Journal of Power Sources 609 (2024) 234685

Contents lists available at ScienceDirect

' POWER
SOURCES

Journal of Power Sources

e 4

ELSEVIER

journal homepage: www.elsevier.com/locate/jpowsour

Check for

On the formation and properties of amorphous and crystalline Liz.yBay, ol

20Cl electrolytes

Junquan Ou*®, Vignyatha Tatagari®, Ishani Senevirathna b Sudarshan Luitel , Carlo Segre b
Leon Shaw * , M. Helena Braga ©
& Department of Mechanical, Materials and Aerospace Engineering, USA

Y Department of Physics, Illinois Institute of Technology, Chicago, IL, 60616, USA
¢ Engineering Physics Department, Engineering Faculty, University of Porto, 4200-465, Porto, Portugal

HIGHLIGHTS

o Hydrothermal synthesis of amorphous and crystalline Liz yBa,,»OCI electrolytes.
e First use of vacuum to accelerate vapor release in hydrothermal synthesis.

¢ Enhancing the formation of amorphous Liz yBa,»OCl via vacuum-assisted drying.
e Amorphous Li; g9Bag 00sOCl exhibits 7.65 x 102 S/cm ionic conductivity at RT.
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All-solid-state batteries (ASSBs) have potential to provide higher specific energy, higher power, and longer cycle
life than Li-ion batteries (LIBs) for continuously increasing demands of high-performance rechargeable batteries
with intrinsic safety. However, one of the barriers for successful design and fabrication of ASSBs is the lack of
solid-state electrolytes (SSEs) that can meet multi-functional requirements for ASSBs. To address this issue, the
present study investigates hydrothermal synthesis of amorphous and crystalline Ba-doped LizOCl solid electro-
lytes and develops the understanding of the relationships between the synthesis conditions and electrochemical
properties of the products. It is shown that the formation of an amorphous/crystalline Ba-doped LizOCl mixture
with little hydroxide impurities depends strongly on the hydrothermal reaction temperature, drying temperature,
Ba concentration, and rate of removing OH ™~ and H" ions as steam from water solvated Ba-doped Li3OCl. The key
to generate amorphous LisOCl-based electrolytes with high ionic conductivities (7.65 x 103 S/cm) at room
temperature is to create non-equilibrium synthesis conditions such as the one identified in this study. The un-
derstanding developed in this study will offer critical guidelines for synthesizing amorphous and crystalline
LigOCl-based electrolytes with superior electrochemical properties for ASSBs reliably and reproducibly in the
near future.

1. Introduction flexibility for good physical contact with electrodes, and low processing
cost [3]. However, they have low ionic conductivity at RT (103 to 108

The fundamentally safe nature and the potential of higher energy S/cm) and inferior electrochemical window [2,3]. In contrast,

density of all-solid-state batteries (ASSBs) than Li-ion batteries (LIBs)
have spurred enormous research activities worldwide for the last 20
years [1-4]. One of the challenges for ASSBs is the lack of solid-state
electrolytes (SSEs) that offer the solutions to all the challenges faced
by ASSBs. For instance, polyethylene oxide (PEO)-based polymer elec-
trolytes have the advantages of outstanding film-forming ability, high
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oxide-based electrolytes, such as the garnet-type cubic LiyLa3ZryO;2
(LLZO) and their doped variants, possess high ionic conductivity
(~10~*S/cm) and excellent stability against Li metal and cathodes, but
they have high interfacial resistance due to their rigid ceramic nature
and poor physical contact between the electrode and electrolyte [2-4].
Sulfide-based electrolytes, such as LiyP3S;;, have very high ionic
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conductivities, but are not electrochemically stable with many cathodes
and even react with cathode materials during high-temperature or
high-pressure processing [5]. Reactions between sulfide-based electro-
lytes (e.g., LijoGeP2S12) with acetylene black conductive additives have
also been reported when charging above 4.5 V vs. Li*/Li) [6]. Costings,
such as LiNbOjs [7], Lip0O-SiO5 glass [8], LiAlO» [9], LisPO4 [10],
LioMnOy [11], Li4TisOq2 [12] and LiTaO3 [13], have all been shown to
have beneficial effects in suppressing side reactions between the cathode
and sulfide-based electrolytes, thereby improving their interfacial sta-
bility. In spite of these advancements, further improvements in SSEs are
still required for practical applications.

Recently, Braga and her team working with Prof. John Goodenough,
the Nobel laureate in Chemistry in 2019, have reported a new type of Li-
glass electrolytes with compositions of Liz g9Bag 00501+xCl1-2x (0 < x <
1) [14,15]. The new Li-glass electrolytes are reported to possess ultra-
high ionic conductivity at room temperature (RT) (>10’2 S/cm which is
similar to that of the conventional liquid carbonate electrolytes), have
wide electrochemical windows, are stable with Li and Na metals, and
exhibit resistance to oxidation up to 8 V (vs. Li*/Li) [15-21]. These
unusual properties derived from one SSE represents a major break-
through in SSE technology. However, many other researchers [22-26]
working on LigOCl-based electrolytes often obtain crystalline
anti-perovskite phases rather than glassy phases, indicating difficulty in
obtaining glassy LizOCl-based electrolytes. Furthermore, crystalline
Li3OCl-based electrolytes typically have lower ionic conductivities (8.9
x 107 - 1.9 x 1073 S/cm at RT) than Li-glass electrolytes [22-27].
Thus, there is a critical need to study how to obtain LizOCl-based Li-glass
electrolytes consistently with high ionic conductivities and investigate
the effects of synthesis conditions on the electrochemical properties of
Li-glass electrolytes obtained under different conditions.

With the aforementioned challenge in mind, this study is initiated
and focuses on hydrothermal synthesis of amorphous and crystalline Lig.
yBay,20Cl (0.01 <y < 0.04) electrolytes. Ba-dopant has been chosen in
this investigation because a previous study [14] has revealed that Ba>*
ions with a larger ionic radius than Mg?" and Ca®" ions lead to a lower
glass transition temperature for the doped Li-glass electrolyte. A lower
glass transition temperature transition enables faster ionic transport at
room temperature, confirming that Ba?t is the most effective dopant
among the various dopants investigated previously [14]. Hydrothermal
synthesis is chosen for the focused investigation here because Li-glass
electrolytes reported by Braga’s group are synthesized using this
method [14,15]. However, a recent study reveals the presence of a large
amount of hydroxides in the LizOCl product using the same hydrother-
mal method [26]. The inconsistent results from different researchers
underscore the necessity of further studies to identify proper conditions
in forming amorphous LizOCl-based electrolytes with little or no hy-
droxide impurities via hydrothermal synthesis and develop under-
standing of the relationship between the electrochemical properties and
synthesis conditions of Li3OCl-based electrolytes. This understanding
will offer crucial guidelines for synthesizing amorphous and crystalline
Li3OCl-based electrolytes with superior electrochemical properties for
ASSBs reliably and reproducibly in the near future.

2. Experimental
2.1. Synthesis of electrolyte powder

The Li-glass electrolytes, Lis.yBay/»0Cl (0.01 < y < 0.04), were
synthesized from high-purity commercial precursors: LiCl (purity >
99.98 %, Sigma), Li(OH) (purity > 98 %, Sigma), and Ba(OH); - 8H,0
(purity > 98 %, Sigma). The precursors were mixed in an appropriate
ratio and dispersed in deionized water in a PTFE autoclave. After
vibrating the slurry in an ultrasonic bath for 20 min to disperse the
powder mixture, the autoclave was heated to 150 °C for at least 2 h to
dissolve all the raw materials. Then the transparent solution was sub-
jected to hydrothermal reactions in an autoclave equipped with a
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pressure release valve, operating at 250 °C for at least 3 h. Following the
hydrothermal reactions, the pressure release valve was opened to
remove water steam rapidly at 250 °C or at other high temperatures (to
be specified later). For some synthesis experiments, a vacuum pump
connected to the autoclave was turned on during holding at 250°C and
cooling of the autoclave to room temperature (RT) to remove any re-
sidual moisture in the product. To accomplish different drying condi-
tions, a custom-made autoclave was constructed (see Fig. S1 in
Supplemental Information). Briefly, a pressure release valve was con-
nected to the cap of the autoclave. Once hydrothermal synthesis reached
the pre-determined reaction time, the pressure release valve could be
opened manually, and the steam could be released to either the ambient
air or a vacuum pump controlled via a three-way valve. The Li-glass
powder product after synthesis was taken out from the autoclave at
RT inside an Ar-filled glovebox (H20 < 0.1 ppm, Oz < 1 ppm, MBRUAN
UNIlab) and kept inside the glovebox for subsequent use and analysis.

2.2. Material characterization

The X-ray diffraction (XRD) patterns of the products were collected
in the 26 range of 15-80° at a scan rate of 0.01° per second using a
Bruker D2 Phaser Diffractometer with Cu Ko radiation (A = 1.54056 }o\).
To avoid reactions with moisture during the XRD data collection, sample
powder was sealed with a Kapton tape or inside an airtight, X-ray
transparent, dome-type specimen holder from Bruker. The differential
scanning calorimetry (DSC) analysis was conducted using the Setsys 16/
18 DTA/DSC from Setaram to determine the glass transition tempera-
ture of the amorphous electrolyte, the melting point of the crystalline
electrolyte, and the melting point of hydroxide phases if present. The
DSC analyses were performed from 30 °C to 300 °C in the first cycle and
30 °C-330 °C in the second cycle inside an alumina crucible under an
argon atmosphere with a heating and cooling rate of 5°C/min.

2.3. Electrochemical measurement

250 mg of Li-glass powder was first cold pressed at 200 MPa and then
heated to 100 °C to form a pellet in a steel die with a garolite sleeve. The
impedance of the pellet was measured via electrochemical impedance
spectroscopy (EIS, Gamry INTERFACE 1010E) over a frequency range of
1 Hz-2 MHz with an applied AC perturbation signal of 30 mV. EIS data
analysis and equivalent circuit fitting for calculating the electrical con-
ductivity were performed using Gamry Echem Analyst. DC polarization
was conducted with a voltage of 5 V right after the EIS measurement.
The cyclic voltammetry (CV) was conducted using Gamry INTERFACE
1010E with a semi-blocking cell having a stainless steel/solid-state
electrolyte/Li chip/stainless steel (SS/SSE/Li/SS) setup to obtain the
electrochemical window. The test was performed at RT with a scanning
rate of 1 mV/s within the range of —0.5 V-6.0 V (vs. Li"/Li).

3. Results and discussion
3.1. Liy 99Bay.po50Cl synthesis and hydroxide impurities

The products from the reactions between LiOH and LiCl depend on
the synthesis condition and the starting material compositions. Several

products and possible reactions have been reported as shown below [14,
22,23].

2LiOH + LiCl = Li3OCl + Hy0 @
3LiOH + LiCl = Li4CI(OH)3 (2)
LiOH + LiCl = Li;(OH)Cl 3)
2LiOH + 3LiCl = Lis(OH),Cl3 (@)

Fig. 1 is the XRD pattern of a Lipg9Bag 0osOCl powder product
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Fig. 1. XRD pattern of a Lij g9Bag 0osOCl powder product which contains hy-
droxides. See the text for the discussion of the synthesis condition.

synthesized via complete dissolution of all raw materials in deionized
water at 150°C, followed by heating to 225 °C and maintained at that
temperature for 24 h. Subsequently, the pressure release valve was
opened to allow water vapor release from the autoclave at 225 °C for 1 h.
No water vapor was observed after 1h opening of the pressure release
valve. Upon closure of the pressure release valve, the autoclave was
removed from the heating sand bath and allowed to cool to near room
temperature (RT). After cooling to RT the powder product was taken out
from the autoclave inside an argon-filled glovebox. As shown in Fig. 1,
the final product from this process is a mixture of Lis g9Bag 0psOCl and
Li4CI(OH)3 hydroxide. Clearly, the synthesis condition used in this
experiment fails to expeditiously and thoroughly remove residual
moisture from the autoclave, thereby promoting the formation of Li4Cl
(OH)3 impurity as shown in Reaction (2), along with the formation of
Lis 99Bag.0psOCl which requires complete removal of any moisture as
indicated by Reaction (1).

Fig. 2 shows the XRD patterns of two other Lis g9Bag.gpsOCl powder
products that were generated with hydrothermal reactions at 250 °C for
24 h, followed by releasing the pressure valve to remove water vapor
rapidly at 250 °C. During the vapor releasing process, a vacuum pump
connected to the autoclave was turned on for 24 h to help remove any
residual moisture and prevent the formation of hydroxides. For one
group of powder the drying temperature was maintained at 250°C for
24 h, whereas for the second group of powder the drying temperature
was reduced to 210°C after holding at 250°C for 30 min. Then, the au-
toclaves were allowed to cool and transferred to an Ar-filled glovebox
(H20 < 0.1 ppm, O, < 1 ppm) after the temperature were dropped to
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Fig. 2. X-ray diffraction patterns of LijggBag 0osOCl drying at different
temperatures.
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150 °C. As shown in Fig. 2, the sample dried at 250°C has crystalline
Lis.g9Bag.0osOCl with little hydroxide, whereas the sample dried at
210°C still contains a substantial amount of Li4CI(OH)3 hydroxide and
unreacted LiCl. Note that the broad peaks at 20 = 21°, 27° and 51°
originate from the airtight plastic sample holder, whereas the main
characteristic diffraction peaks appear at 20 = 22.74°, 32.38°, 39.93°,
46.44°, and 57.75°, corresponding to LizOCl anti-perovskite structure
with O% ions located at the center of the unit cell, C1~ ions at the eight
cube vertices, and Li™ ions at the six face centers of the unit cell [28].
These experiments reveal that complete drying at 250°C is essential to
avoid the formation of hydroxides. Drying at 210°C is not sufficient to
prevent the formation of Li4Cl(OH)3 hydroxide. As will be shown later,
the melting temperature of Li4Cl(OH)3 hydroxide is at 215°C. Thus, it is
proposed that drying above 215°C at the liquid state of Li4CI(OH)3 under
a dynamic vacuum condition (with a mechanical pump on) may result in
gradual decomposition of Li4Cl(OH)s, thereby minimizing the formation
of Li4Cl(OH)s3. Hydroxide impurities have lower conductivities than
Li3OCl [29] and thus the hydrothermal synthesis conditions identified in
this study to form Lis g9Bag gosOCl with little or no hydroxide impurities
are significant.

It should be pointed out that the broad peak at 32° for
Lis.g9BaggosOCl dried at 250°C is indicative of crystalline
Lis 99Bag.0osOCl with nanograins. The unsymmetric shape of the broad
peak suggests the presence of a minute amount of Li4Cl(OH)3 hydroxide,
leading to merging of the peaks from Lij g9Bag 0psOCl and Li4CI(OH)s.
The absence of the other Lij g9Bag 0osOCl crystalline peaks (such as those
at 20 = 22.74°, 39.93°, 46.44°, and 57.75°) for the sample dried at
250°C indicates that the quantity of crystalline Lis g9Bag gosOCl is low in
this sample, i.e., a significant amount of Lizg9Bag osOCl is in the
amorphous state, which will be discussed below.

3.2. Formation of amorphous and crystalline Liy 99Bay 9p50Cl electrolytes

Since it is difficult to detect amorphous phases using XRD, differ-
ential scanning calorimetry is utilized to study whether there is an
amorphous phase in the Lis ggBag gpsOCl product synthesized and dried
at 250°C. As shown in Fig. 3a (the first DSC scan), a distinct glass
transition temperature of the amorphous Lis ggBag gosOCl is observed at
approximately 100 °C, along with the melting point of the hydroxide
phase (Tpy;) at 215 °C and the melting point of the crystalline
Lis.99Bag.0050Cl (Tp2) at 268 °C, similar to those reported in Refs. 14, 22
and 26. The solidification temperature of crystalline Lis g9Bag gps0OCl
(Ts) was observed at 240 °C in the cooling curve. In the second scan
(Fig. 3b), Tm1, Tm2 and Ts are still present, but Ty has disappeared,
suggesting that melting and re-solidification with a heating/cooling rate
at 5 C/min will not lead to the formation of amorphous Lis g9Bag 0osOCl.
Additionally, the Ty; peak becomes smaller in the second scan,
revealing that some hydroxide has decomposed after heating above its
melting temperature — a phenomenon consistent with our previous hy-
pothesis that drying at 250°C in the hydrothermal synthesis process may
result in decomposition of Li4Cl(OH)3 hydroxide and thus minimize the
formation of Li4CI(OH)3 hydroxide. The co-presence of amorphous and
crystalline Li3OCl phases along with a tiny amount of hydroxide in the
hydrothermally synthesized sample is consistent with the previous
studies [14,26]. Furthermore, the measured Tg, Ty and Ty values in
this study are very close to those reported by Braga’s group [14] and
Khakpour’s team [26].

To corroborate the DSC results independently, the Lis g9Bag. gosOCL
product synthesized and dried at 250°C was analyzed using XRD at the
as-synthesized condition and after melting and re-solidification condi-
tion. In this set of XRD experiments (Fig. 4), both samples were sealed
with a Kapton tape during the data collection. Because Kapton sealing is
not as good as the sealing provided by the airtight, dome-type specimen
holder from Bruker, some Lis g9Bag 0gsOCl has picked up minute mois-
ture and changes to Li4CI(OH)3 and Li;(OH)Cl hydroxides during the
XRD data collection even though the sample before melting in Fig. 4 is
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Fig. 3. Differential scanning calorimetry of the Liz g9Bag 9osOCl synthesized and dried 250°C at a scanning rate of 5 °C min " for two heating/cooling cycles: (a) first

scan and (b) second scan. The insert in (a) is the heating curve of the first scan.
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Fig. 4. X-ray diffraction patterns of Lip g9Bag 00sOCl synthesized and dried at
250°C: (a) at the as-synthesized condition and (b) after melting and re-
solidification. Both samples were sealed using a Kapton tape during XRD
data collection.

identical as the one in Fig. 2 dried at 250°C. In spite of this complication,
a comparison between the as-synthesized sample and the melt and re-
solidified sample reveals the intensity increase of the crystalline
Lis 99Bag.0osOCl peaks after melting and re-solidification. This finding
serves to reinforce the conclusions drawn from the DSC analysis, i.e.,
melting and re-solidification at a heating/cooling rate of 5 "C/min
cannot lead to formation of amorphous Lis g9Bag 0osOCl. Note that the
Liz 99Bag.0osOCl sample in Fig. 4 before melting has sharp
Lis 99Bag.0osOCl peaks, whereas the sample in Fig. 2 dried at 250°C has
only one broad peak at 32°. As mentioned before, the broad peak at 32°
for the sample in Fig. 2 is due to the formation of Lip g9Bag osOCl with
nanograins. The sharp peaks of the sample in Fig. 4 before melting are
indicative of Lij g9Bag 0osOCl with grain sizes significantly larger than
100 nm. The difference in their grain sizes is likely attributed to their
different hydrothermal reaction times (i.e., 2 days for the sample in
Figs. 4 and 7 days for the sample in Fig. 2). The effects of the hydro-
thermal reaction time are outside the scope of this study, but should be
the area of investigation in the near future.

To further explore the possibility of forming amorphous
Lis 99Bag.0osOCl phase via fast cooling, we have designed a special
experiment by sealing the Lis g9Bag gosOCl powder obtained from hy-
drothermal synthesis in an argon-filled stainless steel tube and heating
this tube at 300°C for 35 min, followed by quenching this tube in cold

water (15°C). The steel tube temperature reaches 15°C in 4 min,
resulting in an average cooling rate > 70 ‘C/min. The XRD patterns of
the Lij g9Bag gosOCl powders before melting and after quenching are
compared in Fig. 5. Interestingly, the results are the same as those found
from the DSC and XRD analyses in Figs. 3 and 4, respectively. That is,
melting at 300°C followed by cooling at 70 ‘C/min has reduced the
hydroxide content and increased the peak intensity of the crystalline
Liz_ggBao_o()sOCl phase.

Taking all the results of this study together, it can be concluded that
amorphous Lip g9Bag 0osOCl cannot be formed by melting and re-
solidification at heating/cooling rates of 5 C/min and 70 "C/min.
Instead, amorphous Lij g9Bag gpsOCl phase can be formed via reactions
between LiCl and LiOH in the presence of water and rapid removal of
water at high temperatures, followed by drying at temperature at about
250°C. A possible mechanism via water solvation to form amorphous
Li3OCl phase under the aforementioned conditions has been proposed
by Braga’s group [15]. Our results are in good accordance with the
previously proposed mechanism.

It should be pointed out that Khakpour’s team [26] used 235°C for
hydrothermal reactions and drying also obtained a mixture of amor-
phous and crystalline LizOCl but with more hydroxides in comparison
with hydrothermal reactions and drying at 250°C (Fig. 2). Thus, hy-
drothermal reactions and drying at 250°C have advantages of little hy-
droxide(s) over hydrothermal reactions and drying at 235°C [26],
225°C, or 210°C (this study). Interestingly, Khakpour’s team [26] has
reported that an amorphous hump in the range of 20 = 31°-37° appears
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Fig. 5. X-ray diffraction patterns of Lis g9Bag 0osOCl: (a) before melting and (b)
after melting at 300°C and cooling at 70 "C/min.
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along with substantial decrease in the intensities of crystalline Li3OCl
peaks after heat treatment, showing that amorphous Li3OCl can be
formed via heat treatment after hydrothermal synthesis. However, heat
treatment conditions were not described [26].

3.3. Electrochemical properties of Liz 99Bag gosOCl electrolytes

The impedance of Lij g9Bag gosOCl synthesized and dried at 250°C
has been determined using EIS. As shown in Fig. 6, the Nyquist plot of
the SS/Li-glass pellet/SS cell at RT show a depressed semicircle in the
high frequency region followed by a straight line in the low frequency
region. An equivalent circuit, R(Q(RW)) shown in Fig. 6, is used to fit the
impedance spectrum. It is known that the intercept of the semicircle
with the real axis at the highest frequency typically represents Rpyx
derived from the resistance to Li-ion transport inside solid electrolyte
particles, whereas Rg, determined from the semicircle is normally
attributed to resistance of Li-ion diffusion via grain boundaries and/or
particle interfaces [30,31]. Based on the R(Q(RW)) fitting result, the
electrical conductivities, 6py1x and cgp, are calculated from Rpyx and Rgp,
respectively, with the aid of the following equation:

where o, L, R and A represent the conductivity, thickness, resistance and
area of the Li-glass pellet, respectively. The bulk conductivity of Li-glass,
Gbulk, at room temperature is determined to be 7.65 x 1073 S/cm, and
the grain boundary/interface conductivity, cgp, is about 2.74 x 1077s/
cm. The total conductivity of the Li-glass pellet including the contribu-
tions of Li-ion transport via the grain interior, grain boundaries and
particle interfaces, Gotal, is determined to be 2.74 x 1077 S/cm, domi-
nated by the small conductivity of cgp.

To separate the electronic and ionic conductivities, a DC polarization
experiment was conducted. As determined from Fig. 7a, the total elec-
trical conductivity at the 1st second of the DC polarization experiment is
7.5 x 1077 S/cm, whereas the electronic conductivity is approximately
1.5 x 1077 S/cm determined at 1800 s of the DC polarization experi-
ment. As such, the electrical conductivity of the Li-glass pellet is mainly
dictated by the ionic conductivity which is about 6.0 x 107 S/cm, close
to Ootal determined from EIS measurement.

The electrochemical window of Lijg9Bag 00sOCl synthesized and
dried at 250°C has been determined via cyclic voltammetry. The CV
curve of a semi-blocking SS/Li-glass/Li/SS cell in the range of 0-6 V vs.
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Fig. 6. Nyquist plot of the SS/Li-glass/SS cell measured at RT with a
compression stress of 50 MPa. The insert shows the detail of the highest fre-
quency region and the equivalent circuit used for curve fitting.
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Lit/Li is shown in Fig. 7b. There is a small oxidation peak detected at
about 5.3 V, but no corresponding reduction peak is observed. Notably,
there is no reduction peak at 0 V, indicating that the Li-glass electrolyte
is stable with the lithium anode, which is consistent with the previous
measurement [14,15]. A recent density functional theory (DFT) calcu-
lation discloses that amorphous Li3OCl is stable against Li metal elec-
trode, whereas crystalline LigOCl is not [32]. According to Ref. 32, the
reason for the stability of amorphous Li3OCl against Li metal is that
amorphous LizOCl contains oxygen vacancies, thereby diminishing the
number of oxygen atoms available for bonding with Li and thus
enhancing its stability against Li metal. In addition, the presence of
oxygen-oxygen pairs in the amorphous structure further limits the
available oxygen for lithium bonding, bolstering its stability against
lithium metal [32]. Thus, the stability of Liz g9Bag 0osOCl synthesized in
this study against Li metal electrode is attributed to the presence of
amorphous Lis g9Bag 0osOCl phase. The wide electrochemical window
(from 0.0 to 5.3 V vs. Li*/Li) of Li-glass synthesized via hydrothermal
processing offers a great potential for making ASSBs with high energy
densities derived from Li metal anodes and 5V cathodes.

3.4. Properties of Liz.,Bay,>0Cl with different Ba concentrations

The influence of the concentration of Ba ion doping has been sys-
tematically examined. In contrast to the synthesis of the amorphous-
phase-dominated Lijg9Bag gpsOCl with a vacuum pump drying at
250°C, the procedure for synthesizing LizOCl with different Ba con-
centrations did not involve a vacuum-pump-assisted drying process.
Consequently, the resultant products are mainly composed of Ba?*-
doped crystalline Li3OCl along with the formation of Li4CI(OH)3 hy-
droxide (Fig. 8a). Based on EIS measurements and using R(Q(RW))
equivalent circuit, the conductivities of Liz.yBay,20CI (0.01 <y < 0.04)
with different Ba concentrations at 100°C are summarized in Table 1.
Liz 99Bag.00s0Cl is found to have the lowest bulk conductivity, opuxk
(5.00 x 107° S cm™), followed by LiyogBagi1OCl and finally
Lis.96Bag.020Cl. This trend is consistent with the expectation of gradu-
ally increased vacancy concentrations and thus faster Li-ion diffusion
induced by a gradual increase in the Ba®" concentration. In contrast,
Liz 99Bag.0050Cl has the highest cgp, followed by Liz 9gBag.01OCl and
finally Liz 9Bag.020Cl. This ogp, trend is completely opposite to the cpyik
trend, and likely due to the increased hydroxide concentration as Ba
concentration increases (Fig. 8b). Hydroxide impurities are present at
the particle interface and thus lead to reduced grain boundary/interface
conductivities.

It should be pointed out that Lisg9BagosOCl synthesized with
vacuum-pump-assisted drying at 250°C has a much higher bulk con-
ductivity (7.65 x 1073 S/cm) at RT than Lis g9Bag gosOCl synthesized
without vacuum-pump-assisted drying at 250°C (only 5.00 x 107> S/cm
at 100°C). The precise reason for such a huge difference is not clear at
this stage, but it may be related to different degrees of atomic
randomness of the amorphous Liz g9Bag 0osOCl phase. With a vacuum
pump on during holding and drying at 250°C in hydrothermal synthesis,
the removal of OH™ and H™ ions from water-solvated Lis g9Bag 0osOCl is
faster and deviates more from the equilibrium condition, thereby
creating a higher degree of atomic randomness of the amorphous
Lis 99Bag,0osOCl phase which could have a much higher ionic conduc-
tivity. Whether this hypothesis is correct or not requires additional
investigation in the future.

To confirm that the advantage of removing OH™ and H' ions from
water-solvated Lij g9Bag gpsOCl with assistance of a vacuum pump is
present in other Ba-doped LigOCl as well, Lis ggBag 010Cl powder is
synthesized and dried at 250°C with a vacuum pump. The EIS mea-
surements reveal that both bulk and interface conductivities are higher
when drying is assisted with a vacuum pump. Specifically,
Liz 9gBag.01OCl pellets dried at 250°C with assistance of a vacuum pump
offer a bulk conductivity of 7.51 x 10™* S/cm and an interface con-
ductivity of 6.72 x 107> S/cm at 100°C. These two conductivities are
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Table 1
Conductivities of Li3OCl with different Ba concentrations derived from EIS
measurement.

Sample ID Pressure Temp Gpuik (S/cm) Ginter (S/cm)
Liz.00Bag.00s0Cl 40 MPa 100 °C 5.00 x 107° 4.28 x 107
Liz 0gBag.010Cl 50 MPa 100 °C 5.16 x 107° 3.59 x 107/
Lis.06Bag 020Cl 50 MPa 100 °C 5.21 x 107° 5.90 x 1077

either one or two orders of magnitude higher than the corresponding
values shown in Table 1 where the conductivities of LijggBag 9 OClL
pellets dried at 250°C but without assistance of a vacuum pump are
listed, confirming that the significant improvements in conductivities
achieved via drying at 250°C with assistance of a vacuum pump are
applicable to LisOCl with different Ba concentrations.

Before closing, it is worth emphasizing that amorphous Liz.yBay,20Cl
(0.01 < y < 0.04) electrolyte can be formed via hydrothermal synthesis,
as demonstrated in this study. However, the products and their ionic
conductivities are very sensitive to hydrothermal synthesis temperature,
drying conditions and the Ba dopant concentration. Even with both the
hydrothermal reaction temperature and drying temperature being set at
250°C, the presence of hydroxide impurities in and the ionic conduc-
tivities of the final Li3.yBay,20Cl electrolytes vary substantially with the
removing rate of OH™ and H ions from water-solvated Liz yBay,/20Cl at
250°C. Rapidly removing OH™ and H™ ions as steam at 250°C without
the assistance of a vacuum pump results in an amorphous/crystalline
Liz yBay,»OCl mixture along with the presence of significant hydroxides
and the final electrolyte has low bulk and interface conductivities. In
contrast, if rapidly removing OH ™~ and H' ions as water steam at 250°C
is assisted with a vacuum pump, an amorphous/crystalline Liz yBay,»OCl
mixture is also the final product but with little hydroxides. More
importantly, the bulk and interface conductivities of the final product is

high. These phenomena suggest that rapidly removing OH™ and H' ions
as steam from water-solvated Lis.yBay,20Cl at 250°C with no assistance
of a vacuum pump has created a non-equilibrium condition to allow
some LizyBay»OCl to form amorphous rather than crystalline phase.
With the assistance of a vacuum pump the rate of removing OH™ and H™
ions as steam at 250°C becomes even faster and thus the phase trans-
formation condition is deviated even more from the equilibrium con-
dition, thereby creating amorphous Liz.yBay,»2OCl with a high degree of
atomic randomness and thus high bulk ionic conductivity. Additionally,
the low hydroxide concentrations in the final LizyBay,»OCl product
derived from drying with a vacuum pump are expected to increase the
interface conductivity.

The reasoning above is consistent with the well-known theory that
the formation of amorphous and crystalline phases is a competing pro-
cess with crystalline phases as stable phases and amorphous phases as
metastable phases [33]. Thus, the formation of amorphous phases re-
quires non-equilibrium conditions. This is also the case for Li3OCl-based
electrolytes. Indeed, an earlier work by Zhao and Daemen [22] has
revealed that removal of water under high vacuum at the molten state of
2LiOH + LiCl mixture (at 330-360°C) can lead to formation of pure
LisOCl without hydroxides, but LisOCl is crystalline rather than a
mixture of amorphous and crystalline mixture. The reason for forming
crystalline Li3OCl from the molten state of 2LiOH + LiCl mixture ap-
pears to be very high reaction temperatures (at 330-360°C) which often
favor the formation of equilibrium crystalline phases. Therefore, to
generate amorphous LizOCl-based electrolytes with high ionic conduc-
tivities, the key is to create non-equilibrium synthesis conditions such as
the one identified in this study, that is, hydrothermal synthesis at 250°C
followed by rapid removal of OH™ and H' ions as steam at 250°C with
the assistance of a vacuum pump.

This study is the first attempt in using vacuum to accelerate vapor
releasing process in hydrothermal synthesis of amorphous LisOCl. The
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ionic conductivity of the Ba-doped Li3OCl synthesized with vacuum
assistance is higher than that of Ba-doped LisOCl without vacuum
assistance, as demonstrated in this study. This conclusion is also appli-
cable when compared with other studies in the literature. For example,
Ghanbari et al. [26] synthesized Lisg9Bag gosOCl via hydrothermal
process without the assistance of a vacuum pump, and the conductivity
obtained was 5.0 x 10~> S/cm at 60 °C, lower than 7.65 x 10~ S/cm of
this study at RT.

4. Concluding remarks

In the present study, Liz.yBay,2OCl solid electrolytes are synthesized
via hydrothermal process and the dependance of their electrochemical
properties on the hydrothermal synthesis conditions are investigated.
This investigation has led to the following conclusions.

1. Amorphous Liz.yBay,20Cl (0.01 < y < 0.04) electrolytes can be
synthesized via hydrothermal process.

2. Hydrothermal reaction temperature at 250°C along with rapid
removal of OH™ and H' ions from water-solvated LizyBay,»0Cl at
250°C, enhanced by a vacuum pump, can lead to the formation of an
amorphous/crystalline Liz yBay,2OCl mixture with little hydroxide
impurities because these hydrothermal synthesis and drying condi-
tions have created a highly non-equilibrium condition for the for-
mation of amorphous Liz.yBay,20CI electrolytes.

3. Although hydrothermal reactions and rapid removal of OH™ and H"
ions from water-solvated Liz.yBay,»OCl at 250°C without the assis-
tance of a vacuum pump also lead to the formation of an amorphous/
crystalline Liz yBay,/»OCl mixture but with significant hydroxide im-
purities. Furthermore, the bulk conductivity of the final product is
much lower than that of the amorphous/crystalline LizyBay,2OCI
mixture synthesized at 250°C followed by rapid removal of OH™ and
H* ions from water-solvated Liz yBay,»OCl with the assistance of a
vacuum pump at 250°C.

4. Hydrothermal reactions and drying at 235°C and 225°C or reactions
at 250°C followed by drying at 210°C also result in amorphous/
crystalline Liz.yBay,»OCl mixture but with significant hydroxide im-
purities. The bulk conductivities of these amorphous/crystalline
mixtures are lower than that of the amorphous/crystalline mixture
synthesized and dried at 250°C with assistance of a vacuum pump.

5. The amorphous/crystalline Lij g9Bag 0osOCl mixture synthesized at
250°C followed by vacuum-pump-assisted drying at 250°C has a high
bulk ionic conductivity (7.65 x 1072 S/cm) at RT, but its conduc-
tivity along grain boundaries and/or particle interfaces is low
(~1077 S/cm).

6. The amorphous/crystalline Liz g9Bag 0osOCl mixture is stable against
oxidation up to 5.3 V vs. Li*/Li and stable against Li electrode.

7. Melting of Liy g9Bag 0psOCl and re-solidification at a heating/cooling
rate of 5 'C/min cannot promote the formation of amorphous
Lip.99Bag.0050ClL.

8. The bulk conductivity of Liz yBay,2OCl increases with increasing the
Ba dopant concentration, which is likely due to the increased va-
cancy concentration induced by the increased Ba content.

9. In contrast, the total conductivity of Lis.yBay/20Cl decreases with
increasing Ba dopant concentration. The possible reason for this
opposite trend is the increased hydroxide impurities as Ba content
increases.
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