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Abstract:

Solid composite electrolytes, leveraging the advantages of both ceramic and polymers, are
emerging as a viable alternative to liquid electrolytes in all-solid-state lithium metal batteries.
Here, we have developed a polymer-ceramic composite electrolyte with an area-specific
resistance of ~ 94 Q cm? at room temperature (RT) by solution casting method. A Li-ion
conducting LiTa,POs ceramic with an RT bulk conductivity of ~ 3.2 x 10* S cm™! was
synthesized to act as an active filler in a PEO/PVDF-HFP polymer matrix complexed with
LiTFSI salt to obtain a polymer-ceramic composite electrolyte. The symmetric lithium cell with
the optimized electrolyte exhibited excellent cyclability over 950 cycles at an areal current
density of 0.2 mA cm™. The full cell with LiFePO4 cathode and lithium metal anode delivered a
specific capacity of ~ 115 mAh g™ with ~ 85% capacity retention after the 500 cycles at 1C at
RT, making it a viable alternative to be adopted in Li-ion batteries for room temperate

applications.
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1. Introduction

Lithium-ion battery technology has permeated nearly every aspect of modern life, yet its reliance
on liquid electrolytes poses significant challenges.!: 2 The complexity, flammability, and toxicity
associated with liquid electrolytes have hindered further advancements in lithium-ion batteries.
To overcome these challenges, it has become imperative to explore alternatives. Solid
electrolytes present a promising solution, offering the potential to manufacture batteries with
enhanced safety and energy density compared to conventional lithium-ion batteries. Solid
electrolytes are currently the cornerstone of solid-state battery technology undergoing rapid

development.?

Solid electrolytes can be categorized into two main types: inorganic solid electrolytes (ISEs) and
solid polymer electrolytes (SPEs). ISEs are known for their exceptional thermal stability and
high ionic conductivity. Oxide-based ISEs, such as lithium lanthanum titanate (Lio33La0.557T103)
and garnet-type materials (e.g., LisLa3Zr2O12), have attracted considerable interest due to their
high ionic conductivity and excellent chemical stability.*!> These materials typically exhibit
good compatibility with lithium metal anodes and are promising candidates for solid-state
lithium batteries. Sulfide-based solid electrolytes, including materials like LiioGeP2Si2 and
LisPSsCl, have emerged as alternatives to oxide-based electrolytes.'>!” These materials often

offer higher ionic conductivity at room temperature than their oxide counterparts. However,



chemical stability and compatibility with electrode materials remain key challenges that must be
addressed for commercial applications.”” 2! NASICON-based solid electrolytes, such as
LiZr2(POs); (LZP) and LiGex(PO4)s (LGP), are known for their good chemical stability and
wider electrochemical stability window.?* 2> These materials offer the potential for high-voltage
cathode materials and can operate at elevated temperatures but are limited by their poor ionic
conductivities at room temperature. A major bottleneck in the application of ISE in solid-state
batteries stems from their inability to establish effective contact with the electrode. This leads to
significant interfacial impedance, which hampers the transfer of lithium ions between the
electrolyte and electrodes. Consequently, batteries employing ISEs often suffer reduced capacity,

poor rate performance, and shorter cycle life.

Polymers, such as PEO, PEGDME, P(VDF-HFP), etc., are used along with different lithium salts
such as Lithium bis(trifluoromethane)sulfonimide (LiTFSI), Lithium difluoro(oxalato)borate
(LiDFOB), etc., and are also utilized in solid-state batteries.?**° The polymers (except single-ion
lithium-ion conducting) are incapable of lithium-ion conduction. The salts added to the polymer
get dissociated into Li" and the corresponding anions, which enable the polymer to conduct
lithium-ions via various mechanisms like polymer chain movement, segmental motion, hopping,
etc.’! The solid electrolyte interphase formation typically depends on the polymer and salt used
in composites. In addition, properties like the dissociation energy of salt, the size & mass of the
anion, etc., play pivotal roles in determining the electrochemical performance of the battery.
Moreover, during in-situ polymerization, the salt can initiate the polymerization process without
using any additional initiators. Solid polymer electrolytes (SPEs) offer flexibility and good
affinity with electrodes.*?** Nevertheless, solid polymer electrolytes (SPEs) face a hurdle due to

their low ionic conductivity, typically below 10 S cm™. This limitation poses a challenge to



their integration into all-solid-state lithium batteries. These challenges emphasize the need for
further development and innovation in solid-state electrolytes. These challenges can be addressed
by employing various techniques like the addition of inorganic fillers blending, in-situ photo-
polymerization, and solvent-free crosslinking. Among these, incorporating inorganic fillers into
the polymer matrix to create composite polymer electrolytes emerged as a promising strategy to

improve the performance of solid-state lithium metal batteries.>>"’

These inorganic fillers can be categorized into inert fillers, such as Al,O3, TiO2, SiO2, and CeO,
and active fillers, including perovskite-type, garnet-type, and NASICON-type materials.’34?
Inert fillers play a crucial role as plasticizers by increasing the amorphousity of the polymer
matrix. This facilitates the dissociation of salt through Lewis acid-base interactions.** On the
other hand, active fillers offer dual benefits: augmentation of lithium-ion (Li") mobility by
facilitating the segmental movement of the polymer chain, like inert fillers, and promote rapid
Li" transport within the ceramic phase. This dual action creates efficient pathways for Li"
conduction at the interface between the polymer and the ceramic filler, resulting in remarkable
synergistic effects. In 2018, Kim et al. systematically explored corner-sharing polyanionic phases
with Lix(MOe2)m(TO42)n configurations, where M and T represent octahedral and tetrahedral
cation sites, respectively.** 4> Through rigorous search, they unveiled monoclinic LiTa,POs,
denoted as Lix(TaOs/2)2(PO42)1 or LTPO, as a novel type of highly efficient Li-ion conducting
oxide. The room temperature (25 °C) bulk lithium-ion conductivity of LTPO is reported to be
around 10* S cm™.* High Li+ conductivity makes LTPO an attractive candidate for solid
electrolyte application in lithium batteries. Unfortunately, LTPO is also reported to be chemically

unstable with lithium metal, forming a highly resistive passivating layer that limits its application

as a ceramic electrolyte.*’



In the current study, powders of LiTa;POg (LTPO) are used as active fillers in a PEO-P(VDF-
HFP)-LiTFSI salted polymer matrix to create a composite solid electrolyte. The LTPO
demonstrates bulk conductivity on the order of ~10* S cm™. In PEO-P(VDF-HFP) polymer,
P(VDF-HFP) provides mechanical stability, whereas PEO is highly chemically stable with
lithium metal. LiTFSI emerges as the appropriate salt due to its robust complexation with PEO-
P(VDF-HFP) and ability to curtail anionic mobility, attributed to the sizable and weighty TFSI™
ion. The addition of LTPO enhances the ionic conductivity of the modified polymer electrolyte
by providing additional lithium-ion transport pathways. The study reports on the electrochemical
performance of solid-state symmetric lithium cells and full cells (LiFePO4 as the cathode)

utilizing the composite solid electrolyte with different percentages of the ceramic content.
2. Experimental method
2.1 LTPO synthesis

Stoichiometric amounts of lithium carbonate (Li2CO3), Tantalum pentoxide (Ta0s), and
ammonium dihydrogen phosphate (NH4-H2PO4) raw materials were measured. To compensate
for the evaporation of Li2O at high temperatures, 10 wt.% of excess Li2CO3 was added. The
mixture underwent ball milling for 12 h, then heated at 600 °C for 12 h to facilitate thermal
decomposition. Subsequently, the obtained powders were ball milled again for 12 h and then
dried. The resulting powders were added to a die and pressed into ceramic pellets of 10 mm
diameter under a uniaxial pressure of ~ 200 MPa. Finally, the green ceramic pellets were reactive

sintered at 1150 °C for 12 h.

2.2 Composite solid electrolyte preparation



Composite solid-state electrolytes were fabricated using the solvent-casting technique. Initially,
PEO and P(VDF-HFP) (1:1 wt. ratio) were dissolved in a mixed solvent of acetonitrile and DMF,
followed by stirring for 3 h. LiTFSI salt was added to the polymeric solution at a 60 wt.%
polymer concentration. Subsequently, LTPO ceramic particles synthesized at 1150 °C were
introduced into the solution and stirred at 400 rpm for 24 h, with different weight fractions of
ceramics to salt-polymer PEO-P(VDF-HFP)-LiTFSI, to achieve a homogeneous solution. This
solution was cast onto a PTFE plate and dried at 50 °C for 24 h in a vacuum oven to eliminate the
solvent. The resulting dried LTPOx (x = wt. percentage of ceramics in the composite solid
electrolyte) was subsequently cut into 18 mm round pieces and stored in a glove box filled with

Argon.
2.3 Coin cell fabrication

The symmetric lithium cells named Li|LTPOx|L1 cells were fabricated with lithium metal as the
electrodes and LTPOx electrolyte membranes as the electrolyte. The asymmetric Li|LTPOx|SS
cell configuration was fabricated with lithium metal as the anode and SS (stainless steel) as the
working electrode to measure the electrochemical stability window of the LTPOx solid
electrolytes. For a full cell LilLTPOx|LiFePO4 cell fabrication, LiFePO4 cathode slurry was
prepared with a weight ratio of PVDF: Ketjen black: active material (LiFePO4) as 15: 10: 75. Al
current collector was used for cathode slurry coating with an areal active material density of 1.5

mg cm™,
24 Characterization techniques
Various analytical techniques were employed to characterize the phase composition and

properties of ceramic LiTaxPOg (LTPO), polymer-salt complexes, and composite solid electrolyte

(LTPOx) membranes. X-ray diffraction (XRD) analysis was conducted using an Empyrean X-ray
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diffractometer with Cu-Ka radiation covering the 26 range of 10° to 60°. Rietveld refinement
was used for obtaining the crystallographic parameters from the XRD data (employing the

).% The microstructural characteristics of the prepared

TOPAS academic version 6 software
samples were investigated using a JEOL-7610+ field emission scanning electron microscope
(FE-SEM). FTIR spectra were obtained using a PerkinElmer Spectrum IR (Model number:
Spectrum 2) spanning a 500 — 1800 cm™' range. impedance data were obtained utilizing an NF
Corp. LCR meter (Model: ZM2376) and at an applied 10 mV input signal in 1 Hz - 1 MHz range
on sintered LTPO pellets with silver electrodes painted on either side, as well as the lithium
symmetric cells Li|LTPOx|Li. DC polarisation tests were carried out in Li|[LTPOx|L1i cells, along
with linear sweep voltammetry (LSV) in asymmetric Li|LTPOx|SS (stainless-steel) cells using a
Keithley Source Meter Unit (model 2450-EC). Linear sweep voltammetry tests were carried out
in the 2.5-6.0 V range at scan rate of 0.1 mV s! at 25 °C. Galvanostatic charge-discharge (GCD)
measurements were also carried out on Li[LTPO20|Li cells and Li|LTPO20|LiFePO4 cells with

the help of a Neware CT-2001A battery tester. The electrochemical experiments were performed

at room temperature.
3. Results and discussion
3.1 X-ray diffraction analysis

Figure 1(a) presents the X-ray diffraction (XRD) pattern of LiTa2POg (LTPO) reactive sintered at

1150 °C for 12 h with a heating rate of 5 °C min™.

The Rietveld refinement performed using TOPAS software (academic version) confirmed a
monoclinic phase (space group: C2/c) with lattice parameters a = 9.7196(2) A, b = 11.5424(3) A,
c =10.7036(3) A, p = 90.025(3) and ¥ = 1200.81(5) A3.*6 During refinement (the refinement

results are provided in Table S1), the monoclinic structure was taken as the starting model with
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Wyckoft positions determined by Adams and Co., and. and the generated CIF file was employed

to investigate the lithium-ion kinetics in the crystal structure.*’

Figures 1(b) and 1(c) show the possible lithium-ion migration pathway along with the lithium-
ion migration barrier energy between two adjacent lithium sites inside the LiTa,POg monoclinic
crystal structure, generated with the help of softBV software using a grid resolution of 0.1 A.*7-4
The one-dimensional lithium-ion conduction occurs via Li2 and Li4 sites with an energy barrier
of 0.186 eV, while three-dimensional lithium-ion conduction pathways occur through Li2-Li3
sites with an energy barrier of 0.251 eV. The facile lithium migration pathway provided by the
crystal structure could boost the lithium-ion conductivity of the sample. Figure S1 compares the
XRD patterns of the LTPO20 composite solid electrolyte and LiTa;POg ceramic (only the
LTPO20 sample’s xrd is shown as a representative, as there was no discernible change in xrd
patterns of LTPO10, LTPO20, and LTPO30). The presence of high-intensity XRD peaks of
LiTaoPOs in the former suggests the successful incorporation of LTPO ceramics in the PEO-

(PVDF-HFP)-LiTFSI polymeric salt matrix.
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Figure 1: (a) Room temperature powder XRD data (open green symbols) for LiTa,POs (LTPO) sample
calcined at 1150 °C for 12 h. The calculated pattern is depicted as a thick magenta line, the profile
difference is shown by a yellow line. The Bragg positions for LTPO are indicated by black vertical bars.
(b) The lithium-ion migration pathway in the monoclinic LiTaPOs (C2/c) crystal was generated using
softBV software. (c) The energy difference at different lithium sites in the LiTa>POs crystal structure using
softBV software.

3.2 Microstructure analysis

The scanning electron microscopy image of the reactive sintered LiTa;POg pellet’s surface
(relative density of ~ 93%), along with the elemental distribution of Ta, P, and O, are shown in
Figure 2(a) inset and Figures 2(b-d), respectively. Figure 3(a-¢) illustrates the energy dispersive
spectroscopy (EDS) maps of the LTPO20 solid electrolyte sample. The elemental distribution of
N and S indicates the LiTFSI salt in the polymer matrix. Further, the uniform distribution of
LTPO ceramic fillers is confirmed by the elemental distribution of Ta, P, and O. The well-
connected polymer chains in LTPO20 can foster the lithium-ion percolation with better Li"
transport properties as compared to the LTPOO (PEO-P(VDF-HFP)-LiTFSI) electrolyte with no

ceramic fillers, by providing extra lithium-ion conduction pathways.



Figure 2: (a) EDS mapping of sintered LiTa,POs pellet along with SEM image as inset. (b-d) Elemental
distributions of O, P, and Ta.
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Figure 3: (a) EDS mapping of sintered LiTa:POs pellet along with SEM image as inset. (b-e) Elemental
distributions of N, O, P, Ta, F, S, and C. (f) FTIR spectra of PEO-P(VDF-HFP), LTPOO0, and LTPO20.

33 FTIR analysis
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Figure 3(b) illustrates the FTIR spectra, revealing changes in absorbance within the range of 500
cm™ to 1780 cm! following the addition of salt and ceramic filler. In the PEO-P(VDF-HFP)
polymer matrix, peaks observed at approximately 840, 878, 1174, 1278, and 1402 cm’
correspond to the mixed mode of molecular vibrations, including -CH2 rocking, combined -C-C
vibrations, -CF2 symmetric stretching, C-F symmetric stretching, -CF3 symmetric stretching,
and -CH2 wagging, respectively.’*->? Additionally, the appearance of doublet peaks at ~1340 cm™!
and 1360 cm signifies -CH2 wagging of PEO polymer, whereas peaks around ~1058 cm’!
represent C-O-C stretching of PEO.> Further distinctive vibrations associated with PEO and
P(VDF-HFP) remain evident both before and after the introduction of Li-salt and LTPO ceramic
filler. Observations in the FTIR spectrum of LTPOO revealed additional peaks at approximately
1661, 1502, and 571 cm™ in the LTPOO. The appearance of the peak at 571 cm™! is attributed to
asymmetric -CF3 bending vibrations of LiTFSL.>? Peaks at ~ 765 cm™ and ~ 740 cm™ in the
FTIR spectra of both LTPOO and LTPO20 denote Li"-TFSI™ contact pairs and free TFSI,
respectively.’* 3 Notably, LTPO fillers act as Lewis acid sites affecting the molecular bonds (-
SO»- chain) in TFSI'. This causes a slight peak shift in the FTIR spectra of the polymer-salt
matrix upon incorporation of ceramic fillers. Such changes, attributed to the occurrence of Lewis
acid-base interactions between the ceramic particles and TFSI, have been reported in the

literature.>®
3.4  Complex impedance analysis

The impedance measurements for the LTPO pellet (silver electrodes were painted on the flat
surfaces) and LTPOx (the composite membranes were placed between two stainless steel
spacers) were carried out in the frequency range of 1 Hz — 1 MHz using a 10 mV perturbation

potential. Figure 4(a) presents the Nyquist plot of the LTPO sample at room temperature, and the
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corresponding equivalent circuit used to model the data is shown in Figure 4(a) inset. The
straight-line feature in the low-frequency region denotes the non-ionic-conducting nature of the
silver electrodes. CPE1||R; presents the grain component, whereas CPE2||Rg, denotes the grain-
boundary component. Utilizing the values of Rg (from fitting) alongside the dimensions of the
sample, the room temperature bulk conductivity of LTPO was determined to be ~ 3.2 x 10* S
cm’!. The application of LTPO pellets in solid-state batteries is hindered due to the presence of
highly resistive grain boundaries and the chemical instability of the LTPO ceramic with lithium
metal. Further, the activation energy bulk conduction of the LTPO sample was calculated to be ~

0.285 £ 0.006 eV using the Arrhenius equation:

Ea

o(T) = gge ka7 (1

where T denotes the absolute temperature in Kelvin, oy and E, represent the pre-exponential

factor and activation energy, respectively (Figure 4(b)).
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Figure 4: (a) Nyquist plot of LiTa,POs (inset displays the equivalent circuit used for fitting the impedance
data) at room temperature. The scattered symbol and the pink line represent the experimental and fitted
data, respectively. (b) Linear fitting of temperature-dependent conductivities of LiTa,POs sample using

the Arrhenius equation.
In the Nyquist plot at room temperature for LTPO20 (Figure 5(a)) (the Nyquist plots of LTPOO,
LTPO10 (10 wt.% LTPO ceramics in composite), and LTPO30 (30 wt.% LTPO ceramics in
composite) electrolytes are presented as Figures S2, S3, and S4, respectively in Supplementary
Information), a tail feature (CPE2) in the low-frequency region signifies the ion-blocking
characteristic associated with the stainless steel. A partial semicircular arc (modeled by R||CPE1)
observed in the high-frequency range represents the lithium-ion movement within the composite
electrolyte. The determined 'R' values from the fitting, thickness, and surface area were
employed to calculate conductivity values for the composite electrolyte samples. Table 1 presents
the conductivity (at RT) and activation energy (determined from the linear fitting shown in
Figure 5(b), using equation 1) of the composite solid electrolytes LTPOx. An increase in
conductivity and a decrease in the activation energy was observed as a result of incorporating the
ceramic powders in the polymer matrix. The LTPO20 sample, with conductivity of ~ 0.9 x 10* S

1

cm™ at room temperature and activation energy of ~ 0.25 eV, outperformed the other

compositions in conductivity and activation energy. It is known that incorporating lithium-ion
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conducting ceramic powders in polymers diminishes the semi-crystalline nature of the polymer
matrix and provides additional conduction channels through the ceramic grains or space-charge
regions present at the ceramic-polymer interface, thereby enhancing lithium-ion conduction.”’- 3
It may be noted that the DMF solvent can’t be removed from the polymer matrix completely at
50 °C, even under vacuum, as confirmed by recent studies where residual DMF forms complexes
with Li" and facilitates ionic conductivity.>>®*! The lower conductivity and higher activation

energy of LTPO30 compared to the LTPO20 sample could be due to the agglomeration of LTPO

ceramic fillers.
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Figure 5: (a) Nyquist plot of LTPO20 electrolyte sample (inset displays the equivalent circuit used to fit
the impedance data) at room temperature. The scattered symbol and the pink line represent the
experimental and fitted data, respectively. (b) Linear fitting of conductivities of LTPOx at different

temperatures using the Arrhenius equation.

Table 1: RT conductivity (or7) and activation energy (E, ) values obtained for various samples (LTPOx).
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Sample orr (S em™) E, (eV)

LTPOO 1.3 x 107 0.348 +£0.005
LTPOI10 5.6 x 107 0.319 £ 0.004
LTPO20 9.2 x 107 0.249 £ 0.005
LTPO30 7.5 %107 0.282 £ 0.004

3.5 Li' transference number

The Bruce-Vincent method was used to probe the Li" transference number in the electrolyte
sample.®? This technique integrates direct current (DC) and alternating current (AC) measurement
methods. In this study, to measure the Li" transference number, a 0.05 V DC potential (AV) is
applied to Li|LTPOx|Li cells for 3 h. The impedance of the symmetric cell is measured before
applying DC potential and upon the removal of DC potential using a 10 mV AC perturbation to
determine the interfacial resistance of the cell. Under the DC potential, both cationic and anionic
species contribute to the initial current value (Io) at t = 0 h. However, over time, there is a decline
in the current value due to a reduction of the anionic current as the anions are blocked at the
lithium metal electrode’s surface, and a counter-electric field develops in the direction opposite of
the applied DC field. At a steady state (t = 3 h), the current (Iss) is solely due to the migration of
the cationic species through the electrolyte. In Figure 6(a), the current variation in Li|LTPO20|Li

cells under a 50 mV DC potential over 3 h is depicted.
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Figure 6: (a) Change in current with time under 50 mV DC bias load on Li|LTPO20|Li cell at room
temperature. The inset shows the Nyquist plots att = 0 h & t = 3 h with the appropriate equivalent circuit
employed to fit the data. (b) Linear sweep voltammetry curves of Li|LTPOO|SS cell and Li|LTPO20|SS cell

at a scan rate of 0.1 mV s at room temperature.

The inset displays Nyquist plots of LilLTPO20|Li cells measured at t = 0 h and t = 3 h. The
impedance data was analyzed with the help of an equivalent circuit model (Figure 6(a) inset).
The composite electrolyte and symmetric cell's total DC resistance are indicated by the high-
frequency and low-frequency intercepts of the semi-circular arcs, respectively. A very low ~ 7 Q
change is observed in the interfacial resistance. In contrast, there was no significant change in the
composite electrolyte’s bulk resistance, suggesting the composite electrolyte’s chemical stability
with lithium metal. The lithium-ion transference values for LTPOx were calculated using equation

(2) and are given in Table S2.

_ Iss(AV—IORo)
tLi+ - IO(AV_IssRss) (2)

In liquid electrolytes, there is always a trade-off between ionic conductivity and lithium-ion
transference number. However, incorporating ceramics into polymer electrolytes can enhance
lithium-ion conductivity and transference number. In our study, the sample containing 20 wt.%

ceramic content (LTPO20) demonstrated a high lithium-ion transference number of ~ 0.71.
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Inorganic lithium-ion conducting ceramic particles are known for their exceptionally high Li-ion
transference number, often approaching 1. In the LTPO20 composite, the inclusion of LTPO
ceramic particles constrains the transport of (TFSI)™ and other poly-ions, thereby enhancing its
Li-ion transference numbers relative to LTPOO, where tri+ typically around 0.30. Additionally,
the LTPO particles may function as Lewis acid sites, facilitating complexation between (TFSI)~
and LTPO particles.®* The LTPO20 electrolyte sample showed the highest conductivity along
with the highest lithium-ion transference number among all the LTPOx samples. Considering the
values of the lithium-ion transference number and the overall conductivity, the Li" conductivity

was calculated to be 0.63 x 10 S cm™! for the LTPO20 sample.
3.6 Linear sweep voltammetry (LSV)

The linear sweep voltammetry profiles used to investigate the electrochemical stability window
(ESW) of LTPOO and LTPO20 samples are displayed in Figure 6(b). The higher voltage with a
large change in current value represents the higher limit of the electrochemical stability window,
within which the electrolyte maintains its electrochemical integrity during the charging-
discharging of the cells. LSV was conducted on Li[LTPOO|SS and Li[LTPO20|SS cells in the 2.5
V to 6 V voltage range at a scan rate of 0.1 mV s™. The upper oxidation voltage value of LTPOO
was found to be 3.9 V, which was increased to 4.6 V upon incorporating LTPO ceramic filler in
the LTPO20 solid electrolyte. A strong interaction between the ceramic fillers and the salted
polymer chain enhanced the electrochemical stability of the PEO- P(VDF-HFP)-LiTFSI
polymeric salt, which allows the application of high voltage cathode materials based on layered

oxides, spinel structures.
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3.7 Symmetric cell GCD

To investigate the interfacial stability between the LTPO20 membranes and the lithium metal, Li
plating, and stripping tests were performed in a symmetric cell. Figure 7(a) displays the GCD
curves of lithium symmetric cells with different current densities (0.2 mA cm?, 0.4 mA cm™, 0.6
mA cm?, 0.8 mA cm?, 1 mA cm?, and 1.5 mA cm™) for 30 minute periods of lithium plating and

stripping.
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Figure 7: (a) The room temperature galvanostatic curves indicating lithium plating-stripping in
Li|LTPO20|Li cells at different current densities. (b) The room temperature galvanostatic curves indicate

lithium plating-stripping in Li|LTPO20|Li cell at a current of 0.2 mA cm™ for 950 h.

As the current density increases to 1.5 mA cm™, the overpotential profile shows diminishing
flatness and elevated potential values. At 1.5 mA cm?, indications of non-uniform lithium plating

and stripping become apparent from the asymmetric voltage profile. Assessing the electrical
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integrity up to 1.5 mA cm?, the critical density of the LTPO20 electrolyte is estimated to be
approximately 1 mA cm™. At the current density of 0.2 mA cm™, the lithium symmetric cell
utilizing LTPO20 exhibits a flat over-potential of ~ 50 mV during plating and stripping,
demonstrating durable cycling performance for 950 cycles without any sign of micro short-
circuits or complete short circuits (Figure 7(b)). During the initial cycles, the over-potential
decreases continuously until it reaches a constant value. The high over-potential in initial cycles
could be attributed to the SEI formation and activation polarization. The nearly unchanged over-
potential value over 950 cycles suggests the presence of a stable interface between the lithium
metal electrode and composite electrolyte. Furthermore, the over-potential curve of the
symmetric cell during plating and stripping indicates uniform lithium deposition and removal

from the lithium metal surface.®
3.8 Full cell GCD

The LiLTPO20|LiFePOs cell underwent galvanostatic charging and discharging under room
temperature conditions, within a voltage window of 2.8-4.0 V. Figure 8(a) shows the specific
capacity-potential curve for Li[LTPO20|LiFePOs at different C-rates. The cell delivered a
specific capacity of ~ 141 mAh g! at 0.2C, which decreases to ~ 133 mAh g and ~ 115 mAh g’!
at 0.5C and 1C, respectively (the C rate was calculated considering the specific capacity of
LiFePO4 as 160 mAh g!). The specific capacity degradation from 0.2C to 0.5C is lower than the
reduction in specific capacity from 0.5C to 1C. This might be due to the sluggish lithium-ion
transport kinetics at the electrode-electrolyte interface and the poor lithium-ion conductivity of
LiFeP04.% % Figure 8(b) showcases the long-term cyclability of LijLTPO20|LiFePOs at 1C. The
cell retained ~ 85% of the initial specific capacity after 500 charge-discharge cycles. The

columbic efficiency remained nearly 100%, even with slight capacity degradations after every
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cycle. Figure 8(c) illustrates the charge-discharge profiles of Li|[LTPO20|LiFePOs cells at
selected cycles. With cycling, a slight increase in the over-potential associated with capacity
degradation can be observed. This could be attributed to the increased SEI layer and structural

degradation of LiFePOj particles associated with continuous cycling.
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Figure 8: (a) The charge-discharge curves of Li|LTPO20|LiFePQOy cell at different C-rates cycled at room
temperature. (b) Room temperature long cycling data of Li|LTPO20|LiFePOy cell at 1C. (c)
Galvanostatic charge-discharge curves of Li|LTPO20|LiFePO; cell at selected cycles.

4. Conclusions

The composite solid polymer electrolyte with 20 wt.% of high lithium-ion conducting LiTa>,POs

ceramic fillers exhibited the highest lithium-ion conductivity of 0.63 x 10* S cm™ at room
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temperature along with the lowest activation energy value of ~ 0.25 eV among all LTPOx
samples. The ceramic filler incorporation increased the oxidation stability of the LTPOO polymer
electrolyte from 3.9 V to 4.6 V for the LTPO20 composite sample against the lithium metal. The
symmetric cell fabricated with LTPO20 as the electrolyte showed excellent uniform lithium
plating-stripping at 0.2 mA cm for 950 cycles. The critical current density estimated from Li
plating-stripping tests was around 1 mA cm™. The Li|LTPO20|LiFePOs full cell delivered a high
specific capacity of ~ 141 mAh g! at 0.2C and ~ 115 mAh g' at 1C. Furthermore, the cell
retained 85% of its specific capacity after 500 cycles at 1C. The electrochemical performance
driven by the LTPO20 composite solid electrolyte indicates the viability of LTPO-based

composite electrolytes’ application in lithium metal solid-state batteries.

SUPPORTING INFORMATION

Results of Rietveld refinement XRD data; XRD patterns of LTPO20 composite electrolyte and
LiTaxPOs ceramic sample; Nyquist plot of LTPOO, LTPO10, and LTPO30 electrolyte; Lithium-

ion transference number (ti+) table
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Table S1: Results of Rietveld refinement of room temperature powder XRD data of LTPO (LiTa:PQOs)

ceramics.

Site Site symmetry X y // Atom  Occupancy
Tal 8 0.2446 0.0948 0.2542 Ta® 1
Ta2 4 0 0.3462 0.25 Ta® 1
Ta3 4 0 0 0 Ta® 1

P 8 0.4996 0.2101 0.0594 p* 0.775
Ol 8 0.0587 0.3325 0.0681 02 1
02 8 0.3797 0.1345 0.4057 0 1
03 8 0.3574 0.5055 0.1299 0 1
04 8 0.0464 0.1641 0.5519 0 1
05 8 0.1447 0.2374 0.2897 0 1
06 8 0.1387 0.058 0.1135 0 1
07 8 0.3785 0.2009 0.1538 0 1
08 8 0.1346 0.4655 0.2836 0 1
Lil 8 0.759 0.154 0.653 Li*! 0.41
Li2 8 0.236 0.359 0.418 Li*! 0.31
Li3 8 0.166 0.525 0.498 Li*! 0.23
Li4 8 0.347 0.351 0.257 Li*! 0.05
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Figure S3: Room temperature XRD patterns of LTPO20 composite electrolyte and LiTa:POs ceramic
sample.
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Figure S4: Nyquist plot of LTPOQ electrolyte.
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Table S2: Lithium-ion transference number (t1;+) calculated for LTPOO, LTPO10, LTPO20, and LTPO30
(applied DC voltage = 0.05 V).

Sample I (nA) I (nA) Ro () Ry (Q) triv

LTPOO 96 45 170 220 0.39(3)
LTPOI0 82 51 140 170 0.57(9)
LTPO20 180 140 90 95 0.71(6)
LTPO30 46 32 120 130 0.67(5)
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