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Solid-state electrolytes (SSEs) are receiving growing attention as they can replace conventional organic liquid electrolytes to
alleviate flammability issues. The low Young’s modulus, decent ionic conductivity, and good oxidation stability make chloride
SSEs promising candidates to be used as catholytes in all-solid-state batteries. To assess the scalability of chloride SSEs, their
chemical stability in air and dry room environments needs to be evaluated. In this study, threechloride SSEs are investigated for
their chemical stability under ambient air and dry room conditions: Li,ZrCls (LZC), Li3YCle (LYC), and LizInClg (LIC). LZC
undergo an irreversible hydrolysis reaction during air exposure and cannot be recovered by heat treatment. LYC decomposes into
its hydrated precursors when exposed to ambient air, and further hydrolyzed during heat treatment and was thus not recoverable.
LIC forms a stable hydrate and can be easily recovered by heating at 260 °C under vacuum. Finally, the electrochemical
performance of dry room exposed chloride SSEs is evaluated where capacity loss was observed due to the lower SSE ionic
conductivity due to the irreversible reactions.
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Nowadays, Li-ion batteries (LIBs) have become part of daily life
with billions used in electronic devices and electric vehicles. As
conventional LIBs utilize flammable liquid electrolytes, increasing
efforts are being invested to develop all-solid-state batteries
(ASSBs) employing less or non-flammable solid-state electrolytes
(SSEs).'™ Moreover, SSEs can also enable anode materials with
higher capacity like Si and Li.>~® Unlike conventional LIBs, whose
manufacturing process has been very well developed, there are still
plenty of challenges when fabricating all-solid-state Li batteries
(ASSLBs) on a commercial scale. The use of dry rooms is already
well established for LIBs so it would be ideal if ASSLBs could also
be made in the same facilities. Therefore, it is important to validate
whether SSEs are stable in dry room conditions, however, the dry
room stability of many SSEs has yet to be properly evaluated.

Most inorganic SSEs for ASSLBs can be grouped into three
categories: oxides, sulfides, and halides.” Although oxide SSEs
possess superior chemical and electrochemical stability, their high
synthesis temperature and high Young’s modulus limit their use
in many applications.””'* Sulfide SSEs are frequently utilized in
ASSLBs due to their high ionic conductivity, ease of synthesis, and
high elemental abundance. However, sulfide electrolytes exhibit a
narrow electrochemical stability window, leading to limited applica-
tions with cathode materials requiring a high cut-off voltage
(LiNig.sMn; 50,) or large surface area (LiFePO,) due to excessive
sulfide oxidation and cathode electrolyte interphase (CEI) formation.
Chlorides SSEs possess a higher oxidation stability so they can be
emplgylid when a high cut-off voltage is required at the cathode
side. ™

“E-mail: jijang@eng.ucsd.edu; zhengchen@eng.ucsd.edu; shmeng@uchicago.edu

Several chlorides with the general formula Li;MClg (M = Tb>",
Lu3+, Y? *, and Sc3+) have been reported in the 1990s.'>10
Depending on the size of the M*>" cation and the Li™ distribution in
the structure, these chlorides can crystallize in the trigonal (P3ml),
orthorhombic (Pmna), or monoclinic (C2/m) structures.”'> Halide
SSEs started receiving renewed attention after Asano et al. reported
that Li;YClg (LYC) and Li;YBrg synthesized by a mechanochemical
method, exhibited ionic conductivities of 0.51 and 1.7 mS cmfl,
respectively, much higher than those previously reported.'” As the
CI™ anion exhibits a higher oxidation stability than S*~, chloride SSEs
are more oxidatively stable than sulfide electrolytes. The oxidation
electrochemical window can reach approximately 4.2V for
chlorides.”'®'®1° Unlike conventional synthesis methods using
high-temperature solid-state reactions, various halide SSEs at meta-
stable phases and different crlystal structures can be prepared using a
mechanochemical approach.'” Moreover, such an approach can
improve the ionic conductivity of halide SSEs by introducing
disorders into the cation and anion sublattices.”?**' Tuning the
crystal structures and the concentration of Li ions by partial
substitution of the central metal cations is another effective method
to boost ionic conductivity. Liz_,M; (N,Cl¢ M = Er**, Y3, and
Yb*'; N = Zr*" and Hf*") electrolytes were reported to exhibit an
enhanced ionic conductivity than the unsubstituted Li;MClg electro-
lytes due to the formation of new phases with a lower migration
barrier for Li ions.?>** For example, Kwak et al. improved the ionic
conductivity of Li,ZrClg (LZC) by Fe*" substitution, resulting from
the increased concentration of Li™.?!

Despite their superior oxidation stability over sulfide SSEs, the
adaptability of chloride SSEs to scalable manufacturing conditions
needs to be evaluated. A recent study on the dry room compatibility
of LigPSsCl (LPSCI) has shown that LPSCI is prone to hydrolysis


https://orcid.org/0000-0001-9525-8407
https://orcid.org/0000-0001-6221-4037
https://orcid.org/0000-0001-7823-1595
https://orcid.org/0000-0002-9186-4298
https://orcid.org/0000-0001-8936-8845
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1149/1945-7111/acee24
https://doi.org/10.1149/1945-7111/acee24
https://doi.org/10.1149/1945-7111/acee24
mailto:jijang@eng.ucsd.edu
mailto:zhengchen@eng.ucsd.edu
mailto:shmeng@uchicago.edu
https://crossmark.crossref.org/dialog/?doi=10.1149/1945-7111/acee24&domain=pdf&date_stamp=2023-08-25

Journal of The Electrochemical Society, 2023 170 080521

when exposed to moisture, but a maximum dew point of —40 °C is
sufficient to minimize H,S evolution to prevent ionic conductivity
loss and to ensure workers’ safety.>** Likewise, chloride SSEs
have been known to be sensitive towards hydrolysis upon moisture
exposure.”?%?” LizInClg (LIC) has been reported to form stable
hydrate upon storage in air, but it can be recovered by heating above
200 °C.?® On the other hand, some chloride SSEs have been found to
undergo either decomposition or severe hydrolysis when exposed
to air. Therefore, the dry room compatibility of chloride SSEs should
be evaluated to identify the most promising chemistry and suitable
processing conditions for mass production.

This study aims to investigate the dry room compatibility of
chloride SSEs where the obtained results can be used as criterion
for material selection for future upscaling processes. Three
promising chloride SSEs possessing high ionic conductivities at
ambient temperature, e.g., LZC, LYC, and LIC, were chosen for
this study. Prior to testing the dry room stability, all materials were
first exposed to ambient air (air-Exp), containing a higher humidity
level than dry rooms, to speed up degradation for the ease of
mechanistic study. Afterward, the exposed samples were recovered
and underwent heat treatment (air-HT) to evaluate recoverability of
the initial material. The obtained results show that LZC underwent
severe hydrolysis, while LYC and LIC underwent hydration. Only
LIC was recoverable after the heat treatment, rendering it the most
stable chloride SSE among the three. Finally, the three chloride
SSEs were exposed to a dry room environment, with reduced
moisture level, for 3 h. The exposed electrolytes were used as
catholytes in NCMS&11ILiIn half cells and exhibited higher cell
impedance and lower discharge capacity. Compared to LPSC1,*
the chloride SSEs studied here are more sensitive to moisture
exposure.

Experimental

Synthesis of chloride SSEs.—All chloride SSEs were synthe-
sized via a mechanochemical approach using a Retsch PM200
planetary ball-mill. Precursors, including LiCl (Sigma Aldrich),
ZrCly (Sigma Aldrich), YCl; (Alfa Aesar), and InCl; (Alfa Aesar),
were stoichiometrically mixed with a mortar and a pestle, and 1.5 g
of precursor mixture were transferred to a 50 ml air-tight ZrO, jar
with fifteen 10 mm ZrO, milling media in an Ar-filled glovebox.
LZC and LIC were ball-milled at 550 rpm for 3 h, and LYC was at
500 rpm for 1 h.

Exposure and heat treatment of chloride SSEs.—Air-Exp
samples were prepared by placing 0.5 g of chloride SSEs evenly
in a 125 ml wide-mouth glass jar in an Ar-filled glovebox and then
transferring them to the antechamber with a total volume of 250 1.
The chamber door was opened for 1 min to fill the antechamber with
ambient air having a relative humidity between 45%-55%. After
24 h of exposure, the antechamber was vacuumed and purged with
Ar, and the air-Exp samples were collected. The Air-HT samples
were obtained by heating the Air-Exp samples in quartz tubes under
a dynamic vacuum at assigned temperatures (LZC: 350 °C;* LYC:
550 °C;'7 LIC: 260 °C*). Dry room exposed samples were prepared
by distributing multiple batches of 0.5 g SSEs on petri dishes in a dry
room environment with a dew point of —60 °C for 3 h.

Electrochemical characterization.—To avoid air exposure, all
cell fabrication and measurements were done in an Ar-filled
glovebox. To obtain the ionic conductivity, 75 mg of chloride SSE
was placed in a 10 mm PEEK die and pressed at 370 MPa using a
pair of titanium plungers to obtain the pellet. The SSE thickness is
estimated by measuring the length difference of the cell with and
without the SSE pellet with a Vernier caliper. The cell was tightened
to 75 MPa using a cell holder. Electrochemical impedance spectro-
scopy (EIS) measurements were performed from 1 MHz to 0.1 Hz,
with an applied AC amplitude of 30 mV. The acquired Nyquist plots
were analyzed with Z-View software. To obtain the electronic

conductivity, a DC voltage of 0.5V was applied to the SSE pellet
and the residual current induced by the excitation pulse was
recorded. To obtain the oxidation potential of the pristine and dry
room exposed chloride SSEs, the powders were mixed with
acetylene black (AB) at a weight ratio of 7:3 (SSE:AB) with mortar
and pestle. Liln anode was prepared by vortex mixing Li and In
powder (MSE Supplies) at a weight ratio of 1:33. liln alloy was used
as both counter and reference electrode. Linear scan voltammetry
(LSV) was conducted using SSE-C | LPSCI | Liln cells at a scan rate
of 0.1 mVs~! from open circuit voltage (OCV) to 5V vs Li/Lit.
The measurements were conducted using a Solartron 1260
Impedance Analyzer at room temperature.

Half cells were employed to evaluate the electrochemical
performance of chloride SSEs (LZC, LYC, and LIC) before and
after exposure to the dry room environment. The half cells were
constructed by pelletizing 15 mg of NCM811 cathode composites,
70 mg of LPSCI and 50 mg of Liln alloy anode with PEEK dies. The
cathode composites were fabricated by mixing LiNig gCoy ;Mng 0,
(NCMS11, LG Energy Solution), chloride SSEs, and vapor grown
carbon fiber (VGCF, Sigma-Aldrich) at a weight ratio of 66:31:3
with mortar and pestle. The half cells were tested using Neware
Battery cyclers (A211-BTS-1U-ZWJ) with cut-off voltages of 2.5V
and 4.3V vs Li/Li" at room temperature. The cells underwent two
formation cycles at C/10 (1C = 200mAhg™") and EIS were
recorded in the second formation discharge at 50% state of charge.
Afterward, the cells were cycled at C/3 with an additional constant
voltage cut-off of C/10 at the end of charging for 50 cycles.
Subsequently, the cells were again cycled at C/10 and the other
EIS was recorded when discharged to a state-of-charge of 50%.

Characterization.—X-ray diffraction (XRD) patterns of chloride
SSEs were obtained using a Bruker APEX II. The powder was
sealed in a 0.7mm boron-rich glass capillary in an Ar-filled
glovebox. Measurements were taken using Mo Ko radiation (A =
0.70926 A) over a 26 range of 5° to 40°, with a step size of 0.01°. Le
Bail refinement was done using FullProf software. Space group P
—3m1 was selected to refine LZC and LYC, and C2/m was selected
for LIC.>*3"32 Energy dispersive X-ray spectroscopy (EDS) was
obtained with a FEI Scios DualBeam Focused ion beam/scanning
electron microscope, and the samples were prepared in an Ar-filled
glovebox and transferred with an air-tight loader to avoid any
atmosphere exposure. A NETZSCH STA 449 F3 IJupiter
Simultaneous Thermal Analyzer with Coupled QMS 403 D Aéolos
Mass Spectrometer was used to obtain thermogravimetric analysis/
differential scanning calorimetry coupled mass spectrum data (TGA/
DSC-MS). To observe H,O and HCI evolution, MS was set to
monitor molecular weights at 18 and 36 g-mol™'. 15-20 mg of
chloride SSE samples were placed in Al,O; pans (6.8 mm in
diameter/85 pL). The samples were prepared within 2 min to
minimize air exposure. All measurements were conducted in an
N, atmosphere, scanning from 30 to 450 °C at a scan rate of
5°Cmin .

Results and Discussion

To understand the impact of moisture exposure and potential
recoverability, pure phase LZC, LYC, and LIC (confirmed with Le
Bail refinement in Fig. S1) were exposed to ambient air followed by
heat treatment. EIS at each stage was measured and is shown in
Fig. 1. Before the exposure, all three materials exhibited ionic
conductivities in the range of 107 S cm™', comparable to previous
literature.'**° After the exposure, the ionic conductivities of the
SSEs all dropped to 107°mScm™" or lower, indicating some
reaction has taken place. Note that the conductivity values only
reflected the ionic conductivity of the decomposed or the hydrated
products, rather than the degree of reactions. After heat treatment,
only LIC recovered close to its pristine ionic conductivity, while
both LZC and LYC exhibited further decay. The pristine and Air-
Exp chloride SSEs exhibited similar electronic conductivities in the
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Figure 1. Ionic conductivities and XRD patterns of (a) LZC, (b) LYC, and (c) LIC before and after air exposure and after the heat treatment.

range of 107°Scm™' (Fig. S2), implying an electronically con-
ductive phase was not formed after air exposure.

XRD patterns of all chloride SSE samples were investigated to
understand the chemical reactions occurring during the moisture
exposure and heat treatment. The XRD patterns showed that all three
materials were fully or close to fully decomposed or hydrated, as the
peaks of their pristine states were not observed. After exposing, the
XRD pattern of LZC showed the formation of LiCl. The pattern
remained similar after the heat treatment, suggesting that the Air-
Exp LZC cannot be recovered. As ZrCly, one of its precursors, has
high tendency to hydrolyze and form ZrO,, it is likely to present in
Air-Exp LZC.* Since ZrO, exhibited diffraction peaks with similar
diffraction angles to those of LiCl (Fig. S3), EDS was employed to
inspect the elemental ratio and the spectra are shown in Fig. $4.%%%
The oxygen atomic ratio increased significantly to 43.2% after the
air exposure and heat treatment, indicating that LZC chemically
reacted with air. As Air-HT LZC exhibited an approximate atomic
ratio of Zr:Cl:O = 1:2:2, the net chemical reaction after the exposure
can be deduced:

Li,ZrClg + 2 H,0O — 2 LiCl + ZrO, + 4 HC1 [1]

The XRD pattern of Air-Exp LYC can be deconvoluted into
YCl3-6H,0 and LiCI-H,O (Fig. SS), indicating that LYC decom-
posed into the hydrates of its precursors upon contact with air.>®’
The chemical reaction can be written as:

While anhydrous LiCl can easily be obtained by heating LiCl-H,O,
YCl3-6H,0 underwent a hydrolysis reaction to form YOCI. 234
Consequently, LiCl and YOCI] were observed in the XRD pattern
(Fig. S6) showing that LYC was not recoverable after heat treatment
(Note S1).*+404!

YCl; - 6H,0 + 3 LiCl - H,O — YOCI + 3 LiCl
+ 8 H,O + 2 HC1 [3]

Unlike LZC and LYC, LIC can form stable hydrates without
significant decomposition.”®*® It can be restored to its original
phase after heating at 260 °C, as shown in the XRD patterns in
Fig. 1c. Nevertheless, formation of minuscule In,O3, resulting from
slight hydrolysis, was reported due to weak acidity of In** in
aqueous solution, resembling the property of its InCls precursor.*

Since HC1 and H,O evolution is a key indication of hydrolysis
and dehydration reactions, it is important to detect them directly.
However, HCI and H,O are volatile and cannot be observed using
XRD. TGA/DSC-MS was used to monitor both the weight change
and gas evolution of the samples during the thermal treatment at
high temperatures. The TGA/DSC-MS results of the three chloride
SSEs at the pristine (Fig. S7) and air-exposed (Fig. 2) states were
examined. At the pristine state, significant weight losses were only
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Figure 3. Summarized scheme of moisture stability and recovery process of (a) Li,ZrClg, (b) LizYClg, and (c) LizInCls.

observed in pristine LZC above 350 °C, due to the sublimation of
ZrCl,.** All the other minor weight losses and gas evolution were a
result of short air exposure during the sample preparation. After 24 h
of air exposure, all three exhibited endothermic signals due to the
dehydration reaction or desorption of H,O. Air-Exp LZC released
HCI when heated to 80 °C, indicating that the hydrolysis reaction
started close to room temperature. As LZC was fully hydrolyzed,
ZrCly sublimation signals were no longer observed above 350 °C.
Different from LZC, Air-Exp LYC did not have HCI evolution
before 150 °C, indicating that Li; YCl3 hydrate was stable and started
to hydrolyze and formed YOCI after 150 °C. No obvious HCI
evolution was observed in Air-Exp LIC and H,O evolution ends at
approximately 230 °C, in consistent with the recovery of the LIC
phase after heat treatment at 260 °C observed in the XRD result.
To verify the chemical reaction deduced from the XRD result, the
weight changes after air exposure and TGA (heat treatment), and net
weight change are summarized in Table S1. To calculate the
theoretical weight change, the molar mass of pristine SSEs and
solid products (i.e., ignoring HCI and H,O) are calculated. The
theoretical values of the three SSEs can be obtained following
Table S2. LZC exhibited a negative weight change of —4.3% after
the exposure, indicating that it started to hydrolyze and gave off HCI
upon contacting moisture. A further weight change of —32.2% was
observed during the TGA, because of HCI and H,O removal. This
led to a net weight loss of —35.1%, which is close to the theoretical
value of —34.6%. LYC gained 36.5% weight during air exposure
and lost 35.0% weight in TGA, leading to a net weight change of
—11.3%. The difference between the experimental and theoretical
value (—17.0%) could result from sample inhomogeneity during air
exposure. LIC gained 28.1% after air exposure and lost 24.4% in

TGA, resulting in a net change of —3.2%, close to the theoretical
value of 0%. The weight analysis results are overall consistent with
the XRD results. Based on the XRD and TGA/DSC-MS results, the
chemical evolutions of the three chloride SSEs during air exposure
and heat treatment can be summarized in Fig. 3.

Lastly, all SSEs were exposed to a dry room environment with a
dew point of —60°C for 3 h. Figure S8 presents the ionic
conductivity changes and XRD patterns of the SSEs before and
after dry room exposure. The ionic conductivities of all the SSEs
dropped to approximately a quarter of their original values despite
little to no change observed in their XRD patterns. The oxidation
potential of the chloride SSEs after exposure to dry room was probed
with LSV (Fig. S9). The oxidation onset voltages were all
approximately 4 V, which is close to the theoretical calculation.'”
The oxidation onsets remained almost the same after the dry room
exposure, as only C1™ is involved in the oxidation reaction 2Cl~ —
Cl, 4+ 2¢7),” suggesting that the effect of hydration on the
electrochemical window is minimal. To evaluate the electrochemical
performance of the SSEs, they were paired with NCM811 cathode
composites and assembled into NCM811-chloride SSEILPSCIILiIn
half cells. Figure 4 presents the cycling performance and impedance
changes before and after 50 cycles (Detailed fitting results are shown
in Fig. S10). After dry room exposure, the impedance of the cells
increased, especially the charge transfer impedance, indicating the
decomposed products have negative impact to the electrochemical
performance. The larger cell impedance resulted in more polariza-
tion and longer constant voltage capacities at the end of charging
(Fig. S11). Consequently, NCMS811 half cells using dry room
exposed SSEs exhibited reduced capacities. The dry room exposed
LZC cell exhibited the least capacity drop compared to its pristine
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Figure 4. (a), (b), (c) Cycle performance and (d), (e), (f) corresponding impedance changes of NCM | Li-In half-cells whose cathode composites contain pristine

and dry-room-exposed LZC, LYC, and LIC as catholytes.

form among the three SSEs, as the EIS had relatively minor
degradation after the dry room exposure (Fig. 4d). The LYC cell
exhibited the worst capacity retention among the three SSEs, as the
dry room exposed LYC also exhibited the lowest ionic conductivity
of 6.4 x 107> Scm™' (Fig. S8a). A slight further capacity reduction
can be observed in all cells, possibly because of contact loss or
cathode electrolyte interphase formation, and it was reflected in the
impedance increase shown in the Nyquist plots.***

Conclusions

In this study, three chloride SSEs, namely LZC, LYC, and LIC,
were synthesized and their chemical evolution during air exposure and
heat treatment was analyzed using EIS, XRD, and TGA/DSC-MS. The
experimental analysis indicates that the chloride SSEs suffer from
different decomposition in moisture atmosphere depending on its metal
center. Firstly, LZC hydrolyzes into ZrO, and LiCl upon contacting
moisture and is not recoverable after heat treatment. Secondly, LYC
decomposes into YCl;-6H,O and LiCl-H,O during the exposure and
YCl; further hydrolyzes to form YOCI, making LYC unrecoverable.
Lastly, LIC forms a stable hydrate and can be easily recovered when
heated to 260 °C to remove hydrated water. Finally, all three materials
were exposed to a dry room environment with a dew point of —60 °C
for three hours. Subsequent electrochemical tests indicate that all SSEs
suffer from ionic conductivity decay, which is reflected in the reduced
discharge capacity of NCM811ILilIn half cells. The SSEs evaluated here
are sensitive to moisture even in dry room conditions. Nevertheless,
surface modifications or doping can be explored to increase the
moisture tolerance of chloride SSEs.
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