/LATP + PC solvent 148 mAh g–1 under 0.2 C at 25 °C 87.8% after 50 cycles 43 

PVdF-HFP/LLZTO/SN + liquid electrolyte 152.8 mAh g–1under 0.2 C at 25 °C 98.5% after 105 cycles 46 

PVdF-HFP/LLZO + liquid electrolyte 113 mAh g–1 under 0.5 C at 25 °C 92.5% after 180 cycles 49 

PVdF-HFP/ 1 M LiTFSI 150.7 mAh g–1 under 0.5 C at 70 °C 98.7% after 100 cycles 50 

PVdF-HFP/LLZTO 133.4 mAh g–1 under 0.5 C at 60 °C 99.4% after 200 cycles 51 

PVdF-HFP /PEGDA + 1 M LiPF6 (EC/PC/EMC) 140 mAh g–1 under 0.5 C at 25 °C 97.9% after 200 cycles 52 

PVdF-HFP/LLZTO/LiClO4/EC + 1 M LiPF6 (EC/PC/EMC) 152.2 mAh g–1 under 0.5 C at 30 ℃ 84.6% after 200 cycles 53 

PVDF/PEO/LATP/LiPF6 140 mAh g–1 under 0.1 C at 25 ℃ 94% after 500 cycles 54 

PEO/LAGP/LiTFSI 135 mAh g–1 under 0.1 C at 50 ℃ 95.5% after 40 cycles 55 

PEO(LiTFSI)/LAGP 150 mAh g–1 under 0.1 C at 60 ℃ 97.2% after 100 cycles 56 

LLZAO-PEO/LiClO4 143.8 mAh g–1 under 1 C at 60 ℃ 86% after 200 cycles 57 

PEO/LiTFSI 134 mAh g–1 under 0.2 C at 60 ℃ 91.3% after 100 cycles 58 

PEO(LiTFSI) 145 mAh g–1 under 0.1 C at 25 ℃ 98% after 200 cycles 59 

PEO(LiTFSI)/LLZTO 139.1 mAh g–1 under 0.2 C at 55 ℃ 93.6% under 0.5 C after 100 cycles 60 

PEO(LiTFSI)/ LATP/PAN 144 mAh g–1 under 0.2 C at 60 ℃ – 61    
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Fig. 7. (a) Galvanostatic charge-discharge curve of the selected cycles, (b) cycle stability test under 1 C rate, (c) Galvanostatic charge-discharge curve of the selected cycles, (d) 
cycle stability test under 2 C rate, (e) Galvanostatic charge-discharge curve of the selected cycles, (f) cycle stability was studied in the potential range of 2.8–4.1 V with a current 
density of 2 C, (g) Galvanostatic charge-discharge curve of the selected cycles and (h) cycle stability was studied in the potential range of 2.8–4.2 V with a current density of 3 C. 
Electrochemical performance of the cell was tested at 60 °C. 
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because of the fast the charge-discharge process. After 250 cycles, 
the cell retains 69% of its initial discharge capacity. Compared to this, 
the cell evaluated between 2.8 and 4.1 V (vs. Li/Li+) delivered a higher 
discharge capacity (113 mAh g–1), but the capacity of the cell is 
drastically reduced as a result of the Li-ion irreversibility, and the 
capacity retention of the cell is found to be only 53%. Additionally, 
the electrochemical performance of the Li/CSE30/LiFePO4 cell was 
tested under 3 C in the potential range of 2.8–4.2 V (vs. Li/Li+) 
(Fig. 7g-h). The initial discharge capacity of the cell is 44 mAh g–1, 
and after 250 cycles, the capacity is severely declined to 17 mAh g–1 

due to the poor Li-ion irreversibility and electrolyte decomposition. 
Compared to Li/CSE30/SS asymmetric cell, the Li/CSE30/LiFePO4 cell 
is stable up to 4.2 V (vs. Li/Li+) because the long-term cycle life in
duces the electrolyte decomposition at a higher voltage. Further
more, the capacity loss is due to minimum contact loss between the 
active materials in the cathode composite. To further enhance the 
capacity and the life cycle of the SSB, high-voltage cathode materials 
(NCM and NCA) and ionic liquids in the cathode/electrolyte interface 
will be used [41,62]. Hence, PVDF-HFP (LiTFSI) - 10% LLZO - 30% 
TEGDME is the best candidate for next-generation solid-state Li- 
metal batteries. 

4.3. Li-ion conduction mechanism in composite solid electrolyte 

Fig. S16 shows the plasticizer/polymer matrix bond formation 
and Li-ion conduction mechanism in the composite solid electrolyte.  
Fig. S16a shows the FTIR spectra for PVDF-HFP films with different 
wt% of TEGDME plasticizers. The C-O bond peak at around 
1100 cm–1, and CH2-CH2 long-chain band evolved in the PVDF-HFP 

film concerning increasing the quantity of TEGDME plasticizer  
[63,64]. The - O-CH3 group in TEGDME is making a bond with -CH2- 
CF2- (-VDF crystalline group) in the PVDF-HFP polymer matrix and 
then decreases its crystalline nature of the film (Fig. S17) [65]. 
Generally, the amorphous nature of the film increases the ionic 
conductivity of the electrolyte. Fig. S16b, c, and S18 show the XPS 
spectra for the CSE30 composite solid electrolyte. The carbon spectra 
show a very broad peak, which after deconvolution, is attributed to 
C-O, C-C/C-H, C-CF, C-F, C-F2, and CF3 at 283.69, 285.78, 287.07, 
289.61, 290.93, and 292.65 eV [66,67]. The peak at 283.69 eV further 
confirmed the presence of –O-C (-O- CH3 in TEGDME plasticizer) in 
the CSE. The fluorine spectra were broad, which confirms the pre
sence of more than one chemical state of F in the electrolyte. After 
deconvolution, the peak at 685.17 eV corresponded to the Li-F bond  
[67]. It is confirmed that the Li-ion migration in the PVDF-HFP 
electrolyte by Li-F segmental motion in the electrolyte (Fig. S16d)  
[68–71]. Overall, the experimental results concluded that the 
TEGDME plasticizer in the composite solid electrolyte decreased the 
crystalline nature of the film, and the Li-ion migrates in the elec
trolyte by Li-F segmental motion. 

4.4. Post-modem analysis of LiFePO4 electrode and CSE30 electrolyte 

For further understanding, the post-modem analysis of the 
electrode explains the reasons for the capacity loss and irreversi
bility of the cell. Fig. 8 shows the FE-SEM image of the LiFePO4 

electrode before and after 70 cycles. Before cycling, the LiFePO4 

particle surface looks smooth, and there is no crack formation on the 
particle (Fig. 8a-c). But after 70 cycles, very small cracks formed on 

Fig. 8. FE-SEM image of the LiFePO4 electrode particles. (a-c) Before cycle test and (d-i) After 70 cycles.  
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the surface of the LiFePO4 cathode particles (Fig. 8d-i). We further 
compared the TEM images of before and after cycled LiFePO4 par
ticles. Fig. S19 shows TEM and HR-TEM images of the LiFePO4 elec
trode before and after 70 cycles. Figure S19h shows the crack 
developed on the surface of the LiFePO4 particles. Importantly pri
mary-like particles remained well-intact, but some cracks developed 
on the LiFePO4 particle surface. The repeated charge/discharge pro
cess may induce the volume expansion of the particles, which leads 
to the formation of the crack on the surface. 

Figure S20 shows the XPS spectra for the LiFePO4 electrode be
fore and after 100 cycles. After cycling, the Li 1 s and Fe 2p peak 
spectra slightly shifted, and peaks became broader due to differ
ential charging states of the surface. In addition, a peak shoulder 
appeared at 715.65 and 718.05 eV after 70 cycles, which corresponds 
to the satellite peak of Fe3+ ion [72]. The main reason for the mar
ginal capacity loss is due to the volume expansion and irreversibility 
of the LiFePO4. Additionally, the XPS analysis was used to study the 
electrochemical cycled CSE30 electrolyte. After 100 cycles, the 
carbon peak was marginally shifted due to the charge/discharge 
process (Fig. S21). The Li 1 s spectra were large, which indicates the 
presence of more than one chemical state of Li in the CSE. After 
deconvolution, two chemical states of surface Li atoms were re
vealed: Li-N bond for LiTFSI salt at 55.06 eV and Li-O bond for LLZO 
ceramic filler at 52.21 eV (Fig. S18 b). After the electrochemical cy
cling, the surface Li 1 s spectra were absent due to Li-ion depletion 
layer formation on the CSE surface (Fig. S21 b). The main reason for 
the degradation is C 1 s spectra shifting and the absence of Li 1 s 
spectra on the surface of CSE. Raman spectroscopy was used to in
vestigate chemical bonding and intramolecular bonds. Fig. S20 a 
shows the disorder carbon band (ID) at 1350 cm–1 and ordered gra
phitic band (IG) at 1595 cm–1 of the cycled LFP cathode composite, 
which corresponds to the presence of amorphous carbon in the form 
of conductive additive. (Fig. S22). Furthermore, spectroscopy was 
used to analyze the CSE30 before and after cycling performance (Fig. 
S22 b-c). The Raman spectroscopy has not detected any signal be
cause the CSE signal intensity is very weak. The peak was very broad, 
and there was no change in before and after cycling performance. 

5. Conclusion 

In this work, a CSE based on PVDF-HFP-10% LLZO - (different wt%) 
TEGDME was successfully prepared via cost-effective solution casting 
or the phase-inversion method. The addition of a liquid plasticizer in 
the form of 30% TEGDME CSE can enhance the electrochemical per
formance of the CSE, provide excellent flexibility, mechanical and 
thermal stability, a wide potential window (> 4 V), and high ionic 
conductivity (1.2 × 10–4 at 60 °C). The Li symmetric cell with CSE 30% 
can be cycled by Li plating/striping for 100 h without a short circuit. 
The charge-transfer resistance of the cell is 23.57 Ω, and it is good for 
the fast charge/discharge process. The Li/CSE30/LiFePO4 cell shows a 
high discharge capacity of 150 mAh g–1 at a 0.1 C rate after 100 cycles. 
Moreover, the ASSLIB provided the discharge capacity of 100 mAh g–1 

at a 1 C rate after 300 cycles and 74 mAh g–1 at a 2 C rate after 250 
cycles. The –O–CH3 group in the TEGDME plasticizer makes a bond 
with the –CH2–CF2– crystalline group, then increases the amorphous 
nature and enhances the ionic conductivity of the electrolyte. The XPS 
results confirm the Li-ion migrates in the PVDF-HFP matrix by Li–F 
segmental motion. Furthermore, the SSB provides a high discharge 
capacity even at high current densities. It is believed that this CSE has 
the potential to be applied in numerous power sources, such as LIBs, 
Li-S batteries, and supercapacitors. 
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