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Composite polymer electrolytes with fillers exhibit appealing properties, such as high ionic conductivity, good
flexibility, and low cost. However, poor compatibility and electrochemical instability, especially at high current
rates, are the disadvantages of these electrolytes. In this study, we report the influence of particle size of LizO.
SiOy. TiO2. PoOs (LSTP) on polyethylene oxide (PEO)-matrix towards the fabrication of Li-metal batteries with a
LiFePO4 cathode. Compared to micron-sized particles, the high surface area of the nanoparticles in the polymer
matrix is beneficial for improved electrochemical stability at 0.1 mA cm™2. Furthermore, the nanosized partic-
ulates facilitate faster ionic conductivity (1.09 x 1073 S cm™! at 80 °C) and excellent stability at higher voltage
>4.5 V. Our results clearly indicate the role of filler morphology in enhancing the ionic conductivity and sta-
bility. Finally, the full cell made of metallic Li anode and LiFePO, cathode displays a capacity of 110 mAh g~*
(after 100 cycles under 1C at 60 °C) with a reasonable cycle life using such a nanocomposite solid polymer

electrolyte.

1. Introduction

The world is facing considerable environmental challenges due to
conventional energy sources like fossil fuels and greenhouse gases. To
address these issues, rechargeable energy storage systems play an
important role as they could store energy from sustainable energy
sources like wind, solar, etc., and help to overcome its intermittent na-
ture. These energy storage systems have become ubiquitous over the
years. Especially Li-ion batteries (LIB) with good storage capacity and
cycle life and has the major share in a wide array of applications [1-3].
LIBs are used so far have Lithium layered oxide as a cathode and
graphite anode. The cathode chemistry has evolved from LiCoOs to high
Nickel rich NMC(Ni > 0.8) base structures to meet the demand of the
consumers. Despite its huge improvement in the cathode, the anode
remains graphite with a theoretical capacity of 372 mAh g_l. Also,
graphite suffers from many issues like Li-platting at low temperatures
and poor solid electrolyte interphase (SEI) layer formation, which
further impedes its performance. Hence, finding an alternating anode
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with high theoretical capacity and better electrolyte compatibility is
preferred for practical applications. In this aspect, Li-metal anodes
(3860 mAh g 1) have attracted immense attention in the energy storage
field because of their high energy density, lightweight, and shape
versatility which has 10 times higher capacity than graphite [4,5].
Initially, the formation of Li-dendrites during cycling was an obstacle to
the development of Li-metal anode batteries. This led to the change from
“Li-metal” to “Li-ion” batteries, followed by commercialization.
Currently, the development of liquid-free electrolytes, that is, solid
electrolyte systems, has received significant attention. These inorganic
solid electrolytes ensure thermal stability but have their own drawbacks
like dendrite formation, lower charge transfer kinetics, and poor
compatibility with electrode materials [4]. One of the primary focuses of
the scientific community is to improve the solid electrolyte/Li-metal
interface issues that hinder the commercialization of all-solid-state
Li-ion batteries (ASSLIBs). This also creates the possibility to develop
new kinds of electrolytes that is more versatile and have good compat-
ibility with electrodes [6,7]. Currently, many research groups are
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involved in addressing interfacial dynamics using suitable solid elec-
trolytes to develop the next-generation Li-metal batteries.

In general, composite solid polymer electrolytes are promising can-
didates because of their shape versatility, excellent mechanical and
electrochemical stability, and leak proofing ability [8]. Among the
various polymer electrolytes reported, polyethylene oxide (PEO) is
considered to be the most promising matrix owing to its ability to solvate
a wide range of Li-salts through the interaction of its ether oxygens with
cations. These electrolytes have been extensively investigated as
promising candidates for preparing thinner, lighter, and safer batteries
[9]. However, their widespread use has been hindered by their intrinsic
problems, such as inferior ionic conductivity at 25 °C, poor thermal and
chemical stability, and limited potential window [10-12]. Therefore, it
is imperative to develop a safe electrolyte with high ionic conductivity,
good electrochemical and mechanical properties, and thermal stability.
This electrolyte can be used as the Li-ion conducting electrolyte in
ASSLMB designs in a free-standing form without modifying the present
battery fabrication processes. In polymer-based electrolytes, polymers
play a vital role in hosting the Li ions and their ionic transport behavior,
such as diffusion in liquid. At the glass-transition temperature, the
polymer chains freely move, and the Li ions move in the space between
the free volumes of the polymer host [13]. Generally, semi-crystalline
PEO is employed as a polymer electrolyte in which the amorphous
phase enables the fast transfer of Li ions, while the crystalline units are
responsible for mechanical stability. However, the crystalline nature of
the PEO disrupts the ionic transport because chain motion is restricted at
25 °C [14,15]. Therefore, ionic transport can be efficiently improved by
reducing the crystallinity or expanding the amorphous domains.

Inorganic ceramic solid electrolytes have attracted considerable
attention because of their good thermal and electrochemical stability
and ionic conductivity at 25 °C. However, their flexibility and shape
versatility are problems that need to be addressed [16]. Meanwhile,
ceramic electrolytes exhibit superior ionic conductivity than in the case
of polymer electrolytes and are highly competitive with conventional
liquid electrolytes. Their Li-ion transference number is close to 1, which
is essential to achieving high power density. Perovskite, garnet, and
NASICON-type structures have been extensively studied as solid elec-
trolytes for LIBs [17-19]. However, the fabrication of ceramic electro-
lytes is complex, and there is a large energy barrier for ion transfer
across the electrode/electrolyte interfaces [20]. Further, the formation
of Li dendrite during electrochemical cycling and the brittle nature of
the ceramic electrolytes restrict their use in LIBs [20]. Hence, designing
flexible CPEs comprising the ceramic filler in a polymer matrix could
mitigate the individual drawbacks of ceramic and polymer electrolytes.
The resulting composite electrolyte has high ionic conductivity without
compromising the mechanical flexibility, thermal stability, and elec-
trochemical compatibility with the electrodes [21-23].

Studies have reported various strategies for improving the electro-
chemical properties of PEO-composite electrolytes, such as co-
polymerization, cross-linking and interpenetration, blending, and in-
clusion of fillers [11,14,15,19]. To satisfy the demand for high energy
and high power density ASSLMB, the electrolyte must function at a high
current density. Although the CPE exhibits favorable features for
building batteries with shape versatility, the poor-rate performance and
stability of the ceramic filler in a polymer matrix remain a major
obstacle. The low ionic conductivity and poor mechanical stability of
CPEs cause weak interaction between the ceramic filler and polymer
matrix. We postulated that reducing the particle size of fillers can in-
crease the contact area and enhance the strong interaction between
polymer and filler and thereby improve the ionic conductivity of the
electrolyte. Herein, we prepared a new PEO-LSTP composite solid
polymer electrolyte and investigated its electrochemical behavior using
micron and nano-size ceramic fillers. This study provides an insight into
the major understanding of the role of particle size in composite elec-
trolytes to attain high ionic conductivity and high-rate capability,
especially at elevated temperature conditions (80 °C). Further, the
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as-prepared nm-LSTP CPEs were employed as a
separator-cum-electrolyte in a Li/LiFePO4 configuration and displayed a
capacity of 124 mAh g™! at a rate of 1C in the elevated temperature
condition (60 °C). The preparation, design, and engineering of the CPEs
along with the necessary structural, morphological, thermal, and elec-
trochemical analyses, were conducted to understand the influence of
particle size.

2. Experimental section
2.1. Preparation of PEO-LSTP composite electrolyte

The LSTP micro and nanoparticles were obtained from Jeong Kwan.
Co. Ltd. and stored in an Argon-filled glovebox. The size of the particles
was approximately 1 pm and 300 nm. Before processing, the PEO (Alfa
Aesar, My = 10,00,000 g/mol) and LiTFSI salt (Wako) were dried at
50 °C and 100 °C for 24 h under a vacuum to remove moisture, if any.
Anhydrous acetonitrile was used to prepare the PEO-LiTFSI solution at a
molar ratio of 18:1.25 wt% of the nm and pm LSTP particulates were
chosen and separately added to the PEO-LiTFSI solution and mixed for 5
h to obtain a homogenous solution. The prepared slurry was then cast on
the surface of a Mylar sheet and dried in an Argon-filled glove box. The
diameter and thickness of the CPE were 1.6 cm and approximately 96
pm, respectively.

2.2. Electrochemical characterization of the PEO-LSTP composite and
solid-state battery

The olivine phase LiFePO4 cathode was prepared by a routine solu-
tion casting process. LiFePO4 (MTI corporation), Super-P, CPE, and
polyvinylidene fluoride (PVdF) (6:2:1:1 wt%) were ground in a mortar
and then mixed with N-methyl pyrrolidone (NMP) solvent. The mixed
slurry was cast on an aluminum foil current collector, and the electrode
was vacuum dried at 80 °C for 12 h. In the cathode, the LiFePO4 loading
was estimated to be ~1.5-2 mg cm ™2 per electrode. The electrochemical
studies were performed using CR2032 coin cells assembled inside an
Argon-filled glove box with an Hy0 level below 0.01 ppm. The cells
consisted of the LiFePO4 cathode and Li-metal as the anode separated by
nanosized LSTP-filled CPEs. Prior to the electrochemical studies, the cell
was kept at 60 °C for 24 h in the oven to improve interfacial contacts
across the electrode/electrolyte interface (scheme provided in Fig. 1 a).
For comparison, we assembled a liquid cell using a polypropylene
separator with 1 M LiPF¢ in a mixture of ethylene carbonate (EC) and
dimethyl carbonate (DMC) (1:1, v:v) as the electrolyte. The electro-
chemical performance of the liquid cell was tested at 25 °C.

2.3. Material characterization

The powder X-ray diffraction (XRD) was performed using Cu Ko
radiation (Rint 1000, Rigaku, Japan). The surface area measurement of
the LSTP particles was analyzed using a surface area analyzer (BEL,
Japan, Belsorp mini II). The stoichiometric ratio of the LSTP particles
was calculated using the inductively coupled plasma-optical emission
spectrometry (ICP-OES, PerkinElmer OPTIMA 8300). The surface
morphology and particle distribution were evaluated using field emis-
sion scanning electron microscopy (FE-SEM) (S-4700, Hitachi, Japan)
and optical microscopy with atomic force microscopy (AFM) (XE-100),
respectively. Thermal studies were performed on the starting materials
and CPE samples in an air atmosphere between RT and 700 °C using
thermogravimetric analysis (TGA-TA Instrument TGA Q 500), while
differential scanning calorimetry (DSC-TA Instrument DSC Q 2000) was
employed from RT to 200 °C. Meanwhile, the FT-IR spectra were used to
identify the functional groups of the sample between 400 and 4000 cm ™!
using an FT-near Infrared Spectrometer (Thermo Fisher Scientific
Nicolet Continuum IR Microscope). Meanwhile, the surface and inter-
facial elemental analysis of the electrolytes were studied by using an X-
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Fig. 1. (a) Schematic of the LiFePO4/nm-LSTP-PEO electrolyte/Li composite solid electrolyte-based composite state battery, XRD pattern of the (b) PEO-LiTFSI

electrolyte, and (c) CPEs filled with pm and nm LSTP particles.

ray photoelectron spectrometer (XPS — (ESCA) VG, UK MultiLab2000).
The chemical structure analysis of the electrolytes was analyzed using a
Nuclear magnetic resonance spectrometer (400 MHz NMR, JEOL,
ECZ400R). The two parallel surfaces of the films were attached to a
stainless-steel plate to ensure good electrical contact. The ionic con-
ductivity of the cells was measured at a constant voltage (10 mV) using
AC impedance analysis (HP 4284A LCR meter), while the transference
number and galvanostatic charge-discharge performance were investi-
gated using an electrochemical analyzer (SP-150, Biologic, France). The
electrochemical impedance spectra and cyclic voltammetry were
analyzed using an electrochemical instrument (VSP, Biologic, France).
The charge/discharge and rate capability performance of the nano-CPE
in a Li-metal battery with a LiFePO4 cathode, that is, an ASSLMB com-
posite solid-state battery, were studied at 60 °C using a III PNE power &
supply solution system (PEBC60.1).

3. Results and discussion
3.1. Physical characterization of the composite electrolyte

3.1.1. Analysis of the crystal structure, functional groups, oxidation states
Fig. 1b shows the XRD pattern of the PEO and LiTFSI salt mixture

with prominent reflections indicating the characteristic peaks of the
respective crystalline domains. The XRD pattern of the PEO-LSTP-based
CPEs with different filler sizes is shown in Fig. 1c, along with that of the
pure LSTP. The PEO, LSTP, and LiTFSI salt are the main components of
the CPEs. The lithium salt would bring low crystallinity in the polymer
matrix after it is dissolved in PEO. The strong crystalline peaks corre-
sponding to the PEO are absent in Fig. 1b, indicating the full dissolution
of LiTFSI in the polymer matrix. According to the PEO phase/salt phase
diagram, the composite mixture preserves a “crystalline gap” that
inherently retains the amorphous state at RT [24]. A significant drop in
the PEO peak intensity was observed as the ceramic filler was incorpo-
rated, which implies that the Li salt and filler could reduce the crystal-
linity of the PEO, specifically, the peak positions located at 20 = 19.2°
and 23.6° [25,26]. Fig. S1 shows the isotherms of nitrogen adsorp-
tion/desorption are applied to study the surface area of the micro and
nano-sized LSTP particles. The calculated BET surface area for micro and
nanoparticles are 10.811 and 18.647 m? g%, respectively. Table S1
shows the ICP-OES results for the LSTP particles, and the calculated
stoichiometric ratio is Lij gg Ti1.33 Sio.18(PO4) 3. The chemical identity,
complex formation, and interaction between the various elements of the
CPEs were examined using FTIR spectroscopy. The FTIR spectra of the
PEO and CPEs filled with nano-, and micron-sized particles were
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recorded and are illustrated in Fig. 2. The observed vibrational peak
positions and their assigned characteristics are as follows: two peaks
appearing at ~1350 and ~1332 cm™! were associated with CHy
wagging [26], the C-O—C stretching appeared at ~1099 cm ™! [27], the
two prominent vibrational modes located at ~960 and ~945 cm™! were
associated with the CHy-CHj rocking, and C-O-C vibration modes,
respectively [27,28], and the peak observed at ~840 cm~! was attrib-
uted to the CHy wagging mode of the PEO [28,29]. Further, the C-O-C
vibration mode had a notable change in width and intensity, which was
mainly attributed to the electrostatic interaction between the Li" metal
ion and ether oxygen in PEO [30]. Fig. 2b depicts that the hydroxyl band
(O-H band) of the PEO was positioned at ~3612 em™! and shifted to
~3462 cm™! due to the bond between the Li * ion and host of the
polymer backbone [26,31,32]. Fig. 2¢ shows that the C-H asymmetric
bending shifted to ~1456 cm ™. Meanwhile, 1465 cm™! was attributed
to the coordination of the oxygen atoms in the PEO and Li " ions in the
ceramic filler [31]. After the incorporation of the ceramic filler, the
vibrational bands broadened, indicating that the nature of the amor-
phous domains was enhanced. The amorphous regions are responsible
for the enhanced ionic mobility of the composite electrolyte [33]. FTIR
spectra were obtained to identify the presence of LSTP in the prepared
CPEs, as shown in Figs. S2a and S2b. The stretching vibration of the P-O
bands in the PO, tetrahedral was observed between 1200 and 900 cm ™.
The fundamental characteristic peak of the asymmetric stretching of the
P-O vibration band was located at ~1120, ~1054, and ~1046 cm ™,
which is consistent with the P-O vibration modes of the POE’ anions
[34,35]. Meanwhile, the crystallinity of the particle influenced the peak
position of the nanosized LSTP-based CPEs. The low-intensity peaks
located in the range of 800-650 cm ™! could be assigned to the Ti-O
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octahedron [36-38]. The structural distortion in the rhombohedral units
was attributed to the Ti** substituted by Si** in the spectra [38].
X-ray photoelectron spectroscopy (XPS) is a powerful surface
analyzing tool, and it has been extensively used to study battery mate-
rials because of its ability to identify, quantify and image the chemical
distribution of the elements. Fig. 3 and Figs. S3 and S4 illustrate the
typical XPS spectra of C 1s, O 1s, S 2p, F 1s, Si 2p, Ti 2p, and P 2p ele-
ments for the CPEs with micro and nano-sized ceramic filler. In Fig. 3,
the Cls spectra binding energy regions show a very extensive peak,
which after deconvolution, is attributed to C-O & C-S, C-C, and C-H,
and C-F3 at 285.51, 284.6, and 291.05 eV (Fig. 3b) [39,40]. The oxygen
1S spectra were large and asymmetric, signaling the presence of more
than one chemical state of O in the CPE (Fig. 3c). After curve-fitting,
three chemical states of surface O atoms were revealed: O-C at
531.75 eV, O=S at 530.94, and O-M at 530.06 eV, respectively [40,41].
The Li 1s spectra contain the contributions from the Li-N bond for LiTFSI
salt and Li-O bond for LSTP ceramic filler at 54.62 and 49.89 eV
(Fig. 3d) [42]. The S 2p peak consists of one singlet, which was observed
at 167.1 eV for corresponding to the LiTFSI salt structure (Fig. 3e) [43].
F1s peak shows one peak at 686.93 eV for representing the CF3 bond
(Fig. 3f) [42]. For Si 2p spectra, only one chemical structure corre-
sponding to the Si-O bond is observed at a binding energy of 100.23 eV,
like the previously reported work (Fig. S3a) [44]. As can be observed in
Fig. S3b, the high-resolution Ti 2p3/, peak showed clear two distinct
peaks at 464.26 and 459.67 eV, which can be indicated to be Ti*t,
whereas there is no peak belonging to Ti**[45]. Fig. S3c shows P 2p
signals at 131.23 eV, respectively, indicating the presence of PO}~ at the
surface of the CPEs [46]. There is no big difference between the pm and
nm-sized particle-filled in CPE films, and all these XPS spectra above
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fully support the successful preparation of the CPEs.

Nuclear magnetic resonance (NMR) is an important spectroscopic
method to determine the structure of composite polymer electrolytes.
Different nuclei may be studied by using the NMR technique, but 'H,
13¢, and '°F are the most generally focused elements. The combination
of FTIR and NMR data was often enough to determine the complete
structure of an electrolyte. Fig. 4 and Fig. S5 show the NMR spectra for
the composite polymer electrolyte with micro and nano-sized ceramic

filler. A tall singlet resonance at 3.59 ppm corresponds to the charac-
teristic ethylene (-CH,-CHj-), whereas the resonance near 2.51 ppm
represents the —OH group (Fig. 4a) [47]. In long chains, all the —-CHy
absorptions may be overlapped in an unresolvable group. The multiplets
(near at 1.39 ppm) from different carbons generally overlap because the
13GC_H coupling constants are frequently larger than the chemical shift
differences of the carbons in the spectrum (Fig. 4b) [47]. Quaternary
carbon resonance near 70.88 ppm represents the CF3 in the LiTFSI salt.
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Fig. 4. NMR spectra of the nm-sized composite polymer electrolyte. (a) proton lH, (b) carbon 13C, (¢) fluorine *°F and (d) lithium 7Li.
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19F NMR was important to verify whether TFSI- ion presence in the
electrolyte plays a major role in the ionic conductivity. From Fig. 4c, we
observe a tiny singlet at —80.14 ppm which was assigned to a CF3 bond
with a similar signal observed by previous reports [47,48]. Both the pm
and nm CPEs look similar to each other, and there is no difference in
their NMR spectra. Fig. 4d shows the MAS solid-state ’Li NMR spectra
for the PEO-LIiTFSI-LSTP electrolyte. The resonance at 1.69 ppm was
assigned to interfacial Li, whereas the resonance at 1.10 and 1.95 ppm
corresponded to the Li-ion in LSTP ceramic filler and LiTFSI salt. The
interactions confirmed the alternative path at the interface for Li-ion
transfer by Li-O segmental motion [49]. The NMR tool confirms the
presence of the PEO and LiTFSI salt in the CPE.

3.1.2. Surface morphology of the composite electrolyte

The FE-SEM and TEM were utilized to study the PEO-LSTP-based
CPEs with different LSTP-sized particles. Fig. 5a-h and Fig. S6 confirm
the morphology of the particles was coarser with irregular shapes, and
the average diameter of the micro and nanoparticles were estimated as
~1.07 pm and 430 nm. Fig. 5i and j shows the lower magnification
images of the micron and nano-sized CPE. It reveals that both micro and
nano-ceramic fillers were well distributed in the PEO matrix with less
particle aggregation. Moreover, the CPEs filled with nanosized LSTP had
a higher surface area, which could enrich the effective surface area for
efficient Lewis acid-base interactions [15]. Overall, the incorporation of
the nanoparticles improved the ionic conductivity of the CPE than in the
case of the micron-sized filler CPE as shown in the following sections.
Fig. 5k and 1 shows the optical microscopic images of the micro-and
nanofiller distribution on the PEO-based CPEs at ambient temperature.
Both the CPEs exhibited good macroscopic homogeneity and
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quasi-uniform morphology, but the difference was its particle/polymer
interface region [50,51]. In Fig. 5m and n, the TEM images confirmed
the high surface area of the nano-sized filler particles increased the large
particle/polymer interface [10,52]. Atomic force microscopy is a useful
method for studying the particle size distribution of CPEs. AFM images
acquired in this study confirmed that the LSTP particles were uniformly
distributed on the PEO-based CPEs. Fig. 5e and f shows slight aggrega-
tion in the micron-sized and nano-sized filler-based CPE in the polymer
matrix, whereas the ceramic filler is almost completely embedded in the
host matrix. The red-colored region on the AFM images represents the
LSTP particles. This suggested a strong interaction between the ceramic
filler, Li salt, and PEO polymer, which is essential for achieving good
ionic conductivity [53]. In addition, the even distribution of the fillers in
the host was also expected to result in good electrochemical stability.

3.1.3. Thermal analysis of the composite solid electrolyte

TGA and DSC studies were performed to analyze the thermal stability
of the CPEs and alteration of the glass-transition temperature due to the
inclusion of the micro-and nanosized LSTP particles. The thermal
degradation behavior of the PEO-based CPEs was tested by TGA at a
heating rate of 5 °C min~! from 25 to 700 °C. Fig. S7a shows the com-
parison of the TGA of the 1 ym and 300 nm filled PEO-based CPE. The
decomposition of the PEO started at approximately 200 °C, and ~90%
weight loss was noted for pure PEO before reaching 400 °C. After
incorporation of the micron-sized particles, the onset temperature was
shifted to ~250 °C, whereas this was observed at ~290 °C in nanosized
filler incorporated CPE. The first weight loss observed was attributed to
the thermal degradation of the PEO by the shielding phenomenon [54,
55]. Meanwhile, the extended degradation was because of the

Fig. 5. FE-SEM and TEM images of the LSTP ceramic filler (a-b), (e-f) pm, and (c—d), (g-h) nano-sized particles. FE-SEM, optical microscopic, TEM, and AFM images
of the micron and nanosized LSTP particles loaded in the CPEs. (i, k, m, and o) pm size LSTP-filled CPE, and (j, 1, n, and p) nm-sized LSTP-filled CPE. Inset images 5i

and j. Photographic image of the electrolyte and thickness of the CPE.
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exfoliation and intercalation of the complex polymer chains in the
presence of the LSTP particles. The interaction between the polymer and
ceramic filler induces a strong barrier effect that prevents the thermal
decomposition of the complex matrix [54,56]. However, in this study,
the strong interaction between the LSTP particle and PEO may have
slowed down the exfoliation of the polymer decomposition. After
400 °C, the second weight loss was observed, which was because of the
decomposition of the LiTFSI salt [57]. Therefore, the remaining residual
samples represented the LSTP phase and showed its stability at a higher
temperature.

Fig. S7b shows the DSC thermograms of the PEO-based CPEs as a
function of the particle size. The endothermic event observed at ~72 °C
corresponded to the melting point of the crystalline PEO polymer [54].
Apparently, the melting temperature of the CPEs decreased with the
addition of the Li salt, micro-and nanosized LSTP particles. The pm
filler-based CPE melting temperature was 54.3 °C, but in the nm fill-
er-based CPE was further decreased to 51.76 °C. This implies that the
particle size enlarges the contact area and decreases the crystal form of
the PEO complex. Meanwhile, the low glass-transition temperature
indicated the existence of a large number of amorphous phases, which is
beneficial for improving Li-ion migration [58].

3.2. Electrochemical performance of the symmetric cell (Li/PEO-LSTP/
L)

3.2.1. Li-ion transference number of the CPEs
The following equation was used to calculate the Li*-ion trans-
ference number (t 1) of the CPE [59,60].

s (AV —i,R0)
M, (AV — i,RS)

In the above equation, the initial and steady-state currents are rep-
resented i, and i, respectively, while V is the polarization voltage, R,
and R; are the sums of the charge-transfer resistance R, and Ry, is the
passivation film resistance. The AC impedance spectra were used to
calculate the Rg and R, of the cell in the frequency range of 1 MHz-10
mHz. The Li/CPE/Li symmetric cell was used to measure the polariza-
tion using a DC voltage (AV) of 10 mV at 60 °C to achieve a steady state.
Table 1 lists the relevant data obtained from the electrochemical studies
of the CPEs in non-blocking Li symmetric cells. The combination of the
PEO and nanoparticles showed a conspicuous drop in the interfacial
resistance, which was beneficial for promoting faster ion transport
(Fig. S8a-d). The Li-ion transference numbers for nano- and micron-
sized particle filed CPE was found to be 0.45 and 0.36 at 60 °C,
respectively (Table 1). The incorporation of nanosized ceramic fillers is
beneficial due to the high surface area and larger particle-polymer
interface region in the PEO matrix [10,50,61].

3.2.2. Comparative electrochemical impedance spectroscopy and
electrochemical stability window (linear sweep voltammetry) of the CPEs
Electrochemical impedance spectroscopy (EIS) was performed to
analyze the ionic conductivity of the LSTP pellet and CPE under various
temperature conditions, as shown in Fig. S9a and Fig. 6. The ionic
conductivity of the LSTP pellet is 1.75 x 107> S ecm ™! at 60 °C and 3.67
x 107* S cm™! at 80 °C, and the cell details are shown in supporting
information. Fig. 6a and b shows the Nyquist plot of the CPEs in the
symmetric cell (SS/CPE/SS) configuration, and the resistance values

Table 1

Measured values of the initial and steady-state current, impedance, and trans-
ference number of the PEO-based CPE filled with 1.07 pm and 430 nm particle
sizes of the LSTP electrolytes at 60 °C.

Sample io (HA) is (pA) Ro/Q Ry/Q toLis
pm CPE 35.34 27.61 283.15 284.14 0.36
nm CPE 42.88 35.63 195.71 197.37 0.45

Solid State Sciences 132 (2022) 106958

tend to decrease with increasing temperature. The 25 wt% nm size LSTP
particle-filled PEO-based CPE had high ionic conductivity values of 5.44
x107*Scem tat60°Cand 1.09 x 1073 S cm ™! at 80 °C, while those of
the pm sized particle-filled sample was 4.57 x 107> S em ™ and 1.39 x
10™* S em™! under similar testing conditions. For comparison, we are
testing the ionic conductivity of different wt.% LSTP-based CPEs, and
the results are shown in supporting information (Fig. S10). The ionic
conductivity improvement is mainly attributed to the strong interactions
between the Li-salt, LSTP nanoparticles, and polymer chains, and it is
consistently distributed inside the PEO matrix, which eventually pre-
vents recrystallization [15]. Consequently, the amorphous nature of the
polymer matrix increased, resulting in better ionic conductivity.
Furthermore, the nanoparticle-loaded CPE had low activation energy
(0.28 eV) than that of the micron-sized particle-filled CPE (0.50 eV),
indicating the effective surface area interactions between the LSTP and
polymer chains (Fig. 6C). This suggests that the nanosized LSTP ceramic
filler increases the larger particle/polymer interface in the CPEs [10,50,
58].

To achieve high energy density ASSLMB, a high-voltage cathode
must be used. Thus, a wide electrochemical stability window is essential
for CPEs. Linear sweep voltammetry (LSV) was performed to examine
the electrochemical stability of the CPEs using a Li/CPE/SS cell with
potential in the range of 3-7 V vs. Li, as illustrated in Fig. S11. From the
LSV curve, both the prepared CPEs were stable up to 5.5 V vs. Li because
of the incorporation of the LSTP ceramic particles [15]. The CPE showed
excellent electrochemical stability in the range of 3-5.2 V vs. Li, irre-
spective of the filler size. This range covers most of the cathode range
available in the market for building next-generation high-energy
ASSLIBs.

3.2.3. Galvanostatic charge/discharge curve of the symmetric cell

Fig. S9b GCD curve confirms the Li stable nature of the LSTP pellet
against Li-metal foil and the Li symmetric cell work up to 100 h. The Li/
PEO-LiTFSI-LSTP/Li symmetric cell was used to understand the Li-ion
conduction mechanism in the CPE, as shown in Fig. 6d. The current
density of the cell of 0.1 mA cm™2 was applied every 30 min, while the
direction of the current was changed during the charge (Li-plating) and
discharge (Li-stripping) processes (Fig. 6d). During the electrochemical
cycling, the Li-ions from one electrode moved across the CPE to the other
electrode. In the micro filler-based cell, the Li-plating and stripping
induced a large overpotential even at a low current density of 0.1 mA
cm 2. Meanwhile, the nano-ceramic filler-based cell exhibited excellent
electrochemical behavior with low polarization and no indication of
dendrite formation at low current densities. These results demonstrate
that the nanofiller played a dual role in enhancing the Li-ion conduc-
tivity and the electrochemical stability. Therefore, we conclude that the
nanofiller-based CPE could be used as a separator-cum-electrolyte for
the fabrication of high-energy Li-ion power packs. To understand the
uniform Li deposition, we tested the surface morphological analysis of
the cycled pm, and nm-sized LSTP particles loaded CPEs. Fig. S12 shows
the FE-SEM image of the cycled pm and nm-sized LSTP particles loaded
in the CPE. Fig. S12 a—d shows the surface morphology of the CPE after
lithium was deposited on the surface at a current density of 0.1 mA cm 2
for 20 h. After the lithium deposition, the brownish-black colored layer
regions were observed. It indicates that the lithium was uniformly
deposited on the surface of the (pm and nm LSTP particle-loaded) CPEs.
Additionally, we verified the Li-plating and stripping process of the cell
at 0.2 mA cm™2 current density (Fig. S13). The initial overpotential of
the nano filler-based cell was 0.126 V, but after 100 cycles, it decreased
to 0.079 V. Compared to this, the micro filler-based cell overpotential
was high due to the particle/polymer interface in the CPE.

3.2.4. Electrochemical performance of the LiFePO4 nm-LSTP CPE/Li cell
As discussed above, the PEO-based nano-LSTP-loaded CPE shows

excellent stability and electrochemical performance, enabling it to be

used in ASSLMB. The prepared ASSLIB was tested at 60 °C. Fig. 7a shows
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Fig. 6. EIS curve of the symmetric cell for the CPE filled with (a) pm and (b) nm-sized LSTP particles, (c) Arrhenius plot, and (d) Comparison of the galvanostatic
charge-discharge curve of the symmetric cell of the pm and nm-sized LSTP particles loaded in the CPE at a current density of 0.1 mA cm 2 and the electrochemical

performance of the cell was tested at 60 °C.

the profiles of cyclic voltammetry for the LiFePO4/nm-LSTP CPE/Li cell
in the potential range of 2.5-4 V at the scan rate of 0.1 mV s~ 1,

The reaction mechanism of LiFePO4 as follows:

In charging and discharging process:

LiFePO4=xFePO, + (1 — x) LiFePO4+xLi 4 xe™~

From the above reaction mechanism, it can be concluded that the
charge-discharge process is carried through a two-phase reaction be-
tween LiFePO,4 and FePOg4. During the charging process, Li-ion de-in-
tercalates from LiFePO4 and forms the FePO4 phase. Again, in the
discharging process, the Li-ion intercalates to FePO4 and forms the
olivine LiFePO4 phase [62]. A couple of oxidation and reduction peaks at
around 3.64 and 3.25 V for the first cycle indicate the charge/discharge
process of the cell. No additional cathodic and anodic peaks were
observed rather than characteristic peaks that indicate the LiFePO4 has a
stable olivine structure in the charging and discharging process and has
good electrochemical stability [62,63]. After the first cycle, the oxida-
tion and reduction peak shift to 3.62 and 3.24 V, and there is no dif-
ference until the fifth cycle. These studies also confirmed that CPE acted
as an ionic conductor in such a potential range.

The plot of the differential capacity (dQ/dV) vs. voltage at the 1st,
20th, 50th, and 100th cycles is shown in Fig. 7b. It explains the details of
the charge/discharge process. The first cycle displays cathodic and
anodic peaks centered at 3.59 and 3.39 V, corresponding to the two-
phase charge/discharge reaction of the Fe?'/Fe®" redox couple. After
a few cycles, the redox couple shifted to 3.56 and 3.40 V, and the po-
tential difference of the peaks AE ~0.14 V reflects the polarization of the

ASSLMB. To evaluate the merit of the cathode in the SSBs, galvanostatic
characterizations were carried out to examine the specific capacity of
the LFP/nm-LSTP CPE/Li cell. In Fig. 7c, we observed the cycling per-
formance of the cell using 1 C-rate charging and discharging. The initial
charge and discharge capacities are 129/124 mAh g~!, and the
coulombic efficiency of the cell was 96%. For comparison, the prepared
LFP/pum-LSTP CPE/Li cell provided the charge/discharge capacities are
106/101 mAh g}, and the low discharge capacity is due to the low ionic
conductivity and smaller particle-polymer interfacial contact between
the PEO and pm-LSTP particles (Table S2, Fig. S14). It has been observed
that the initial charge capacity is usually much higher than the discharge
capacity. This phenomenon is likely a result of the SEI formation in the
liquid cell battery [64]. The discharge capacity, capacity retention, and
fade rate are summarized in Table 2. After 5 cycles, the discharge ca-
pacity is increased to 127 mAh g ! due to the activation process. The cell
retains 89% of its initial capacity after 100 cycles, and the capacity fade
rate is estimated to be 0.179 mAh g ! per cycle. This stable and excellent
cycling performance might be correlated with the high ionic conduc-
tivity and improved the interfacial properties of the CPE and inherent
mechanical properties of the nano-LSTP. These electrochemical studies
revealed that our CPEs exhibited excellent electrochemical performance
at 60 °C, comparable with that of LFP-based cathode materials reported
previously (Table 3) [8,52,65-68]. But after 200 cycles, the discharge
capacity was further decreased to 81 mAh g~!, which corresponds to
nearly 66% of its initial discharge capacity (Fig. 7d). A conventional LIB
with a liquid electrolyte was also studied (Fig. S15) for comparison.
The reasons for the capacity decay were due to slight volume
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Table: 2
Capacity retention and capacity fade rate of the Li/nm-LSTP CPE/LFP cell at the
1C rate.

Cycle Capacity (mAh g™1) Capacity retention (%) Capacity fade rate (%)
5 127

50 119 96 0.177

100 110 89 0.179

200 81 66 0.236

expansion, Li-ion irreversibility, Li-ion depletion layer formation, and
the slight increment in the charge transfer resistance between the elec-
trode/electrolyte for the long cycle life. Fig. S16 shows the FE-SEM
images of the LiFePO, particles before and after the electrochemical
performance. After 200 cycles, the small cracks formed on the LFP
particle due to the volume expansion of the electrode. The small cracks
limit the Li-ion intercalation in the cathode particle and further decrease
the capacity of the cell. Fig. S17 displays the XPS spectra for the LiFePO4

cathode before and after the electrochemical test. After the cycling test,
the Li 1s and Fe 2p peaks were slightly shifted, and their intensity was
decreased due to Li-ion reduction on the surface. The lithium-ion irre-
versibility and slight volume expansion lead to the capacity loss of the
cell.

Fig. 8a and b shows the initial charge/discharge capacity curves and
rate capability curves of a Li/nm-LSTP CPE/LiFePOy cell at different C
rates. The first discharge capacities at rates of 0.1, 0.2, 0.5, 1, and 2C are
160, 151, 139, 128, and 113 mAh g_l’ respectively. At high C-rates, the
capacity is decreased due to the high polarization of the cell, the charge
plateau increases, and the discharging plateau decreases upon
increasing the current density. When the current density is switched
back to a 0.1C rate, the discharge capacity is almost reached its initial
capacity, indicating stable mechanical compatibility and interfacial
stability between the cathode and electrolyte. EIS measurements were
performed to evaluate the Li/nm-LSTP CPE/LFP cell. Fig. 8c reveals AC
impedance spectra of the ASSLMB before and after 200 cycles at 1C at
60 °C. As shown by the results, the charge-transfer resistance of the cell

Table:3

The electrochemical performance of Li metal batteries using a different kinds of solid electrolytes using PEO polymer matrix.
Solid electrolyte Tonic conductivity Cathode Electrochemical performance Ref.
PEO/LITFSI + LAGP 6.76 x 107* S cm™! at 60 °C LiFePO, 143 mAh g~ under 0.5C at 60 °C [8]
PEO/LIiTFSI + LLZO particles 2.1 x107*Sem !at 30 °C LiFeg.15Mng gsPOy4 107 mAh g ! after 200 cycles under 0.1C at 60 °C [52]
PEO/LiTFSI+10 wt% LLZTO particles 1.17 x 107*Sem ™! at 30 °C LiFePO, 127 mAh g~ ! after 200 cycles under 0.2C at 55 °C [65]
PEO/LIiTFSI + LATP/PAN nanofiber 6.5 x 10°*Scm ' at 60 °C LiFePO4 144 mAh g’1 after 100 cycles under 0.2C at 60 °C [66]
PEO/LiTFSI-LLZTO 6.57 x 107 S cm™! at 80 °C LiFePO, 125.5 mAh g~ ! under 1C at 80 °C [671
PEO/LiClO4 + LLZO 1.93 x 10 3Scem ! at 70 °C LiFePO, 135.98 mAh g~! under 0.2C at 70 °C [68]
PEO/LiTFSI + nm-LSTP 1.09 x 1073 Scem ™! at 80 °C LiFePO, 110 mAh g~ after 100 cycles under 1C at 60 °C This work
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Fig. 8. (a) Rate capability curve, (b) cycle life of the cell tested under different C-rate, (c) Electrochemical impedance spectra study of the cell before and after 200

cycles test. The electrochemical performances were studied at 60 °C.

increased from 113 to 142 Q after the 200-cycle test. The small incre-
ment in the charge transfer resistance indicated good interfacial
compatibility and superior interfacial stability with an electrode which
was attributed to the flexibility and electrochemical stability of the
electrolyte. Furthermore, the coin-cell (ASSLMB) can power a red LED
light continuously (Fig. 8d). This test fully proves the reliability of our
Li-ion SSB in real-time applications. This study reveals that the nano-
sized LSTP-filled PEO-based CPE could be used as a potential electrolyte
in the fabrication of ASSLMB.

4. Conclusion

We explored the PEO-based CPE with different sizes (1.07 pm and
430 nm) of the ceramic filler to ascertain particle/polymer interface
using a combination of diagnostics techniques, such as FE-SEM, TEM,
optical microscopy, and AFM. We observed that the nano-LSTP-loaded
PEO-based CPE exhibited a high Li-ionic conductivity of 5.44 x 10™*
S cm™! with a transference number of 0.45 at 60 °C compared to other
micron-sized fillers. Furthermore, we showed that the electrochemical
stability of the CPEs could be successfully enhanced at higher current
densities (0.1 mA cm™2) during Li-plating and stripping studies.
Enhanced electrochemical stability was achieved by hosting nanosized
LSTP fillers in the polymer matrix. The assembled LiFePO4 nm-LSTP
CPE/Li composite solid-state battery had a high capacity of 110 mAh g}
(after 100 cycles under 1C at 60 °C) with a characteristic two-phase
reaction and stable cycling profile. Considering the particle size and
surface area of the LSTP, its interaction with the polymer backbone
enables progress toward the fabrication of high-energy next-generation

10

advanced Li-metal batteries.
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