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Solid electrolytes for Li batteries continue to be extremely challenging to design as they have such broad
material requirements. No single material matches all required properties. Boracites have recently been studied
as being potentially ideal in terms of being deformable in a glassy state so that they can be well prepared in a
composite with the cathodes, but then be crystallized into an ionic conductor at temperatures that do not
damage the cathodes. However, these materials remain poorly explored, primarily due to the time/effort needed
to perform the complex synthesis. Herein, we develop a combinatorial workflow that allows reproduction of
materials made previously only in bulk quantities. In so doing, we overcome the extreme Cl loss that leaves no
Clin our small samples when we attempt to utilize the same synthesis conditions published previously for larger
samples. The Cl loss is mitigated through saturation of the atmosphere such that equilibrium is established to
maintain sufficient Cl content. This establishes atmosphere saturation as a method for mitigating extreme
elemental loss in combinatorial samples. We further demonstrate that our materials show comparable ionic

Received 4th July 2025, conductivity to those published previously. We also determine the limits to the stability window for the first time

Accepted 5th October 2025 and also identify air stability as a serious problem for these materials as it converts them into proton conductors.
Finally, we demonstrate the viability of thorough dopant screening by testing the deformability of a batch of

samples made with 62 different dopants and find the property to be highly tunable with composition. This
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1. Introduction

Lithium-ion batteries (LIBs) have established themselves as the
standard for rechargeable batteries across multiple fields. Their
energy density, long life and safety has cemented their use in
everyday life." Despite the success of these batteries, there are
continued safety concerns related to the use of flammable
organic liquid electrolytes. These are prone to thermal runaway
and even catching fire* and formation of Li dendrites prevents
the use of Li as the anode, thereby setting a limit on the energy
density of the battery.® Electrolytes ensure the efficient travel of
Li ions between the cathode and anode, and although typical
carbonate-based electrolytes like LP30 benefit from high
lithium conductivity, they are flammable, undergo side reac-
tions during battery cycling and do not prevent the formation of
dendrites within the battery.*

Solid electrolytes have emerged as an attractive solution to
liquid electrolyte because of their superior safety, stability and

“ McGill University, Montreal, Quebec, Canada. E-mail: eric.mccalla@mcgill.ca
b Battery Material Technical Unit, Samsung Advanced Institute of Technology,
Samsung Electronics, Suwon, Gyeonggi-do, 16678, Republic of Korea

© 2025 The Author(s). Published by the Royal Society of Chemistry

shows that combinatorial methods will be viable and highly efficient in developing these promising materials.

potential for higher energy density by preventing Li dendrites
and thereby enabling the use of Li metal as the anode.” Solid
electrolytes do have shortcomings, as they tend to have lower
lithium conductivity compared to commercial liquid electro-
lytes. However, this short-coming has been overcome in recent
years with the advent of highly conductive solid-electrolytes
such as some sulfides.® Despite this success, all-solid batteries
have not been commercialized, in large part due to problems at
the interfaces between the solid electrolytes and both electro-
des. Large interfacial resistance can be debilitating with some
solid electrolytes such as the garnet oxides.® In other more
deformable materials, such as the sulfides, the interfacial
resistance is not an issue, but the electrolyte is electrochemi-
cally unstable at both high voltage where relevant cathodes
operate and at low potentials where anodes operate.®

The daunting challenge of designing a viable solid electro-
Iyte therefore lies in needing to optimize several properties: (1)
high ionic conductivity, (2) low electronic conductivity, (3)
electrochemical and chemical stability at both high and low
voltage, and (4) low contact resistance between itself and both
the cathode and anode materials. We have recently designed a
suite of high-throughput measurements that allows for the
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quantification of each of these metrics (except the contact
resistance).” We have further developed a synthesis route to
prepare glassy electrolytes, and further developed a high-
throughput test to quantify the deformability of the electrolyte
at temperatures where solid batteries are normally processed.®
This deformability serves as a proxy for contact resistance, as it
is certainly a necessary condition to get good mixing between
the electrode and electrolyte and thus obtain decreased contact
resistance. The established workflow allows for the preparation
and characterization of samples in batches of 64 without any
bottleneck.’

We have used this workflow to optimize electrolyte proper-
ties in borosilicate materials by melt-quenching them from
900 °C. Though we were able to dramatically improve deform-
ability in the borosilicates, we find limited potential to increase
their ionic conductivity.® However, numerous other classes of
glassy solid electrolytes exist.'"> One family of materials that
shows an interesting combination of properties is the boracites
with composition Li;B,;_,M,0;,X where M is an element intro-
duced to improve the ionic conductivity and X is a halogen."*™”
Previous studies mostly focussed on M = Al and Ga only and
obtained ionic conductivities up to 107> S em™'.'*' Recent
studies have also doped the material by partial replacement of
the Li by Mg, also increasing the conductivity to 10> S em™".>°
Interestingly, the materials can first be prepared as a glass by
quenching between 1000 °C and 1300 °C and then they can be
crystallized into the boracite phase by heating to moderate
temperatures as low as 500 °C. This offers unique prospects
wherein the more deformable glassy material can be mixed
with the cathode material and then processed into the crystal-
line form during battery manufacture. However, ionic conduc-
tivity remains the only relevant electrolyte property that has
been measured for these materials, and the composition spaces
remains woefully underexplored.

Herein, we adapt our high-throughput approach used on the
borosilicates for use with the boracites. Importantly, this meant
mitigating the extreme chlorine loss that occurs in these materials,
an issue that is rarely discussed in the literature. We further
characterize the materials, not only for ionic conductivity but we
also determine the electrochemical stability window for the first
time as well as the ionic conductivity. We also identify moisture
instability as a serious concern in this class of material, particularly
when excess Cl is present in the material, possibly as amorphous
LiCl. Finally, we demonstrate the potential of the high-throughput
approach by preparing glassy materials with 62 different dopants
and finding dramatic impact on the deformability. This work will
guide further design of this intriguing class of solid electrolytes.

2. Experimental methods

2.1 Glass/ceramic preparation

Lithium chloride (~2 M in water), boric acid (~2 M in
methanol), gallium nitrate (~1.5 M in water) were dispensed
with the molar ratio LiCl/(H;BO; + Ga(NOj);) = 0.71 for
Ga-doped samples and a total of 3.4 mmol. Any dopant
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(if applicable) was also dispensed at this time. The borosilicate
glass vials containing the samples were then heated at 75 °C
overnight. The vials were then taken to a furnace where they
were calcined at 500 °C (heated from room temperature in
around 30 minutes) for up to an hour. The temperature was
held at 200 °C and 300 °C for a few minutes when the residue
was not already well dried. Once taken out of the furnace and
cooled, the residue was then scraped, crushed and mixed inside
the vial. This resulting powder could then be transferred to a
high-throughput pellet press where pistons in each well were
pressed enough so that a pellet could hold itself together. Once
pressed and taken out of the block, the pellets were put on
small and shallow platinum cups, on top of a larger platinum
sheet. If the pellets were particularly humid, a quick heating
step could be done at 500 °C (the pellets may swell) to prevent
the pellets from moving in the next step. 32 or 64 pellets at once
were slid into a preheated furnace at 950 °C (or higher if
needed) to melt them for 10 min, then slid back out to quench
them. Alternatively, 8 pellets were covered by a small alumina
ceramic boat (or individual pellets under small crucibles) to
mitigate chlorine loss, then slid in and out the same way.

2.2 Characterization

After being melted and quenched, the samples can undergo a
Brinell hardness test. The deformability of the samples was
investigated in high-throughput using a custom designed
setup.® The glass ceramic samples were lined up 8 by 8 on an
alumina plate underneath an elevated steel block with 64 holes
aligned with the samples. Zirconia spheres could then be
placed on top of the samples and individually weighed down
by a bolt with nuts, totaling 24 g. The setup was heated rapidly
to 400 °C, then heated to 500 °C over 2 h and held there for an
hour. The diameter of the dimple was then measured using a
micrometer across the surface. This procedure, collo-
quially called the “dimple test”, is known as the Brinell hard-
ness test, which quantifies the hardness of a given material
as BHN (Brinell hardness number), defined as BHN =
2P
wD(D - VDT = &)
the diameter of the sphere, and d is the diameter of the
indentation left by the sphere. To express the ability of the
sample to espouse the sphere, we take the inverse of this
number (1/BHN) as the deformability in mm® kg~ ". To give a
sense of scale, carrying out the same test on adhesive putty at
room temperature gave a deformability of 100 mm? kg™*. We
also ensured that the zirconia spheres did not touch the
platinum cup.

After obtaining the BHN, the samples could then be crystal-
lized, by heating to 525 °C for 3 hours, rushed to the glovebox,
then polished with a sanding strip (enough to reach the
indentation).

To carry out the conductivity measurements, the samples
were covered with a mask with circular holes aligned with the
polished part of the sample (to avoid overlapping with the
platinum of the cup), fixed with adhesive tape, then coated with

where P is the applied load in kg, D is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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gold. If a sample had been separated from its Pt cup, both sides
of the sample would have to be coated. The samples were then
loaded on their respective slots on a printed circuit board in a
combinatorial cell equipped used to measure conductivity.”
The cell was equipped with a polymer barrier around the
printed circuit board to isolate the inner atmosphere argon
from the outer one. To measure the ionic conductivity, an EIS
measurement was taken from 1 MHz to 1 Hz with an amplitude
of 100 mV.

The setup could then be heated to 50 °C, which allowed the
activation energy to be calculated from the Arrhenius equation.
Once cooled down, the electronic conductivity could then be
measured by chronoamperometry, which applied a potential of
0.5V, 1V,1.5V,2Vand 2.5V, letting the current drop to a
constant value over 1 h. An average of the current at steady state
was then taken and the conductivity was calculated through
Ohm’s law.

After measuring the conductivity, the samples were then
exposed to air (relative humidity of about 40%) and had their
gold contact sanded off. They were then taken out of the Pt cups
and ground up to characterize by powder X-ray diffraction
(PXRD) in a high-throughput setup. A Panalytical Empyrean
diffractometer with a Mo source (60 kV, 40 mA) and GalaPIX
area detector were used to collect the XRD patterns in transmis-
sion mode. All the scans were done in the 4-30° scattering
angle range of Mo Ko radiation (1 = 0.70926 A for Ka1), which is
approximately equal to the 10-70° angle range for Cu radiation.
The XRD patterns were identified and refined using Panalyti-
cal’s HighScore Plus software and multiple-phase Rietveld
refinement was then performed on all XRD patterns where
phase quantification was done.

3. Results and discussion
3.1 Overcoming elemental loss during melting

One of the established syntheses from the literature for these
boracites is to first perform the melt-quench between 1000 °C
and 1150 °C (depending on the B/M ratio) and then recrystalliz-
ing at a lower temperature (500-600 °C).*® Fig. 2(a) shows the
XRD pattern from a combinatorial sample (weighing roughly
80 mg only) made by this method. The pattern indexes perfectly
to LiB5sOg even though the dispensing was made at the target
composition of LiyB,0;,Cl. This suggests that both Li and Cl
loss is a major concern at these conditions, and this is
exacerbated by the high surface area to volume ratios in our
combinatorial samples. Table 1 further shows the elemental
analysis obtained from this sample using XPS both on the top
of the sample and on the bottom surface after removing the
sample from the Pt cup. It should be noted that the lithium
content determined from XPS is approximative. The results
show that all the Cl is gone from the surface, and the vast
majority of it has also been removed from the bottom. Clearly,
the Cl loss is extreme in these materials, and this proved to be
the major obstacle to preparing these materials on the combi-
natorial scale. Fig. 2(a) shows various XRD patterns obtained

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Composition of melt-quenched samples as obtained by XPS. At
1150 °C, the dopant M was Al, for the other samples it was Ga. The terms
“covered” and “uncovered” refer to whether an alumina boat was inverted
and placed above the samples during the high temperature melting, the
temperature refers to the melt temperature, and top/bottom refers to
what side of the pellet was studied by XPS. It should be noted that the
lithium content is approximative

Uncovered
Target Covered Covered Uncovered 1150 °C,
Element Li;B,0,,Cl 950 °C 1000 °C 1150 °C, top bottom
Li 33.33% 36.78%  35.85%  22.51% 33.61%
B 58.33% 29.08%  47.65%  43.09% 34.79%
M — 16.96%  12.72%  34.39% 31.26%
Cl 8.33% 17.18%  3.77% ~0% 0.31%

during the optimization process. First, we tried to reduce the
temperature, however, 950 °C proved to be the lowest tempera-
ture that permitted adequate melting of the samples. Even at
950 °C, the sample melting on its own (sample C) showed a
high degree of oxide in the XRD pattern again showing severe
Cl loss. By contrast, a material made at the same composition
(D) with 63 other samples also in the furnace showed a pure
boracite XRD pattern indexing to the target phase. This
indicates that it is possible to saturate the box furnace with
chlorine vapour such that equilibrium between the samples
and the atmosphere can be established and thereby maintain a
high CI content. Fig. 2(b) shows the phase diagram where 64
samples are made at once and this effect can be clearly seen in
the batch of samples made at the high Cl amounts (low Li/Cl
ratio). In fact, to obtain the pure target boracite, we needed to
dispense roughly 8x the amount of Cl needed in the target
material. To our knowledge, this is the first time that atmo-
spheric saturation is successfully utilized to make combinator-
ial samples that suffer elemental loss during high-temperature
synthesis. It should also be emphasized that this approach can
only be used when all target materials contain a comparable
amount of chlorine, in this case 1 per formula unit; it would be
exceedingly difficult to screen samples across Cl contents in
this manner.

Upon identifying the saturated atmosphere as the means to
successfully make these materials, we converted our melt-
quench approach to simply melt 8 materials at once under an
inverted alumina boat as shown in Fig. 1, and then to melt
materials individually under smaller alumina cups. This
method was successful at both 950 and 1000 °C as shown in
the XRD patterns. Table 1 shows that both these materials also
maintained much better CI contents with the lower tempera-
ture giving a slight Cl excess while the higher temperature
yields slight Cl deficiencies (at the top surface). Both XRD
patterns show the successful synthesis of the boracite material,
though the sample at 950 °C shows some LiGasOg phase,
showing that Ga may saturate below the x = 3 content at this
temperature (this is explored further in the next section).
Overall, the fact that the sample from 950 °C shows a strong
boracite XRD content and a high Cl content make them of
high interest to characterize further, particularly for ionic
conductivity.

Energy Adv,, 2025, 4,1337-1344 | 1339


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ya00188a

Open Access Article. Published on 06 October 2025. Downloaded on 2/26/2026 6:17:27 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Energy Advances

Fig. 1 Images showing the key steps in the final high-throughput synthesis workflow developed herein. First, solution mixtures are dispensed into vials
(a), then the dried materials are heated in a box furnace to burn off all counter ions and byproducts (b). Samples are then pelletized and placed on
platinum plates formed into shallow cups (c) and melt-quenching is performed under an alumina boat with 8 samples inside (d). The glassy materials (e)
are then recrystallized, and a gold contact is sputtered on top to enable the conductivity measurements (f). The elements doped into each glassy material
in (e) are labelled in Fig. 5(a).

3.2 Properties of optimal combinatorial material glassy material after the melt-quench. It has a deformability of
around 300 mm* kg~ " at 500 °C. After annealing and crystalliz-
ing, these samples have a total conductivity of around
3 x 10°° S em ™. These values are largely consistent with those
from ref. 18. The reported ionic conductivity for this material (x = 2)
after melting at 950 °C is almost 10 > Sem ™ (8 x 107° S em ™" bulk
conductivity and 5 x 10°® S em ™' total conductivity for Li,B,
Al;0,,Cl and similarly for LisB4Ga;0;,Cl). The aluminum doped
boracite in this work did not yield any measurable conductivity. The
sample also has an electronic conductivity of 1.5 x 1072 S em™,
which is two orders of magnitude lower than the ionic conductivity.
The XRD pattern of the working sample herein shows a large
amount LiGa;Og and LisB,0;,Cl, while the sample melted at

We utilized our high-throughput experimental workflow to
determine a number of important properties for solid
electrolytes.” First, we performed EIS at both room temperature
and 50 °C for a series of samples made with various Ga content.
These samples were melted at 950 °C and melted well up to a
Ga content of 2. Before crystallizing, these samples had a
deformability of around 70 mm? kg™ at 500 °C. The EIS spectra
were fit using the typical equivalent circuit as discussed in ref. 7
to extract ionic conductivity. The results show an optimum Ga
content where conductivities above 107> S cm ™" are obtained at
50 °C and about half that at room temperature. Heating the
same precursor material (x = 2) at 1000 °C yields a completely
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Fig. 2 (a) Powder XRD patterns (post-crystallization) of an aluminum-doped sample melted at 1150 °C for 30 minutes without cover (A), an undoped,
unmelted boracite sample after sintering at 700 °C (B), an undoped sample melted at 950 °C without cover melted by itself in the furnace (C), an undoped
sample melted at 950 °C without cover melted with 63 other samples in the furnace (D), a Ga-doped (x = 2) sample melted at 950 °C with 7 other similar
samples under a small boat (E), a Ga-doped (x = 2) sample melted at 1000 °C by itself under a singular small crucible (F). (b) The phase diagram obtained
with two batches of samples (separated by the dashed line) where each composition is the dispensed composition. The red circle indicates the target
composition Li4B;0;,Cl. All samples in the phase diagram on one side of the dashed line were melt-quenched together from 950 °C without covering
the samples in the furnace.
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1000 °C has a near pure-boracite diffraction like those from
ref. 18. The activation energy of 0.33 eV found in this work is in
reasonable agreement with the reported value of 0.38 eV,
though slightly lower.

Beyond conductivities, we also evaluate the electrochemical
stability window by crushing the samples after conductivity
measurements and performing a CV with the electrolyte being
used as the electrode in a composite with conductive carbon
and binder (this has been well established as the accurate way
to determine stability window in ref. 6). Fig. 3(d) shows the
resulting CV curves in comparison to a blank with conductive
carbon and binder only. The results show that at high voltage
(note: a different cell is used for high and low voltage) the
boracite begins to react at about 4.3 V where its signal begins to
exceed the blank. This means that the boracites are certainly
perfectly stable with LiFePO,, but that some limits on the upper
voltage may be required in cells with layered oxide cathodes
that often operate to 4.3 V vs. Li. On the low voltage side, the
pristine material is stable all the way down to 0.15 V vs. Li
(except at very low voltages where Li plating is likely). However,
the aged sample that sat on the lab bench for a day at roughly
30% RH clearly shows that reduction begins above 2 V. This is
the first indication that this material may in fact be unstable in
air. This peak in fact matches exactly a peak seen in a sample to
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which we intentionally added a drop of liquid water (labelled
added water) prior to drying the electrolyte for the stability
window test. This establishes this peak near 2 V as a clear
indicator of moisture instability and will serve as a useful
metric in future high-throughput studies to identify dopants
that might suppress this peak.

To further explore the air stability issue, we performed EIS
on samples after various exposure times to the laboratory
atmosphere (roughly 30% RH). Fig. 4 shows that the ionic
conductivity increases dramatically in these materials after
exposure to humid air, one can even see droplets forming on
the surface of some materials as shown in the image. Fig. 4(a)
shows the change in an undoped material and it is extreme: the
conductivity reaches more than 1 mS cm™ " after air exposure
and then decreases after drying at 50 °C. This is very much
consistent with instability with water such that the high con-
ductivity after air exposure is attributed to the material becom-
ing a proton conductor. Similarly, Fig. 4(b) and (c) show the
same effect in a Ga-containing sample where various air
exposures increase the ionic conductivity by a factor of about
30, though drying at 50 °C shows no healing here, suggesting
that more aggressive drying is needed (this is also the case for
Fig. 4(a) where return to the pristine conductivity is not
achieved).

——
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Fig. 3 Characteristics of gallium-doped samples melted at 950 °C, then crystallized at 525 °C for 3 hours. (a) A powder XRD pattern of a sample with a
Ga content of x = 2, (b) the Nyquist plots and calculated conductivity (inset plot) at 50 °C for multiple x values, (c) cyclic voltammetry of a Li|LP30|carbon
black/PVDF cells compared to that of Li|LP30|LiBGaOCl/carbon black/PVDF (x = 2) cells with samples exposed to humid air, dry samples, and sample with
water added (a separate cell for high and low voltage was employed for the humid and blank sample) the blank overlaps with the dry sample at between
0.5V and 3V and (d) the Nyquist plots at room temperature for multiple x values.
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Fig. 4 (a) The effect of exposure to higher temperatures on an undoped (Li4B;O1,Cl) sample after over a day of air exposure (its conductivity before

exposure was not measurable in our system indicating it was below 10~7'S cm™3). (b) and (c) EIS spectra from a sample after various stages of air exposure.

In all panels, the inset values are the ionic conductivities.

3.3 Prospects for high-throughput screening

As a proof of concept that the established combinatorial work-
flow can yield materials across wide compositions and tunable
properties, we prepared a set of Li;BsMO;,Cl with M being a list
of 62 elements shown in Fig. 5(a). The materials in the image
are after the melt-quenching step and they show a wide variety
of sample structures with several of them showing well-melted
materials highlighted in the periodic table in Fig. 5(b). We then
performed dimple tests on the materials at 500 °C (a typical
temperature used to process solid electrolytes with cathode
materials). Whereas the undoped showed no dimple whatso-
ever, we find that quite a few of the substituted materials show
very high deformability (1/BHN values of about 100 mm?* kg™ *
correspond to the consistent of a soft putty as discussed in
ref. 8). This clearly shows the dramatic impact that dopants can
have on the hardness of the boracites and is highly encouraging
for future work. There are some interesting trends here that
warrant some discussion. First, within the 3d metals, we find
that as we go along the row the materials alternate between
high and low deformability and this matches perfectly with
whether or not they form pure glasses after quenching. The
result is that Cr (non-deformable and not a pure glass) is

surrounded by high deformability materials. We intend to
follow-up on this in future work by lowering the doping levels
to determine whether it is solely due to whether or not a glass is
formed or if the dopant itself plays other roles in controlling
deformability. Furthermore, in our previous work on the bor-
osilicate glasses, we found that much lower substitution levels
on the order of 2 at% are sufficient to dramatically alter the
glass transition temperature (and thus the hardness) of the
glass at the processing temperatures discussed in the introduc-
tion. It is also interesting that numerous samples show dra-
matic color change suggesting a transition to mixed conduction
making them unsuitable as an electrolyte but they could be
highly useful as dual conductor in the composite cathode. Our
future work therefore aims to systematically screen this wide
list of dopants at much lower substitution levels and determine
the impact on all key properties including deformability, ionic/
electronic conductivity, electrochemical stability, and air stabi-
lity. The methods developed herein allow for the determination
of all these properties in an efficient combinatorial workflow.
It is also worth noting that the significant air instability of
these materials has not been reported previously and it illus-
trates that great care must be taken in handling these samples
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(a) An image of the LisBgMO1,Cl samples after melt-quenching from 950 °C (this is uncovered, thereby matching the method from Fig. 2(b) where

multiple samples are used to saturate the furnace with Cl). (b) Periodic table representing every dopant M used in the Li4BgMO,Cl formula with colors
between yellow and red representing the deformability according to the scale on the right. Dark grey dopants were tried but were not deformable. The
dopants whose sample was amorphous before crystallizing are circled in black.
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and that exposure to humid air must be minimized. Our high-
throughput workflow established herein is therefore to transfer
the samples into an argon-filled glovebox after recrystallizing
and gold coating is performed inside the glovebox. This elim-
inates the risk of drastically overestimating the ionic conduc-
tivity by inadvertently converting the material to a proton
conductor. It is also important to reiterate that the reduction
peak in the CV seen at 2 V vs. Li (Fig. 3(d)) in the material
exposed to air will potentially serve as a useful screening to
make sure that the materials have not been excessively exposed
to air during the combinatorial workflow (the stability window
is the last test performed). Alternatively, intentionally exposing
the samples to air and then performing the stability window
test will directly screen for materials that improve the air
stability.

4. Conclusion

Boracites, such as Li,B; ,Ga,0,,Cl, are an interesting class of
potential solid electrolytes for lithium batteries as they com-
bine deformability during cell assembly and rigidity during
battery use. However, they remain very understudied with
only a few compositions of Ga, Al and Mg doped materials
having been published to date. Herein, we develop a combi-
natorial synthesis route which overcomes the extreme Cl loss
during the high temperature melting by saturating the atmo-
sphere with Cl and thereby reaching an equilibrium state in
which the samples maintain the desired Cl content. Our
characterization of the resulting materials shows comparable
ionic conductivity to those reported previously and we further
explore the deformability and the stability window of these
materials for the first time. We find a wide electrochemical
stability window (0.15 V up to 4.3 V vs. Li) showing promise in
practical battery designs. We further demonstrate for the first
time that these materials suffer from poor air stability with a
reduction peak appearing at above 2 V vs. Li when the
samples are exposed to air. Most alarmingly, the ionic con-
ductivities of the materials can increase to above 1 mS cm™ 7,
but this is due to conversion to a proton conductor and not to
improved Li transport. We therefore identify the storage
conditions under which these materials must be maintained
to give meaningful results. Finally, we demonstrate the via-
bility of the high-throughput by systematically screening the
impact of 62 different dopants on the deformability of the
material after melt-quenching and find that this property is
highly tunable. This motivates follow-up work using the high-
throughput approach to develop viable electrolytes at much
lower substitution levels.

Conflicts of interest

There are no conflicts to declare.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

Data availability

Data for this article, including XRD, EIS and cyclic voltammetry
are available on the Zenodo repository at the following DOI:
https://doi.org/10.5281/zenodo.15807860.

Acknowledgements

This work was funded by the Natural Sciences and Engineering
Research Council of Canada under the auspices of a Discovery
grant and a research contract with industrial partner Samsung.
JDL acknowledges the receipt of two NSERC graduate scholar-
ships (CGS-M and PGS-D).

References

1 B. Diouf and R. Pode, Potential of Lithium-Ion Batteries in
Renewable Energy, Renewable Energy, 2015, 76, 375-380,
DOI: 10.1016/j.renene.2014.11.058.

2 L. Song, Y. Zheng, Z. Xiao, C. Wang and T. Long, Review on
Thermal Runaway of Lithium-lon Batteries for Electric
Vehicles, J. Electron. Mater., 2022, 51(1), 30-46, DOI:
10.1007/s11664-021-09281-0.

3 B. Li, Y. Chao, M. Li, Y. Xiao, R. Li, K. Yang, X. Cui, G. Xu,
L. Li, C. Yang, Y. Yu, D. P. Wilkinson and J. Zhang, A Review
of Solid Electrolyte Interphase (SEI) and Dendrite For-
mation in Lithium Batteries, Electrochem. Energy Rev.,
2023, 6(1), 7, DOI: 10.1007/s41918-022-00147-5.

4 Y. Takeda, O. Yamamoto and N. Imanishi, Lithium Dendrite
Formation on a Lithium Metal Anode from Liquid, Polymer
and Solid Electrolytes, Electrochemistry, 2016, 84(4),
210-218, DOI: 10.5796/electrochemistry.84.210.

5 Q. Lv, Y. Jiang, B. Wang, Y. Chen, F. Jin, B. Wu, H. Ren,
N. Zhang, R. Xu, Y. Li, T. Zhang, Y. Zhou, D. Wang, H. Liu
and S. Dou, Suppressing Lithium Dendrites within Inor-
ganic Solid-State Electrolytes, Cell Rep. Phys. Sci., 2022,
3(1), 100706, DOIL: 10.1016/j.xcrp.2021.100706.

6 A. Jonderian and E. McCalla, The Role of Metal Substitu-
tions in the Development of Li Batteries, Part II: Solid
Electrolytes, Mater. Adv., 2021, 2(9), 2846-2875, DOI:
10.1039/D1MA00082A.

7 A. Jonderian, E. Anderson, R. Peng, P. Xu, S. Jia, V. Cozea
and E. McCalla, Suite of High-Throughput Experiments for
Screening Solid Electrolytes for Li Batteries, J. Electrochem.
Soc., 2022, 169(5), 050504.

8 A. Jonderian, S. Rehman, M. Card Gormley, S. Jia, S. B. Ma,
G. Kwon and E. McCalla, Pioneering Combinatorial Inves-
tigation to Unlock the Potential of Lithium Borosilicate
Glasses as Solid Electrolytes, ACS Appl. Energy Mater.,
2024, 7, 11278, DOI: 10.1021/acsaem.3¢02748.

9 E. McCalla, Semiautomated Experiments to Accelerate the
Design of Advanced Battery Materials: Combining Speed,
Low Cost, and Adaptability, ACS Eng. Au, 2023, 3(6),
391-402, DOI: 10.1021/acsengineeringau.3c00037.

10 S. S. Gundale, V. V. Behare and A. V. Deshpande, Study of
Electrical Conductivity of Li,0-B,0;-Si0,-Li,SO, Glasses

Energy Adv., 2025, 4,1337-1344 | 1343


https://doi.org/10.5281/zenodo.15807860
https://doi.org/10.1016/j.renene.2014.11.058
https://doi.org/10.1007/s11664-021-09281-0
https://doi.org/10.1007/s41918-022-00147-5
https://doi.org/10.5796/electrochemistry.84.210
https://doi.org/10.1016/j.xcrp.2021.100706
https://doi.org/10.1039/D1MA00082A
https://doi.org/10.1021/acsaem.3c02748
https://doi.org/10.1021/acsengineeringau.3c00037
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ya00188a

Open Access Article. Published on 06 October 2025. Downloaded on 2/26/2026 6:17:27 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

11

12

13

14

15

16

and Glass-Ceramics, Solid State Ionics, 2016, 298, 57-62,
DOI: 10.1016/j.551.2016.11.002.

J. Zhou, P. Chen, W. Wang and X. Zhang, Li7P3S11 Electro-
Iyte for All-Solid-State Lithium-Ion Batteries: Structure,
Synthesis, and Applications, Chem. Eng. J., 2022,
446, 137041, DOI: 10.1016/j.cej.2022.137041.

X. Yu, J. Bates, G. Jellison and F. Hart, A Stable Thin-Film
Lithium Electrolyte: Lithium Phosphorus Oxynitride,
J. Electrochem. Soc., 1997, 144(2), 524-532, DOIL 10.1149/
1.1837443.

B. Calés, A. Levasseur, C. Fouassier, J. M. Réau and
P. Hagenmuller, Conductivite Ionique Du Lithium Dans
Les Solutions Solides de Structure Boracite LisyB;O151x/2x,
Solid State Commun., 1977, 24, 323.

T. Nagase, K. Sakane and H. Wada, Electrical Properties of
Polycrystalline Lithium Chloroboracite Prepared by the Sol-
Gel Method, J. Sol-Gel Sci. Technol., 1998, 13(1), 223-227,
DOI: 10.1023/A:1008665119392.

N. I. Sorokin, Electrical Conductivity of Superionic Conduc-
tor Single Crystals LiyB;0,,Cl; ,Br, (x ~ 0.3), Phys. Solid
State, 2015, 57, 314.

D. Tan, F. Wang, T. Pietsch, M. A. Grasser, T. Doert and
M. Ruck, Low-Temperature Ionothermal Synthesis of Li-Ion

1344 | Energy Adv., 2025, 4,1337-1344

17

18

19

20

View Article Online

Energy Advances

Conductive LiyB;0;,Cl Solid-State Electrolyte, ACS Appl.
Energy Mater., 2019, 2(7), 5140-5145, DOI: 10.1021/
acsaem.9b00812.

T. Katsumata, Y. Aoki, K. Fushimi, K. Otsuka, K. Ueda and
Y. Inaguma, Synthesis and Ionic Conductivity of Li Bora-
cites, Li,B50,,Cl and Li,B,Al;0,,Cl, _,Br,, Solid State Ionics,
2022, 380, 115921, DOIL: 10.1016/j.551.2022.115921.

K. Kajihara, N. Tezuka, M. Shoji, J. Wakasugi, H. Munakata
and K. Kanamura, Li;B;M30,,Cl (M = Al, Ga): An Electro-
chemically Stable, Lithium-Ion-Conducting Cubic Boracite
with Substituted Boron Sites, Bull. Chem. Soc. Jpn., 2017,
90(12), 1279-1286, DOI: 10.1246/bcsj.20170242.

M. Saito, H. Arima, M. Shoji, Y. Kizuki, H. Munakata,
K. Kanamura and K. Kajihara, Solid-State Rechargeable
Lithium Metal Battery with Li,B,Al;0,,Cl-Based Water-
Resistant Lithium-Ton-Conducting Oxychloride Glass-Ceramic
Electrolyte, J. Electrochem. Soc., 2021, 168(4), 040524, DOL
10.1149/1945-7111/abf4b0.

S. Wang, Z. Gao, F. Sun, Y. Yang, L. Tao, Y. Wang, Z. Yu,
J. Wu, J. Hou, Z. Liu, H. Song and H. Chen, Li Vacancy-
Induced Ionic Conductivity Enhancement in Li,B,0,,Cl for
All-Solid-State Li-lon Battery Application, New J. Chem.,
2024, 48(27), 12199-12208, DOI: 10.1039/D4NJ00414K.

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1016/j.ssi.2016.11.002
https://doi.org/10.1016/j.cej.2022.137041
https://doi.org/10.1149/1.1837443
https://doi.org/10.1149/1.1837443
https://doi.org/10.1023/A:1008665119392
https://doi.org/10.1021/acsaem.9b00812
https://doi.org/10.1021/acsaem.9b00812
https://doi.org/10.1016/j.ssi.2022.115921
https://doi.org/10.1246/bcsj.20170242
https://doi.org/10.1149/1945-7111/abf4b0
https://doi.org/10.1039/D4NJ00414K
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ya00188a

	D5YA90039E
	D5YA00188A


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /WorkingRGB
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 12.047240
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 779.528]
>> setpagedevice


	CrossMarkLinkButton: 


