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Abstract:

The solid electrolytes in solid-state lithium batteries suffer due to low room temperature
conductivity (< 10* S cm™) and sluggish lithium-ion transport at the electrode-electrolyte
interface. To fabricate solid-state lithium metal batteries employing composite solid
electrolyte, Ta-doped LizLa3Zr>O12 (LLZTO) with room temperature conductivity ~ 6.1 x 10
* S cm! was synthesized and dispersed in polyethylene  oxide-lithium
bis(trifluoromethanesulfonyl)imide (PEO-LiTFSI) polymer-salt matrix in different
proportions. The sample SCE20 (20 wt.% LLZTO & 80 wt.% PEO-LITFSI), showing the
best effective lithium-ion conductivity amongst all compositions (~ 1.44 x 10* S ecm™), was
used to fabricate lithium symmetric cells and all-solid-state cells with LiFePO4 cathode in
conjunction with lithium metal as the anode. The fabricated lithium symmetric cells showed
high cyclability (more than 1100 hours) with a low overpotential of ~ 180 mV at a current
density of ~ 0.4 mA cm™. The LiFePO4 cells with monolithic cathode-SCE20 electrolyte
architecture in conjunction with lithium metal as the anode exhibited ~ 50% lower interfacial
resistance and delivered ~ 84.2% capacity retention after 1000 cycles at 1C with an initial
discharge capacity of ~ 133 mAh g'!. This facile, cost-efficient design of integrated cathode-

electrolyte architecture by a doctor blade coating method can drive the application of solid-

state lithium metal batteries on a commercial scale.

Keywords: All-solid-state cells; garnet; composite electrolytes; cathode-electrolyte

interface; doctor-blade coating.



1. Introduction

The surging global demand for energy, coupled with the shift from traditional internal
combustion engine vehicles to their electric counterparts, has prompted worldwide
policymakers to seek highly efficient energy storage technologies. This pursuit aims to
address the intermittent nature of renewable energy sources [1, 2]. Despite the dominance of
lithium-ion technology in the rechargeable battery market for portable electronics over the
last few decades, continuous innovation is imperative to outpace the evolving energy needs
[3-5]. This innovation is driven by the necessity to meet specific energy requirements while
addressing safety concerns associated with the use of organic flammable liquid electrolytes in

state-of-the-art lithium-ion batteries [6].

All-solid-state lithium batteries (ASSLBs) with non-flammable solid electrolytes are
emerging as the future energy storage technology [7]. This aims to mitigate the safety issues
present in conventional Li-ion batteries. Moreover, incorporating lithium metal and high-
voltage positive electrode materials could enhance the specific energy of ASSLBs. This
enhancement is facilitated by the lithium dendrite suppression capability of solid electrolytes
and the provision of a wide electrochemical stability window [8, 9]. However, the
commercialization of ASSLBs faces challenges due to the high electrode-electrolyte solid-
solid interfacial resistance of ceramic electrolytes and the low room-temperature ionic
conductivity of solid polymer electrolytes [10-14]. While flexible solid polymer electrolytes
could alleviate electrode-electrolyte resistance, their application in room-temperature
ASSLBs is limited by low lithium-ion conductivity [15, 16]. Inorganic solid electrolytes like
thio-LISICONSs and Li-Argyrodites exhibit high Li-ion conductivity, surpassing even liquid
electrolytes in terms of effective lithium-ion conduction [17-19]. Nevertheless, issues in the
mass production of thin ceramic membranes and poor electrode-electrolyte interfaces hinder

the widespread use of inorganic solid electrolytes. Various strategies, including surface



treatments and adding buffer layers between the electrode and electrolyte, have been

employed to address electrode-electrolyte interface issues [20-26].

The utilization of ceramic-polymer composite electrolytes capitalizes on the benefits of both
components [14]. These composite electrolytes offer scalable processability, high ionic
conductivity, good mechanical strength, and thermal stability at elevated temperatures [27].
Solid composite electrolytes (SCEs) are classified into ceramic-in-polymer solid electrolytes,
comprising a higher weight percentage of ceramics, and polymer-in-ceramic solid
electrolytes, featuring polymers infused in dominating ceramic matrices. In ceramic-in-
polymer solid electrolytes, passive ceramics fillers act as plasticizers, facilitating polymer
chain movement for facile lithium-ion conduction by reducing crystallinity in the polymer
matrix [28-30]. Concurrently, lithium-ion conductive active ceramic fillers provide additional
lithium-ion conduction paths through ceramic grains [31]. Additionally, ceramic fillers
contribute to mechanical strength, resisting lithium dendrite growth. The suboptimal
performance of various ASSLBs at room temperature is attributed to issues at the cathode-
electrolyte interface and low lithium-ion diffusion kinetics on the cathode side. These
challenges lead to significant specific capacity degradation at higher current densities [32].
Thus, the development of ASSLBs using solid composite electrolytes (SCEs) necessitates a
low-cost cathode-electrolyte interfacial design, emphasizing the bulk lithium-ion conductivity
of ceramic fillers [33]. The successful strategy of substituting super-valent elements at the Zr-
site facilitates the vacancies at Li-sites, which stabilizes the highly lithium-ion conducting

cubic phase in Li-stuffed garnet with the composition of Li;La3Zr2012 [34-44].

In this study, a Li-garnet LisLa3Zr,O1z-based cubic LigssLaszZrissTagss012 [LLZTO] was
synthesized at 900 °C, exhibiting a bulk ionic conductivity of approximately 6.1 x 10* S cm’
!, Solid composite electrolytes (SCEs) based on polyethylene oxide (PEO) with different

weight fractions of LLZTO powders, acting as bifunctional plasticizers, were fabricated. The
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high Li* conducting LLZTO fillers (i) reduce the crystallinity of the polymer matrix much
like the passive fillers (SiO2, AlLO3, etc.) and (i1) provide additional lithium-ion conduction
pathways through the ceramic particles. As a result, the highest ionic conductivity of around
2.4 x10* S cm™ at 25 °C was determined for the SCE sample with 20 wt.% LLZTO ceramic
filler. Further, to address the dominant cathode-electrolyte interfacial issue in ASSLBs, a
cost-effective and easily scalable coating method was adopted, and the electrochemical
performance of the fabricated ASSLBs with lithium metal as the anode and LiFePOy4 as the

cathode is demonstrated (schematically shown in Figure 1(a)).
2. Material synthesis and characterization methods
2.1.  Synthesis of LLZTO

The synthesis of the targeted Lie.ssLasZr1.ssTao4s012 composition employed the solid-state
reaction method. Stoichiometric quantities of lithium hydroxide (LiOH), lanthanum oxide
(La203), zirconium dioxide (ZrO2), and tantalum oxide (Ta20Os) were measured, with 10 wt.%
excess lithium precursors to account for lithium volatilization at elevated synthesis
temperatures. The initial precursors underwent thorough mixing in a mortar and pestle for 30
minutes, followed by a 12 hours ball-milling process in ethanol. The resulting mixture was
pre-heated at 600 °C for 12 hours, then cooled to room temperature. The preheated powder
was calcined at 900 °C with a dwell time of 12 hours. Subsequently, the obtained powder was
shaped into cylindrical pellets with a diameter of approximately 10 mm and a thickness of
about 1 mm, utilizing a uniaxial pressure of 250 MPa in a hydraulic press. The green pellets

were sintered at 1150 °C for 12 hours while covered with the same powder.
2.2.  Preparation of solid composite electrolytes (SCEs)

The fabrication of SCE membranes involved the dissolution of polyethylene oxide (PEO)

polymer and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt in acetonitrile solvent



with a molar ratio of EO: Li ~ 8:1. LLZTO powder was then dispersed into the solution at
varying weight percentages (SCEx; x = 0, 10, 20, and 30 wt.% of LLZTO powder as the
filler). The resulting viscous mixture was thoroughly stirred, drop-cast onto a petri dish, and
subjected to vacuum heating at 50 °C for 36 hours to yield the desired SCE electrolyte

membranes.
2.3. Integrated cathode-electrolyte architecture

The cathode slurry was prepared with 85 wt.% LiFePO4 (LFP) powder, 10 wt.% Ketjen
black, and 5 wt.% polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene (SEBS)
binder, uniformly mixed in Xylene. This slurry was coated onto aluminum foil, followed by
vacuum drying at 80 °C for 12 hours. The integrated cathode-electrolyte assembly was then
created monolithically by casting the SCE20 (20 wt.% LLZTO & 80 wt.% PEO-LITFSI)
electrolyte slurry using a doctor blade coating desktop machine onto the dried LFP cathode
(LiFePOs loading: ~ 2 mg cm?), as depicted in Figure 1(a). The integrated cathode-

electrolyte assembly was vacuum-dried at 50 °C for 36 hours.
2.4. Cell fabrication

Li|SCE20(S)|LiFePO4, Li|SCEx|Li, and Li|SCEx|SS (stainless steel electrode) cells using
CR2032, and pouch-type configurations were assembled by sandwiching a SCE20 film
between different sets of electrodes. The solid-state lithium metal cell with LFP as the
cathode material, denoted as Li|SCE20(C)[LiFePOs, utilized the integrated cathode-
electrolyte architecture. The flexible solid state lithium metal pouch cell has been

demonstrated in Figure S1.
2.5. Characterizations

Phase confirmation of LLZTO and SCEXx electrolytes was conducted using an Empyrean X-

ray diffractometer with Cu-Ka radiation (operating at 40 kV, 200 mA) covering the 20 range



of 10° to 60° with a step size of 0.026° and the Topas (version 6) software was employed to
perform Rietveld refinement on the x-ray diffraction (XRD) data [45]. Microstructure
assessment of composite electrolyte membranes was performed using a JSM field emission
scanning microscope (FESEM, model JEOL-7610+). Fourier transform infrared (FTIR) data
was obtained within the 500 — 2000 cm™ range using a Perkin Almer Spectrum IR (Model
number: Spectrum 2). A PerkinElmer Simultaneous Thermal Analyzer instrument (model
number: STA8000) was employed for differential scanning calorimeter (DSC) test and
thermogravimetric analysis (TGA) of SCEO and SCE20 electrolyte samples at a heating rate
of 10 °C min'. Impedance Measurements were conducted on various cells and pellets using
an NF LCR meter (Model: ZM2376) with a 10 mV perturbation signal. A Keithley Source
Meter Unit (model 2450-EC) was employed for linear sweep voltammetry (LSV) in
Li|SCEx|SS with Li-electrodes and stainless-steel (SS) electrodes at 25 °C (RT) ina 2.5-5.5V
range at a scan rate of 0.1 mV s'. Room temperature galvanostatic charge-discharge tests
were conducted on Li|SCEx|Li, Li|SCE20(C)|LiFePO4, and Li|SCE20(S)|LiFePOg4 cells in

Neware battery tester (Model no. CT-4008T).
3. Results and discussion
3.1. XRD analysis

Figure 1(b) shows the XRD pattern of LLZTO calcined at 900 °C for 12 h with a heating rate
of 5 °C min’'. The Rietveld refinement performed using TOPAS software (academic version)
confirmed the cubic phase (space group: /a3d) with a lattice parameter a = 12.9678(7) A and
V = 2180.715(4) A3 [45]. During Rietveld refinement, both the tetragonal and cubic
structures were taken as the starting models, and the refinement results are provided in Table
1. The refinement results confirmed the pure cubic phase with partial substitution of Ta>" at
Zr*" sites. Two Wyckoff sites [24d site, distorted 96h site] are available for the random

distribution of lithium ions in the cubic Garnet phase. A disorder in Li distribution driven by
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Li vacancy concentration (0.4-0.5 atoms per formula unit) is required to reduce the Li-Li
repulsion for stabilization of the cubic phase in lithium-stuffed garnet electrolytes
(LizLasZr,012) [46]. 22.5% Zr** substitution by Ta>" in LisLa3Zr,O1 creates 0.45 Li vacancy
per formula unit, which is sufficient to prevent the transformation of the cubic phase to the

tetragonal phase at room temperature.
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Figure 1. (a) Schematic illustration of integrated cathode-electrolyte architecture using a doctor
blade. (b) Room temperature powder x-ray diffraction data (closed dark cyan spheres) for
LisssLasZr; ssTap45012 (LLZTO) sample calcined at 900 °C for 12 h. The calculated pattern obtained
from the refinement is shown as a thick magenta line; the profile difference is depicted with a thin
dark yellow line. The calculated Bragg positions for LLZTO are shown by thin magenta vertical bars
at the bottom. (c) Lithium-ion migration pathway in the cubic LLZTO(Ia3d) crystal generated using
softBV software. (d) Room temperature XRD patterns of SCEO, LLZTO ceramic powder, and SCE20

composite electrolyte.

As reported, the neutron powder diffraction studies have confirmed a decrease in the Li

occupancy at the tetrahedral 24d site and an increase in occupancy at the octahedral 96h site



upon an increment in lithium concentration in the range of 5-6.6 per formula unit [47].
Further, the partial vacancy at the distorted octahedral 96h site is vital in achieving an easier
Li" transport channel in the crystal structure. For the Li" conduction pathways in LLZTO,
bond valence site energy (BVSE) calculations are executed utilizing the softBV software
developed by Adams’ group [48, 49]. The energy assessments for different lithium sites
within the LLZTO solid electrolyte crystal structure are computed across 3D point grids at
0.1 A resolution. This is achieved utilizing the transferable Morse-type softBV force field.
The BVSE maps, delineating constant iso-surface energy at low energy sites (Li"), determine
the favored Li-ion diffusion route within the crystal lattice of LLZTO electrolyte. The Vesta
file generated from the software corresponding to the cubic LLZTO CIF file was used to
visualize the lithium-ion migration pathway in our LLZTO electrolyte crystal structure

(Figure 1(c)) [50]. Li" migration occurs through both 24d and 96h sites in the crystal.

Table 1. Results from Rietveld refinement of room temperature powder XRD data of

LisssLasZr; 551a0.450 2.

Site Wyckoff position X y z Atom  Occupancy
Lil 24d 0 0.75 0.625 Li*! 0.657
Li2 96h 0.43(3) 0.08(2) 0.20(3) Lit! 0.381
La 24c 0.125 0 0.25 La*" 1

Zr 16a 0 0 0 Zr' 0.775

Ta 16a 0 0 0 Ta® 0.225

O 96h 0.291(4) 0 0.25 0 1




In Figure 1(d), the peak at ~ 23.4° is of low intensity and broad in the XRD pattern of SCE20,
demonstrating that the introduction of LLZTO might decrease the crystallinity of PEO-
LiTFSI. This reduction in crystallinity promotes the facile migration of lithium ions within
the polymer chain. Further, the characteristic peaks of cubic LLZTO affirmed the ceramic-

polymer compatibility.
3.2.  FTIR analysis

FTIR analysis was utilized to examine the polymer's stability and determine whether the
incorporation of a ceramic filler had a noteworthy impact on structural alterations within the
polymeric matrix. Figure 2(a) presents the FTIR spectra of PEO, SCEQ, and SCE20 samples
in the 400-2000 cm™! range. The doublet peaks at ~ 1340 cm ™! and 1360 cm™! denote the -
CH, wagging of PEO polymer, whereas the characteristic peaks at ~ 1054 cm™! and 1103 cm™
! represent the C-O-C stretching of the PEO [51]. The 964 cm™! and 1466 cm™' peaks
represent -CH> twisting and -CH; asymmetric bending in the PEO polymer [52]. The
distinctive vibrations of PEO were detectable both prior to and following the introduction of
the Li-salt and LLZO ceramic filler. Upon the addition of LiTFSI salt, the peak at ~ 1360 cm™
! shifted towards a lower wavelength, and where in SCE20, there is a blue shift of peaks at ~
1360 cm™ and 1340 cm!. The peaks at ~ 762 cm™' and ~ 737 cm ™! denote the Li*-TFSI-
contact pairs and free TFSI™ respectively, in the FTIR spectra of both SCEO and SCE20 FTIR
spectra [53, 54]. The slight decrease in the area of the peaks indicated the increase in the
number of free lithium ions in the SCE20 electrolyte membrane. Further, the peak shift due to
the addition of LLZTO indicates the Lewis acid-base interaction between the ceramic

particles and TFSI".
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3.3. Microstructure analysis

Figure 2(bl) presents the EDS mapping of SCE20, and Figure 2(b2-b8) shows the elemental

distributions of S, O, C, F, La, Ta, and Zr.
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Figure 2. (a) FTIR spectra of PEO, SCEQ, and SCE20 samples, (b) EDS mapping of SCE20

electrolyte (bl) along with elemental distributions of S, O, C, F, La, Ta, and Zr (b2-b8). (c¢) EDS
mapping of a cross-section of the SCE20-LiFePOy assembly (cl) along with elemental distributions of
Al, La, Fe, F, and Zr (c2-c6).
The well-connected polymer matrix contains uniformly dispersed ceramic particles, which
can be conducive to the lower activation energy of lithium-ion migration in the composite
electrolyte. Figure 2(cl) demonstrates a cross-sectional EDS mapping of the electrolyte

(SCE20) coated on the cathode (LFP) along with the elemental distributions of Al, La, Fe, F,
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and Zr (c2-¢6). An intimate contact between the cathode and electrolyte surface was found
without visible delamination. EDS mapping of La and F confirmed the infusion of SCE20
electrolytes into the cathode. As-dried coated-cathode sheet is porous, the electrolyte slurry
(PEO/LIiTFSI + acetonitrile + LLZTO) infiltrates these pores, providing a tortuous interface
between cathode and SCE. The binding force between the cathode and electrolyte is believed

to be arising from the minimization of surface free energy.

The insolubility of SEBS binder (in polar solvents like acetonitrile) used for LFP coating
helped in maintaining the integrity of the LFP layer and its adhesion to the current collector
while casting the electrolyte slurry on top of the cathode, evidenced by the elemental
mapping of Al and Fe given in Figure 2(c2) & 2(c4). On the cathode side, lithium-ion
conductive channels are provided by the incorporated SCE20 electrolyte into the pores in the
LFP cathode, which is expected to enhance the electrochemical performance of the full cell

fabricated by monolithic cathode-electrolyte construction.

3.4. Thermal analysis

Figures S3 and S4 demonstrate thermogravimetric analysis (TGA) and differential scanning
calorimeter (DSC) data of SCEO and SCE20 composite electrolytes, respectively. In Figure
S2, the decomposition of PEO polymer started at ~ 300 °C, and the SCE20 electrolyte has a
higher retention of mass as compared to that of SCEO, as 20 wt.% LLZTO is present in the
SCE20 sample. DSC data also revealed that the melting temperature reduced slightly from ~
57 °C to ~ 52 °C upon incorporation of 20 wt.% ceramic fillers, along with a decrease in the
area of the melting peak, confirming a decrease in the degree of crystallinity of SCEO

electrolytes.
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3.5. Complex impedance analysis

The sintered LLZTO electrolyte surfaces were painted uniformly with silver (Ag) electrodes,
and the solid composite electrolytes (SCEx) were sandwiched between two stainless steel
spacers to measure their impedance responses under a 10 mV perturbation across a wide
range of frequencies (1 Hz — 1 MHz) at different temperatures. Figure 3(a) shows the room
temperature Nyquist plots of LLZTO, along with corresponding equivalent circuit used for
data fitting as the figure inset. For the LLZTO sample, the presence of a straight line at the
low-frequency end in the Nyquist plot denotes the ionic polarisation at the Ag electrode
surface, whereas the data fitting confirmed the presence of grain resistance (Rg) and grain
boundary relaxation (CPE1||Rg) in the high and mid-frequency regime, respectively. The
bulk(grain) conductivity and total conductivity of the LLZTO sample were calculated to be ~
6.1 x 10* S cm™ and ~ 1.83 x 10* S cm™! using the dimensions of the sample and fitted value
of the resistances. Although the use of sintered LLZTO alone in the solid-state battery was
hindered by high resistance and poor densification, its bulk conductivity enabled its use as an
active lithium-ion conductive filler in the PEO/LiTFSI polymer matrix. The bulk
conductivities of LLZTO electrolytes at different temperatures were used to determine the
activation energy by linear fitting of conductivity values using the Arrhenius equation as

given by:

o(T) = ogeeh) (1)

wherein T, E,, and 0, denote the absolute temperature, activation energy, and pre-exponetial
factor, respectively (Figure 3(b)). The high conductivity of ~ 6.1 x 10* S cm™ at room
temperature and low activation energy of ~ 0.379 + 0.007 eV can be attributed to the
concerted lithium-ion migration through the distorted tetrahedral sites (96h) in the cubic

lattice stabilized by partial Ta>" substitution at the Zr-site.
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In the Nyquist plot of SCE20 (Figure 3(c)), one tail feature (CPE2) at the low-frequency
region denotes the ion-blocking nature of the stainless steel along with a partial semicircle
(R||CPE1) at the high-frequency regime symbolizing the lithium-ion percolation inside the
composite electrolyte. The fitted ‘R’ value, along with the thickness and the surface area,

were used to calculate the conductivity values of the composite electrolyte samples.
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Figure 3. (a) Room temperature Nyquist plot of LLZTO (inset displays the equivalent circuit used for
fitting the impedance data). The dotted line indicates the extrapolated data using simulation. (b)
Linear fitting of temperature-dependent conductivities of LLZTO using the Arrhenius equation. (c)
Room temperature Nyquist plot of SCE20 (inset displays the equivalent circuit used for fitting the
impedance data). The dotted line indicates the extrapolated data using simulation. (d) Linear fitting of
temperature-dependent conductivities using the Arrhenius equation for SCEx (x = 0, 10, 20, and 30)

samples.

Figure 3(d) shows the linear fitting of conductivities of SCEx at different temperatures using

equation (1). The activation energy and room temperature total conductivity value of SCEx
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are given in Table 2. The SCE20 sample showed the highest conductivity of ~ 2.4 x 10* S
cm™ and the lowest activation energy for lithium-ion transport of ~ 0.278 £+ 0.005 eV
amongst SCEx (x = 0, 10, 20, and 30) samples. It is known that incorporating lithium-ion
conducting ceramic powders in polymers diminishes the polymer matrix's semi-crystalline
nature and provides additional conduction channels either through the ceramic grains or space
charge region formed at the ceramic-polymer interface, thereby enhancing lithium-ion
conduction [55]. The lower conductivity and higher activation energy of SCE30 compared to
the SCE20 sample could be due to the aggregation of LLZTO particles, as shown in Figure

S2.

Table 2. Room temperature total conductivity, activation energy, and lithium-ion transference number

(tLi+) of SCEx.

Sample Total conductivity at RT (S cm™)  Activation energy (eV) tLi+
SCEO 0.59 x 10* 0.372 £0.002 0.30(5)
SCE10 1.3 x10* 0.311£0.001 0.36(4)
SCE20 2.4 %10 0.278 +£ 0.004 0.61(3)
SCE30 1.8 x 10 0.297 + 0.007 0.45(9)

3.6. Lithium-ion transference number

The lithium dendrite formation and coulombic efficiency at higher C-rates are partially
influenced by the lithium-ion transference number, where a localized electric field develops
at the electrode surface due to an uneven concentration of anions and cations. The Bruce-

Vincent technique, integrating both direct current (DC) and alternating current (AC)
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measurement methods, is commonly used to estimate the Li* transference number [56]. For
the measurement of Li" transference numbers using the Bruce-Vincent technique at 25 °C, a
100 mV DC potential (AV) was applied across symmetric Li|SCEx|Li cells for 3 h, after
which no significant change in current was observed. The impedance of the symmetric cell
was measured using a 10 mV AC perturbation before the application of DC potential to
determine the interfacial resistance of the cell. Upon the DC potential application, both the
cationic and anionic species contribute to the initial current value (Io) at t = 0 h. With time,
there was a decline in the current value due to a reduction of the anionic current as the anions
were blocked at the lithium metal electrode’s surface and the developed counter-electric field
in the direction opposite of the applied DC field. At the steady state (t = 3 h), the current (Iss)
was only due to the migration of the cationic species through the electrolyte. Again, the
interfacial resistance at steady state (Iss) was determined through EIS measurements. Figure
4(a) depicts the current variation in Li|SCE20|Li cells subjected under 100 mV DC potential
over 3 hours, and the inset presents Nyquist plots Li|SCE20|L1i cells measured at t = 0 h and t
= 3 h. Impedance data was fitted using an equivalent circuit (Figure 4(a) inset). The high-
frequency intercept of the semi-circular arc corresponds to the composite electrolyte
resistance, while the low-frequency intercept provides the total resistance of the symmetric
cell. The interfacial resistance, obtained by the difference between these two resistances,
increased from 200 Q to 213 Q after DC polarization, while the bulk resistance of the SCE20
electrolyte remained relatively unchanged. The tLi+ values for SCEx are calculated using

equation (2) and presented in Table 2.

Iss(AV—IoRo)

tLi+ - IO(AV_ISSRSS) (2)

There is always a trade-off between ionic conductivity and lithium-ion transference number

in the case of liquid electrolytes, but ceramic incorporation in the polymer electrolytes
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improves both the lithium-ion conductivity and lithtum-ion transference number. The sample
with a 20 wt.% ceramic content (SCE20) exhibited the maximum tr;+ of approximately 0.61,
aligning with the trend observed in ionic conductivity. Inorganic lithium-ion conductive
ceramics are known for their high Li-ion transference numbers, often nearing 1. Incorporating
Li-stuffed Garnet fillers restricts the motion of (TFSI)” and poly-ions, contributing to the
elevated Li-ion transference number in the SCE20 composite compared to the SCEO sample
with tri+ ~ 0.30. Additionally, LLZTO particles may act as Lewis acid sites, facilitating
complexation between the anion part of LiTFSI salt and tii+, thereby increasing the Li"
transference number. However, SCE30 exhibited a decrease in tri+ compared to SCE20,
which might result from LLZTO particle aggregation. Figure 4(b) demonstrates the effective
room lithium-ion conductivity of LLZTO and SCEx samples considering both ionic
conductivity and lithium-ion transference number at room temperature. The SCE20
electrolyte was found to have the highest lithium-ion conductivity of ~ 1.64 x 10 S ¢cm!

amongst SCEx samples.

Figure 4(c) exhibits the results of the linear sweep voltammetry tests carried out on
Li|[SCEO|SS cell and Li|[SCE20|SS cell within a 2.5-5.5 V range at a scan rate of 0.1 mV s’
The sudden exponential current increase at a particular voltage is caused by the oxidation of
the electrolyte (irreversible side reactions), determining the upper cut-off voltage of the
operation lithium cell. In the Li|SCEO|SS cell, the onset of rapid increase in current is ~4.5'V,
while a higher onset voltage of ~ 5.1 V was observed in the Li|SCE20|SS cell. The Lewis
acid-base interaction of LLZTO particles with the functional groups in the PEO-LiTFSI
matrix improved the electrochemical stability. Determining the oxidation stability by setting a
limiting current value of ~ 10 pA would also suggest the enhanced oxidation stability of the

SCE20 electrolyte upon the impregnation of LLZTO particles in the SCEO electrolyte.
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Overall, the high oxidation stability of SCE20 electrolyte bestows the use of high-voltage

spinel-type cathodes, layer oxides, etc., in ASSLBs.
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Figure 4. (a) Current variation with time upon applying 0.1 V on symmetric Li|SCE20|Li cell at room
temperature. The inset shows the Nyquist plots at t = 0 h & t = 3 h with the appropriate equivalent
circuit used to fit the data. (b) The histogram presents the room-temperature lithium-ion conductivity
and total conductivity of LLZTO and SCEx (x= 0, 10, 20, and 30). (c) Linear sweep voltammetry

curves for Li|SCEO|SS cell and Li|SCE20|SS cell at 0.1 mV s™ at room temperature.
3.7. Symmetric cell GCD
The room temperature cycling performance of Li symmetric cells employing SCE20
membranes was investigated to assess the interfacial stability and compatibility of the

electrolyte with the lithium metal electrode. Figure 5(a) illustrates the galvanostatic charge-

discharge (GCD) profiles of lithium symmetric cells (with SCE20 as the electrolyte) at
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various current densities (0.1 mA cm™, 0.2 mA cm™, 0.4 mA cm™, 0.6 mA cm™, and 0.8 mA
cm) for 30 minutes of lithium plating and 30 minutes of stripping. With the increase in the
areal current density up to 0.6 mA cm™, the flatness in the overpotential profile gradually
decreases along with increased overpotential values. At 0.8 mA cm™, the sign of micro short-
circuit was evident from the erratic voltage profile. Considering the presence of electrical
integrity up to 0.6 mA cm™, the critical density of the SCE20 electrolyte was determined to
be ~ 0.6 mA cm™. At a high areal current density of 0.4 mA cm™, the lithium symmetric cell
employing SCE20 not only showed ~ 180 mV overpotential at the end of charging and
discharging but also exhibited long cycling durability of more than 1100 cycles of lithium
plating and stripping without any sign of micro short circuit or complete short circuit (Figure
5(b)). There was an increase in the overpotential value to ~ 320 mV after 800 cycles, which
remained almost constant upon further cycling, suggesting the stable interface formation
between lithium metal and SCE20 electrolyte. Further, the symmetric cell overpotential curve
during charging and discharging indicated uniform lithium deposition and stripping from the

lithium metal surface [57].

To showcase the robustness and viability of SCE20 compared to SCEO electrolyte, the
Galvanostatic Charge-Discharge (GCD) plots of the Li|SCEO|Li cell at a current density of
0.1 mA cm™ are illustrated in Figure 5(c). Notably, the symmetric cell with SCEQ exhibits
larger over-potentials compared to its SCE20 counterpart at a current density of 0.1 mA c¢m™
and the overpotential increased with cycling. The increasing overpotential suggested the
unstable SEI formation at the lithium metal-SCEOQ interface. After cycling for 80 hours, there
was a sudden spike in the overpotential, denoting the torturous lithium transport path through
dead lithium due to inhomogeneous lithium deposition at the lithium metal, but in the next
cycles, the decrease in the overpotential suggested the micro short-circuit through the SCEQ

electrolyte. Although there was no complete short-circuit, the electronic migration through
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the SCEOQ electrolyte was evinced by the flat potential curves shown in the mustard color in
Figure 5(c) inset. The electronic conduction in the electrolyte through micro dendrites is
detrimental in full-cell operations, causing low coulombic efficiency and complete lithium

dendrite penetration through the electrolyte, shorting the cell to zero potential.
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Figure 5. (a) The galvanostatic charge-discharge data of Li|SCE20|Li cell at different current
densities at room temperature. (b) The galvanostatic charge-discharge data of Li|SCE20|Li
cell at 0.4 mA cm™ for 1100 h at room temperature. (c) The galvanostatic charge-discharge

data of Li|SCEO|Li cell at 0.1 mA cm™ at room temperature.
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3.8. Full cell performance

Figure 6(a) depicts the specific capacity-potential curves of Li|[SCE20(S)[LiFePO4 cells at
different C-rates (the C-rates are calculated using the theoretical specific capacity of LiFePO4
~ 170 mAh g). At 0.2C, the full Li|SCE20(S)|LiFePOs cell (SCE20 electrolyte membrane
stacked between Li metal and LiFePO4) delivered a specific capacity of ~ 127 mAh g™ with a
polarization potential of ~ 460 mV at 50% state of charge (SOC). With the increase in the C-
rate, there is a decrease in the specific capacity accompanied by an elevation in the
polarization potentials. At 0.5C and 1C, the specific capacity decreased to ~ 107 mAh g! and
~ 70 mAh g’!, respectively, with higher polarization potentials at 50% SOC of ~ 521 mV and
845 mV. The poor rate performance may be attributed to the sluggish lithium-ion transport

kinetics on the cathode side and the imperfect solid-solid electrolyte-cathode interface.

Figure 6(b) demonstrates the galvanostatic charge-discharge voltage profile of the
Li|SCE20(C)|LiFePOs cell fabricated by a monolithic cathode-electrolyte interface design at
different C-rates. A high specific capacity of ~ 157 mAh g at 0.2C was obtained with a very
low polarization potential of ~ 120 mV compared to its counterpart cell
Li|[SCE20(S)|LiFePOs, as discussed above. The specific capacity decreased to ~ 150 mAh g!
at 0.5C, ~ 133 mAh g at 1C, and ~ 100 mAh g' at 2C, along with increased polarization
potential driven by Li" transport kinetics inside the cell. The improved rate performance is
due to the conversion of the LiFePO4 cathode into a LiFePO4/SCE20 catholyte as the infused
electrolyte into the cathode side filled the space between the LiFePOy particles, providing the
facile Li" transport channels, thus enhancing the number of LiFePOj4 particle’s participation
in the charge-discharge electrochemistry. There is a lower change in the specific capacities
and a lower difference in polarization potentials at 0.2C and 0.5C compared to 1C and 2C,
2

respectively. This may be attributed to the low lithium-ion diffusion coefficient (~ 107'* cm? s°

1) and poor electronic conductivity (~ 10 S cm™) of the LiFePOj4 electrode [58, 59].
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Figure 6. The specific capacity-potential curves of (a) Li|SCE20(S)|LiFePOy4 and (b)
Li|SCE20(C)|LiFePOy cells at different C-rates at room temperature. (c) The comparison of
voltage vs. specific capacity curves of Li|SCE20(S)|LiFePOy and Li|SCE20(C)|LiFePOy cells

at 1C. (d) The room temperature Nyquist plots of Li|SCE20(S)|LiFePO4 and

Li|SCE20(C)|LiFePOy at 50% state of charge.
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Figure 6(c) presents the voltage vs. specific capacity plot of Li|SCE20(S)LiFePO4 and
Li|SCE20(C)|LiFePOy cells at 1C. There is a ~ 63% decrease in the polarization potential
value upon employing the integrated electrode-electrolyte architecture to fabricate the cells.
Figure 6(d) shows the Nyquist plots of Li|SCE20(S)|LiFePO4 and Li|SCE20(C)|LiFePO4 cells
in a frequency range of 1 Hz - 1 MHz with a perturbation voltage of 10 mV. There is a clear
decline in the charge transfer resistance (total resistance — electrolyte resistance) of the
Li|SCE20(C)|LiFePOs cell due to the better cathode-electrolyte interface design as compared
to the Li|SCE20(S)|LiFePOq4 cell. The decreased charge transfer resistance can be attributed to
the intimate electrode-electrolyte interface contact and the improved Li" transport kinetics
provided by the SCE20 electrolyte filled in the porous cathode side, as illustrated by the
schematic in Figure 1(a). The 50% lower cell resistance obtained from the EIS data
corroborates the lower polarization potential observed in the Li|SCE20(C)|LiFePOg4 cell at

0.2C as compared to the Li|SCE20(S)|LiFePO4 cell.

Figure 7(a) shows the long cycling galvanostatic charge-discharge performance of
Li|SCE20(C)|LiFePOg4 cell at 1C for 1000 cycles. The coulombic efficiency was less than
99% in initial cycles, which improved on cycling and remained thereafter at ~ 100% during
the charging-discharging process over 1000 cycles. Coulombic efficiency plays a vital role in
commercial applications from the lithium dendrite growth and capacity fading perspective.
The high coulombic efficiency indicates the electrolyte's very low intrinsic electronic
conductivity and the absence of any micro short circuit driven by irregular lithium dendrite
growth through the electrolyte membrane. The Li|SCE20(C)|LiFePO4 cell sustained 1000
cycles of charge-discharge at 1C with a capacity retention of ~ 84.2% of the initial discharge
capacity of ~ 133 mAh g'. To demonstrate the impact of integrated cathode-electrolyte
architecture on cell performance, the long-term cycling data of Li|SCE20(S)|LiFePO4 cell is

shown in Figure 7(b). The Li|SCE20(S)|LiFePOs cell delivered an initial specific capacity of
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~ 67 mAh g and retained only ~ 36% capacity after 300 cycles. Further, a comparison of
studies with the same cathode-anode chemistries using composite electrolytes (LiFePO4:
cathode, lithium metal: anode), including this work, is provided in Table S1. The capacity
loss is attributed to the unavoidable irreversible chemical reactions at the electrodes-
electrolyte interface and the continuous lattice breathing of the cathode particles during
charge-discharge cycles. Figure 7(c) demonstrates the representative capacity-potential
curves for different cycles at 1C for 1000 cycles. The gradual upward shift of nominal
charging voltage and the downward shift of nominal discharging voltage indicate a decrease
in energy efficiency. The increase in the difference between charging and discharging
nominal voltages can be due to the elevated total cell resistance dominated by the electrode-
electrolyte interfacial resistance, as illustrated in Figure 7(d). There was a 75% increase in the
electrode-electrolyte interfacial resistance from ~ 600 Q at 1% cycle to ~ 1050 Q at the 1000™
cycle at 1C. Thus, further improvement in the interface chemistry is needed to minimize the
percentage increase of the cell resistance upon cycling to get enhanced cyclability with
minimum energy loss per cycle. The pouch cell also demonstrated its ability to function under

external bending stresses, as shown in Video S1.
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Figure 7. Room temperature long cycling data show discharge specific capacity and columbic
efficiency of (a) Li|SCE20(C)|LiFePOy cell & (b) Li|SCE20(C)|LiFePOy cell at 1C. (¢) Room
temperature galvanostatic charge-discharge specific capacity-voltage curves of
Li|SCE20(C)|LiFePOy cell at 1C (I, 200", 400", 600™, 800", and 1000" cycle). (d) Room
temperature Nyquist plots of Li|SCE20(C)|LiFePOq cell during I, 200", 400", 600", 800", and

1000™ cycle at 50% SOC.

4. Conclusions

The solid composite electrolyte sample containing 20 wt.% cubic LLZTO (Space group:

Ia3d, grain conductivity: ~ 6.1 x 10* S cm™) ceramic powders demonstrated superior
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characteristics, including the highest room temperature ionic conductivity (~ 2.4 x 10* S cm’
1, the lowest activation energy (~ 0.278 + 0.005 eV), and the highest lithium-ion transference
number (~ 0.61) among all SCEx samples. The galvanostatic charge-discharge (GCD) data of
the Li|SCE20|Li cell over 1100 cycles showcased its durability and long-cycle stability,
maintaining an overpotential of approximately 180 mV at a current density of 0.4 mA cm™
with a critical current density of ~ 0.6 mA cm™. The full Li|SCE20(C)|LiFePOs cell, when
fabricated using a monolithic electrode-electrolyte integrated assembly, exhibited an initial
discharge capacity of around 133 mAh g, retaining approximately ~ 84.2% of its capacity
after 1000 cycles at 1C. The enhanced rate performance of Li|SCE20(C)|LiFePO4, compared
to Li|SCE20(S)|LiFePOs4, highlights the significance of a well-designed electrolyte-cathode
interface. The utilization of a simple doctor blade coating technique, combined with
appropriate solvent selection for the preparation of cathode-composite solid electrolyte bi-
layers, as demonstrated in this study, holds promise for advancing the commercialization of

all-solid-state lithium metal batteries.
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Figure S1. The flexibility nature of the fabricated solid-state pouch cell.

Figure §2. SEM image of SCE30 electrolyte.
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Figure S4. DSC data of SCEQ and SCE20 electrolyte samples.
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Table S1. Comparison of studies Full-cell performance of Li||LiFePQy cells with composite
electrolytes.

Initial discharge Number Capacity

Composition capacity of cycles retention C-rate Ref.
PVDF-
HFP/PEG/LATP 126 1000 67.3 1C [1]
in-situ
BN/PEO 132 90 84 0.3C 2]
PEO-
butanedinitrile 3D 131 100 93.8 1C [3]
PET
LATP/PVDF-HFP 96.4 100 92.3 1C (4]
PVDF-
145 450 86 0.3C [5]
HFP/EDSN/BKT
PEO/TiO2 156 550 54.2 0.5C [6]
SPE-MEO-10 126.67 500 78.7 1C (60 °C) [7]
PU/LLZTO 150 150 90 1C (60 °C) [8]
PEG/LLZTO 157.5 150 89.7 0.1C (45 °C) [9]
PEO/HPU-3 153.1 80 83.6 0.1C [10]
PEO-LLZTO ~108 200 87.6 0.5C [11]
This
PEO-LLZTO 132 1000 84.2 1C (25°C)
work
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