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Abstract

All-solid-state batteries (ASSBs) have attracted increasing attention for next-generation
electrochemical energy storage owing to their high energy density and enhanced safety,
achieved through the use of non-flammable solid-state electrolytes (SSEs). Oxide-
based SSEs, such as Lii3Alo3Ti1.7(PO4)s (LATP), are notable for their high ionic
conductivity and excellent chemical and electrochemical oxidation stability.
Nevertheless, their brittle mechanical properties and poor interface contact with
electrode materials necessitate high-temperature and long-duration sintering or post
calcination processes, limiting their processability for real-world applications.
Additionally, the formation of secondary phases can detrimentally affect the ionic
conductivity of LATP electrolytes. Emerging halide-based SSEs offer reliable
deformation for practical processing while maintaining high ionic conductivity. In this
work, we report a transient liquid-assisted cold sintering process to integrate oxide-
based LATP as the matrix and halide-based Li3InCls as the conductive boundary phase
into a halide-in-oxide ceramic composite electrolyte at a low processing temperature of
150 °C. This composite structure significantly reduces interface resistance, effectively
addressing ion transport depletion across the boundaries between LATP particles.
Consequently, the co-sintered LATP-LizInCls composite SSE exhibits high ionic
conductivity of 1.4x10* S cm™ at ambient temperature. Furthermore, the symmetric
Li|LATP-LizInClg:'nDMF]|Li cell demonstrates stable stripping and plating processes for
1600 hours at 55 °C (0.1 mA cm2) and 1200 hours at 100 °C (1 mA c¢cm). This work
represents the first demonstration of ceramic-in-ceramic SSEs that combine the

advantages of oxides and halides for high-performance SSBs.
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Introduction

Conventional Li-ion batteries with liquid electrolytes offer good performance due to
the high conductivity and excellent wetting of the electrode surfaces provided by the
electrolyte solutions !. However, the flammable liquid organic solvents pose drawbacks,
including stability issues and safety concerns 2%, In contrast, all-solid state batteries
(ASSBs) not only attenuate these issues by offering higher electrochemical and thermal
stabilities but also provide higher energy density 31°. Owing to these benefits, research

on solid-state electrolytes (SSEs) has rapidly expanded in recent years.

Among SSEs, inorganic solid-state electrolytes have attracted considerable attention
because of their outstanding thermal stability, wide electrochemical window, and
superior mechanical properties (to block dendrite growth). For example, inorganic
SSEs can support battery operation at temperatures as low as -50°C and as high as
200°C 7. Inorganic SSEs have been widely investigated, including oxide-based (e.g.,
perovskite-type Lio33Lao.s57Ti03, LISICON-type Li3 75Geo.75P0.2504 %12, NASICON-
type Lii+xAlxTiox(POs)3, and garnet-type LizLasZr2012) 29, sulfide-based (e.g., Li>S-
P>Ss and Li»S-P>Ss-MSy) '8, and halide-based (e.g., Li3sInCls) 27, and polymer-inorganic

composite-based SSEs 28,

Li+xAlLTio«(PO4)3 (LATP) is distinguished for its decent ionic conductivities,
ranging from 10°-10* S cm! at room temperature, as well as its excellent chemical
and electrochemical oxidation stability in air. LATP consists of LiTi2(POa4)3 (LTP) with
a NASICON structure, where Ti*" ions are partially substituted with AI** ions. The TiOs
octahedra and POjs tetrahedra in LTP form a three-dimensional network, creating
cavities that accommodate Li* ions 2°. The substitution with AI** ions reduces unit cell

dimensions and promotes densification, thereby enhancing ionic conductivity.

The synthesis method significantly influences the conductivity of LATP SSEs. These
methods can be categorized into solid-based and liquid-based approaches. Solid-based
approaches, such as the sintering processes, require high temperatures (700 -1200°C)
and prolonged dwell times (over 12 hours) to achieve complete solid-state reactions
and high densification **-34. On the other hand, liquid-based approaches, including sol-

gel, and coprecipitation methods, combined with post-calcination 3°-*6

, often yield more
uniform particle distribution and homogeneous microstructure. However, both

approaches face issues related to secondary phase formation at grain boundaries, which
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can adversely affect ionic conductivity. For example, AIPO4 commonly forms an
amorphous barrier layer at the grain boundaries of LATP 37. Additionally, the brittle
mechanical properties of LATP and its poor interface contact with electrode materials

limit its performance and processability for real-world applications.

The cold sintering process (CSP) is an energy and time-efficient method that uses
transient liquid as sintering aid 8. This process consolidates ceramic and ceramic
composite SSEs at low sintering temperatures through a dissolution-precipitation-creep
mechanism. The low processing temperature allows for readily manipulation of
compositions, structures, and properties at interfacial boundaries, resulting in improved
ionic conductivity across these boundaries. For instance, lithium salts such as LiTFSI
and LiClO4, when dissolved in transient liquids, have proven effective as sintering aids,
significantly enhancing the ionic conductivity of grain boundaries in oxide-based
electrolytes *°. Kim et al. utilized a Dimethylformamide (DMF) and H,O mixture as a
transient solvent to control the dissolution-precipitation of dissolved LiTFSI at local
grain boundaries during CSP, achieving a high ionic conductivity of 1.65 x 10* S cm™!
40 Moreover, integrating ionically conducting polymers as the grain boundary phase
with a ceramic electrolyte matrix to form polymer-in-ceramic composite SSEs can
dramatically reduce interface resistance but compromise ceramic electrolyte’s wide

voltage window and high thermal stability 284142,

In this work, we report a transient liquid-assisted CSP to integrate oxide-based
LATP as the matrix and halide-based Li3;InCls as the conductive boundary phase into a
halide-in-oxide ceramic composite electrolyte at a low processing temperature of 150
°C. Unlike previously reported polymer-in-ceramic composite SSEs, the halide-based
ionic conducting phase, which possesses excellent mechanical deformability, not only
reduces interface resistance and addresses ion transport depletion across the boundaries
between LATP particles but also maintains the advantage of ceramic SSEs, including
high thermal and chemical stability and wide voltage windows. Consequently, the co-
sintered LATP-Li3InCls composite electrolyte exhibits high ionic conductivity of
1.4x10* S cm! at ambient temperature. This work represents the first demonstration of
ceramic-in-ceramic SSEs that combine the advantages of oxides and halides for high-

performance ASSBs.

https://doi.org/10.26434/chemrxiv-2024-ngsh2-v2 ORCID: https://orcid.org/0000-0003-3259-6091 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-nqsh2-v2
https://orcid.org/0000-0003-3259-6091
https://creativecommons.org/licenses/by-nc-nd/4.0/

Experimental methods

Fabrication of LATP-LisInCl¢nDMF composite SSEs. Li3zInCls-based halide was
introduced as a microstructural boundary phase to reduce the interface resistance and
enhance the ionic conductivity of LATP-Li3InCls composite SSEs. Commercial LATP
powders (MSE Supplies Inc.) with a particle size of 1-5 um were used as received
without any modification. LiCl (=99.98% trace metals, Sigma) and InCl3 (98%, Sigma)
precursors, in a 3:1 molar ratio, were dissolved in water to form the solution. LATP was
then mixed with varying amounts of the synthesized halide (10, 15, 20, and 25 wt% of
halide content) to create an evenly dispersed mixture. After water evaporation, the
powders were heat-treated at 260 °C under vacuum for 4 hours to remove coordinated
water in LizInCle-H20. The composite powders were transferred to a glovebox and
further mixed with a small amount of Dimethylformamide (DMF, anhydrous, Sigma)
using a mortar and pestle. The CSP was conducted at different temperatures (90, 120,
150, and 200 °C) for 60 min with a heating rate of 10 °C min™'. Due to relatively low
sintering temperature and time, a trivial amount of DMF may remain in the composite
electrolyte as ligands of the metal ions (i.e. In(IIT)) 43. The obtained composite SSE is
labeled as LATP-LizInCls'nDMF.

Material Characterization. The morphological and structural characteristics were
analyzed using scanning electron microscopy (SEM, Thermoscientific Verios G4) and

X-ray diffraction (XRD) (Panalytical Empyrean 3 Powder Diffractometer).

In-situ Electrochemical Impedance Spectroscopy (EIS) monitoring. The cold
sintering die was modified with a boron nitride (BN) sleeve and two leads welded at
the upper and lower die terminals. In-situ EIS (Ametek, Princeton Applied Research,
Versa STAT 4) were performed with a sinusoidal signal in a frequency range from 100

kHz to 100 Hz at an amplitude of 100 mV at specific temperatures throughout the CSP.

Electrochemical Measurements. The ionic conductivity of the prepared composite
SSEs was measured between two stainless steel (SS) blocking electrodes using EIS at
open circuit potential, with a sinusoidal signal in a frequency range from 100 kHz to 10
mHz at an amplitude of 10 mV. The symmetric cell test was conducted by assembling
the prepared composite SSEs between two thin Li disks (100um) and evaluated in a DC
cycling test (Landt Instrument). The stripping and platting were conducted at current

densities of 0.02, 0.05, 0.1, 0.2, 0.5, 1 mA cm™, and back to 0.1 mA cm™ for 1 hour at
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55 °C, respectively. The stripping and platting cycling test with the areal capacity of 1
mAh ¢cm and a current density of 1 mA cm™ was further tested at 100 °C.
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Figure 1. Schematic of the fabrication process for LATP-LizInCls:nDMF composite
SSE.

Result and discussion

Figure 1 shows the whole fabrication process and CSP of the LATP-LizInCls:nDMF
composite electrolyte. The dissolution-precipitation-creep mechanism leads to the
formation of LizInCle:nDMF boundary phase coating on the surface of LATP particles
4. During densification, Li3InCl dissolves in the DMF solvent and diffuses into the
voids and empty spaces between LATP particles. As the temperature increases, the
DMF gradually evaporates and escapes from the semi-open system. Under both the
pressure and heat, the halide salts precipitate on the surfaces of LATP particles,
occupying the empty spaces. The microstructure of the co-sintered composite
electrolyte was studied using scanning electron microscopy (SEM). SEM images of the
cross-sectional view of the fractured LATP-Liz;InCle:nrDMF composite sintered at 150
°C are shown in Figure 2a and 2b. The particles densified into a composite pellet still
exhibit a porosity of approximately 16%. As shown in the inset of Figure 2b, the
Li3zInCle'nDMF halide phase coats precipitated on the surface of LATP particles and

within inter-particle voids, creating interconnected lithium-ion diffusion pathway. The
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uniform distribution of the LizInCls phase is further confirmed by element mapping via
energy dispersive spectroscopy (EDS) (Figure 2¢ and 2d), where Cl and In are evenly

distributed in a relatively higher concentration between the LATP particles.
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Figure 2. Material characterizations of the LATP-Li;InCls-nDMF composite
electrolyte cold sintered at 150°C. (a,b) SEM images, (¢,d) EDS images, (e¢) XRD
pattern of LATP-LizInClg'nDMF composite compared to LATP, (f) XRD pattern of
LATP-Li3InCls-nDMF compared to vacuum-dried sample, and (g) XRD pattern of

vacuum-dried LizInClg-nH>0.

As mentioned in the Experimental Method section, due to the presence of trace
DMF in the composite electrolyte acting as ligands with In (III), the fabricated
composite electrolyte with the halide phase of LizInCle:nDMF was studied by X-ray
diffraction (Figure 2e). Compared with the pure LATP powder, the composite
electrolyte exhibited additional peaks that were neither characteristics of LiCl nor InCls.
Furthermore, the composite electrolyte was vacuum dried at 260 °C for 4h. As shown
in Figure 2f, the X-ray diffraction pattern showed an impurity peak shift from 35.0° to
34.3°, corresponding to the indexed peak of vacuum-dried LizInCls-nH>O and the
reported LisInCls (PDF:01-090-1216) (Figure 2g). However, the vacuum-dried LATP-
LisInCls:nDMF composite exhibited much larger resistance compared to the LATP-
LizInCle:'nDMF composite itself (Figure S1). This increased resistance could be due to
the contribution of DMF to the bonding between the halide phase and LATP particles.
Additionally, the DMF ligands may provide an extra Li" diffusion pathway throughout
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the densified electrolyte material.
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Figure 3. The Nyquist plot of the LATP-Li;InCle:nDMF composite electrolyte with

different content ratios (a), sintering temperatures (b).

To investigate the effect of incorporating Li;InCle:nDMF halide into LATP, we
co-sintered LATP-LizInCls:nDMF with different halide contents at a cold sintering
temperature of 150 °C (much lower than the solid-state sintering temperature of LATP).
The EIS measurements on these LATP-LizInCls:nDMF composite electrolytes at 25 °C
are presented in Figure 3a. The results indicate that the grain boundary contribute
dominantly to the total conductivity, with a specific amount of halide (20 wt%)
presenting the smallest resistance. Both low (10 wt%) and high halide contents (25 wt%)
led to large resistance. We speculate that the reduced resistance at 20 wt% is mainly
due to the optimized occupation of seams by the halide phase, bridging the LATP micro-

sized particles and effectively reducing the interface resistance.

To evaluate the process parameters, various sintering temperatures were
analyzed for their impact on resistances (Figure 3b). Herein, LATP-Li3;InCls:nDMF (20
wt% halide) was sintered at 90, 120, 150, and 200 °C under 500MPa pressure for 1
hour. Interestingly, the composite solid electrolyte exhibited the largest resistance at the
highest sintering temperature of 200 °C. In solvent chemistry, the DMF solvato ligands
in InCls-based inorganic transformations (InCl3(dmf),) may act as a chemical reagents

. This

and induce the formation of [In(CO2R)4] — 43,45

at higher temperature
coordination phenomenon might happen during the 200 T sintering process and

hinder the ion transportation inside the composite electrolyte. At the lower temperature
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of 90 °C, the composite electrolyte, containing DMF, forms a system that reduces
resistance through ion solvation due to the remaining liquid DMF. As the sintering
temperature increases to 150 °C, the co-sintered composite electrolyte exhibited the
lowest resistance, likely due to the more efficient dissolution-evaporation-precipitation
process for DMF-driven boundary phase formation in the system. Additionally, heat
treatment at 150 °C for 1 hour evaporated most of the DMF solvent, resulting in an all-
solid-state composite electrolyte with only a trace amount of DMF. In-situ EIS
measurements conducted at different temperatures during the heating and cooling
processes (Figure S2) showed that higher temperatures resulted in lower resistance,

following the modified Arrhenius law 46
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Figure 4. Nyquist plots of the LATP-Li3InCls:nDMF composite electrolyte measured

at different temperatures (a), and the corresponding ionic conductivities (b).

The ionic conductivity of the fabricated composite electrolyte was measured at
different temperatures (Figure 4a). The Nyquist plots show that the semi-circles
decrease in size with increasing testing temperatures. Figure 4b, presents the ionic
conductivity values obtained at different temperatures after equivalent circuit fitting.
The conductivity was found to be 0.14 mS cm™ at 30 °C and 1.9 mS cm™ at 80 °C. The
activation energy of the composite electrolyte was calculated to be 0.21 eV based on

the Arrhenius equation #7, which is lower than that of pure LATP bulk electrolyte 5.

The cold-sintered LATP-Li3;InCls:nDMF composite SSE was assembled into a
symmetric Li|LATP-Li3InCls - nDMF|Li cell, demonstrating the plating/stripping
process at 55 ‘C and 100 ‘C (Figure 5). In the first several cycles (Figure S3), the

https://doi.org/10.26434/chemrxiv-2024-ngsh2-v2 ORCID: https://orcid.org/0000-0003-3259-6091 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-nqsh2-v2
https://orcid.org/0000-0003-3259-6091
https://creativecommons.org/licenses/by-nc-nd/4.0/

symmetric cell was tested under various current densities of 0.02, 0.05, 0.1, 0.2, 0.5, 1
mA cm, and back to 0.1 mA cm at the temperature of 55 “C. The voltage was kept
under 0.35 V when the current density increased up to 1 mA ¢cm>. When the current
density recovered back to 0.1 mA cm, the cell voltage move from 0.05 V and gradually
increased to 0.15 V when cycled over 1600 hours, showing good cycling stability with
a long cycling life (Figure 5a). Furthermore, the cell was tested under the current
density of 1 mA cm™ at a high temperature of 100 ‘C (Figure 5b). The cell exhibited
an overpotential of around 0.03V for the first hour and keep decreasing to 0.012V for
the 600th hour and to around 0.01 V for the 1200" hour showing a stable cycling
performance at high temperature, consistent with the high conductivity of the composite

electrolyte and low activation energy.
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Figure 5. Galvanostatic cycling of symmetric Li| LATP-Li;InCls:nDMF]|Li cell. The
voltage profile for the lithium plating/stripping cycling at (a) 0.1 mA ¢cm™2, 55 °C and
(b) 1.0 mA cm™, 100 °C.

Conclusion

In this work, the LATP-Li3zInCle:nDMF ceramic-ceramic composite electrolyte was
successfully fabricated using the cold sintering process. The halide phase,

LizInCl¢-nDMF, precipitated as a boundary phase, effectively bridging the LATP
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particles with the assistance of a transient liquid (DMF), thereby enhancing Li*
conduction in the composite SSEs. The influence of DMF as a transient liquid on the
densification process and composite structure was investigated to improve ionic
conductivity across interfacial boundaries. Consequently, the composite electrolyte
exhibited an ionic conductivity of 1.4x10* S cm™! at room temperature. The composite
electrolyte demonstrated effective dendrite blocking, evidenced by stable lithium
stripping/plating for over a thousand hours at 55 and 100 °C in a symmetric Li| LATP-
LizInClg'nDMF |Li cell. The low overpotential (e.g., 0.018 V at 100 °C) aligns with the
small activation energy and high ionic conductivity at elevated temperatures. Therefore,
the cold sintered LATP-LizInCls-nDMF composite electrolyte represents the first
demonstration of ceramic-in-ceramic SSEs that combine the advantages of oxides and
halides, impacting the development of high-performance lithium metal all-solid-state

batteries, especially at extreme temperatures.
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