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In this study, we conduct a comprehensive investigation of the effect of grain, grain boundary and interfacial
resistance on the total Li-ion conductivity in Li,OHCl;_,Br, antiperovskite solid electrolytes. We highlight
how the thermal expansion coefficient can serve as an indicator for the presence of structural defects,
which are difficult to probe directly with X-ray techniques, and their effect on bulk Li-ion conduction.

The detrimental effect of grain boundaries on ionic conductivity is investigated by atomistic calculations
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Accepted 26th April 2022 and validated experimentally by electrochemical impedance spectroscopy on pellets with controlled
grain size. The effect of composition on interfacial resistance is probed by electrochemical impedance

DOI: 10.1039/d2ta01462a spectroscopy and X-ray photoelectron spectroscopy. These insights provide design principles to improve
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Introduction

Solid-state batteries have received widespread attention due to
the increasing demand for improvements on commercial Li-ion
batteries in terms of energy density, operating temperature
range, and safety.” Unfortunately, the practical implementa-
tion of solid-state batteries has been hindered by their limited
Li-ion conductivity, which is still lower than that of conven-
tional batteries based on liquid electrolytes.>* The total resis-
tivity of solid-state batteries (Ryoi) with crystalline solid
electrolytes is determined by the resistivities of the grains (Ry),
the grain boundaries (Rg,), and the electrode-electrolyte inter-
faces (Rin)->® However, deconvoluting each of these contribu-
tions remains challenging. For example, the high sintering
temperatures (over 1000 °C) required to fabricate oxide solid
electrolytes make it difficult to control grain sizes and investi-
gate the effect of grain boundaries on Li-ion conductivity.”*°
Sulfide electrolytes, on the other hand, suffer from side reac-
tions with metallic lithium, resulting in the formation of
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a continuously evolving solid-electrolyte interphase that
complicates the analysis of interfacial resistance and its effects
on Li-ion conductivity.****

Lithium hydroxide halide (Li,OHX) antiperovskite solid
electrolytes are an ideal model system to systematically inves-
tigate Li-ion conductivity, as their low melting points (~300 °C)
enable them to achieve high relative densities in a single
fabrication step.'® Furthermore, the ability to tune the halogen
site chemistry provides a useful tool for controlling their crystal
structure. There have been several studies to investigate the Li-
ion conductivity in antiperovskite solid electrolytes from the
viewpoints of grain boundary, interphase, and grain structure.
Li-ion conduction in lithium hydroxide halides was firstly
explored as part of the phase-diagram investigation of the
LiOH-LiX quasi-binary system.'”'® The phase transition from
orthorhombic to cubic in Li,OHCI, which occurs at 32 °C, was
observed by neutron diffraction analysis." In a similar vein, the
effects of proton dynamics on the structural and electro-
chemical properties of Li,OHCl have been reported.’*>* In
addition, the relationship between grain boundaries with
various orientations and their corresponding activation ener-
gies in antiperovskites were reported based on computational
simulation.”**® Interphase formation of antiperovskite in
contact with Li metal at the high temperature of 200 °C was also
confirmed by ex situ scanning electron microscopy.*® However,
a comprehensive understanding of Li-ion conduction in anti-
perovskite solid electrolytes that accounts for the combined
contribution of grains, grain boundaries, and interphases has
not yet been established.

This journal is © The Royal Society of Chemistry 2022
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In this study, we conduct a systematic investigation of the Li-
ion conductivity in Li,OHCl; ,Br, (x =0, 0.1, 0.3, 0.5,0.7,0.9, 1)
antiperovskite solid electrolytes, with particular emphasis on
correlating crystal structure, microstructure, and evolution of
lithium-metal-solid electrolyte interphase. X-ray diffraction
(XRD) analysis confirms that the ratio of Br to ClI plays a role in
determining the crystal structure of Li,OHCl, ,Br,, which is
directly related to Li-ion conductivity in the grain. In addition,
we propose that the thermal behavior of Li,OHX antiperovskite
solid electrolytes, which was observed via in situ high temper-
ature XRD analysis and differential scanning calorimetry, can
serve as a useful descriptor for understanding the structural
properties of Li,OHX antiperovskites. To understand the effect
of microstructure on Li-ion conductivity in Li,OHX anti-
perovskite solid electrolytes, density functional theory (DFT)
calculations were used to capture the difference in the Li-ion
mean square displacement (MSD) between grains and grain
boundaries, revealing that the Li-ion MSD is significantly
reduced at the grain boundary. To experimentally corroborate
the contribution of grain boundaries to Li-ion conductivity, we
controlled grain size in the material by adjusting the cooling
rate during solidification from the melt. To minimize the grain
boundary resistance, we fabricated Li,OHCl, ,Br, anti-
perovskite pellets with a melting and solidification process that
favored the formation of large grains. By optimizing the
compositional and microstructure engineering of the synthe-
sized Li,OHCl, _,Br, antiperovskites, we found that the highest
room temperature conductivity that could be obtained was 2.52
x 107 mS cm ' exhibited by Li,OHClyoBro;. The Li,-
OHCl, _,Br,-Li metal interphase formed at room temperature
and 80 °C was also investigated by X-ray photoelectron spec-
troscopy (XPS) characterization. This study elucidates Li-ion
conduction in Li,OHX antiperovskite solid electrolytes in
terms of their crystal structure, microstructure and interphase
evolution, thus suggesting a general design strategy for the
optimization of Li,OHX antiperovskite solid electrolytes.

Results and discussion
Synthesis and structural characterization of Li,OHCl, _,Br,

Lithium hydroxide chloride-bromide antiperovskite solid elec-
trolytes (Li,OHCl, ,Br,; x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, 1) were
synthesized from a stoichiometric mixture of precursors at
350 °C based on the following chemical reaction (Fig. S1 and
SZT):H’ZS

LiOH + (1 — x)LiCl + xLiBr — Li,OHCI, ,Br,

As the name implies, antiperovskite solid electrolytes have
the same structural motif as perovskites, but with inverted
charges. Specifically, chalcogens, Li-ions, and halogens occupy
the octahedral sites, the vertices of [LigO] octahedra, and the
dodecahedral sites, respectively.”® In Li,OHX, Li-ions are
substituted by a corresponding number of protons, thus form-
ing Li vacancy sites (Fig. 1a).
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The synchrotron XRD patterns of Li,OHCI and Li,OHBr are
reported in Fig. 1b and c, respectively. Fig. 1b shows that Li,-
OHCI is composed of two majority phases, which comprise
52.8 wt% of phase a and 43.4 wt% of phase b. Phase a has an
orthorhombic structure with a space group of Pmc2, (a = 3.878
A, b =3.830 A, c = 8.000 A) while phase b has a cubic structure
with a space group of Pm3m (a = 3.908 A), which indicates that
there is a large degree of distortion in Li,OHCI (Fig. 1b, Table
S11).°* In addition, Rietveld refinement of the XRD pattern
reveals peaks attributable to 3.7 wt% of LiCl (Fm3m space group,
a = 5.148 A) while other impurities (i.e. Li,O or LiOH) were
barely noticeable, suggesting the presence of Li and Cl vacan-
cies (V'; and V) in the structure to satisfy charge neutrality.*
In contrast to Li,OHCI, Li,OHBr exhibits a pure cubic structure
with a space group of Pm3m (a = 4.047 A) at 25 °C (Fig. 1c).

LizOX and Li,OHX are not distinguishable by XRD because
of their similar chemical compositions and crystal structures,*
thus Fourier-transform infrared spectroscopy (FTIR) analysis
was conducted (Fig. S31). A sharp band around 3600 cm™'
associated with the O-H stretching vibration was observed for
all compositions, which confirms the presence of protons in the
Li,OHCl, _,Br, system.

The Goldschmidt tolerance factor (¢), which describes the
degree of distortion in antiperovskites, is defined as follows:**

Rx + Ry
V2(Ro + Rys)

where Ry, R;; and Rg refer to the ionic radii of the halogen
anion, Li-ion and oxygen anion, respectively. As ¢ approaches 1,
the ions occupy their lattice sites perfectly, resulting in a highly
symmetric structure with a cubic unit cell.*® The tolerance factor
of Li,OHBr is larger than that of Li,OHCI due to the large ionic
size of Br~, which supports their experimentally observed
crystal structures.”®*¢

The degree of distortion in antiperovskites can be controlled
through isoelectronic composition variation.””*”~*® As is evident
from Fig. 1d, even a partial replacement of the CI in Li,OHCI
with Br, stabilizes the bulk structure of the resulting Li,-
OHCl, oBry; because the large Br ion fills the cavity in the
framework leading to higher symmetry.** The synchrotron XRD
patterns confirm this observation, demonstrating the ability of
Br to act as an effective structure stabilizer, maintaining a cubic
structure at room temperature across all of the tested Br/Cl
ratios. Even though each composition contains a small
amount of impurities, we preferred to prioritize stoichiometry
over purity because of its influence on vacancy concentrations
(Fig. S47).**>* By comparing the synchrotron XRD patterns of
the as-synthesized Li,OHCl, _,Br, series, it can be seen that the
XRD peaks shift to a lower angle as the Br/Cl ratio increases; this
indicates an increase in the lattice parameter because of the
larger ionic size of Br~ (Fig. 1e). The lattice parameters of the
synthesized antiperovskites are reported in Table S2.7 Fitting of
the entire XRD patterns across the series indicates that the
lattice parameter scales linearly with Br content, following
Vegard's law (Fig. 1f).**

Pair distribution function (PDF) analysis was employed to
further investigate the local structure of the as-synthesized
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Fig. 1

(a) Crystal structure of lithium hydroxide halide antiperovskite (Li,OHX). Synchrotron XRD patterns with Rietveld refinements of (b) Li,-

OHCland (c) Li;OHBr. (d) Synchrotron XRD pattern of Li,OHClg 9Brq 1. (€) Comparative XRD patterns of as-synthesized Li,OHCl;_,Br, (x =0, 0.1,
0.3, 0.5, 0.7, 0.9 and 1) under synchrotron radiation. (f) Lattice parameters of as-synthesized Li,OHCl;_,Br,. PDF patterns of as-synthesized (g)
Li,OHCl;_Br, and (h) their magnified regions assigned to X—X peak and (i) X—X interatomic distances.

Li,OHCl, ,Br, series (Fig. 1g).*” The interatomic distance (X-X
(X = Cl or Br)) increases linearly as the proportion of Br
increases, as shown in Fig. 1h and i. However, the contribution
of the Li-O signal to the PDF pattern was too low to be isolated
because of the weak scattering of low-Z (Z < 10) atomic species,
which makes it difficult to reveal the local structure distortion
in the Li,OHCl; _,Br, system (Fig. S51). Here we have shown that
traditional room-temperature X-ray analysis using XRD and
PDF provides limited useful information on the structural
characteristics of Li,OHCl, ,Br, because of its lightweight
components. Therefore, we investigated the thermal properties
of the Li,OHCl, _,Br, series to clarify the structural features of
these materials.

1576 | J Mater. Chem. A, 2022, 10, 11574-11586

Thermal properties of Li,OHCl, _,Br,

Thermal properties of materials can serve as useful indicators of
structural characteristics that are difficult to measure
directly.** In order to investigate the thermally-induced
structural evolution of the different compositions, in situ high
temperature XRD measurements were conducted in the
temperature range of 25-200 °C under He flow (Fig. 2a and b).

At 40 °C, an orthorhombic-to-cubic phase transition was
observed in Li,OHCI (Fig. 2a). The magnified XRD peak around
a two-theta value of 7°, assigned to the (200) orientation, clearly
shows the phase transition of Li,OHCI at 40 °C (Fig. 2a). Above
40 °C, where the cubic antiperovskite phase is stable, a multi-
tude of distinct H positions around the O creates a spherical

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 In situ high temperature XRD patterns of Li;OHCIL (a) and Li,OHClg 9Brg 1 (b) with the region around 7 degrees magnified. (c) Relative

volume changes for the Li,OHCl;_,Br, series with varying Br/Cl ratios. (d) Volumetric thermal expansion coefficients of the Li,OHCl;_,Br, series.
(e) Schematic illustration of the local structural relaxation resulting from the introduction of a Li—X Schottky defect pair in Li,OHCL (left) and
Li,OHBFr (right). The red arrows denote the movement of the oxygen ion towards its neighbouring Li-ions. (f) DSC profiles of Li,OHCl; _,Br, series.
(g) Comparison of crystal melting and local disordering temperatures for each composition.

distribution, which facilitates long-range Li-ion diffusion.”* In
contrast to Li,OHCIl, Li,OHCl,Bry; maintained its cubic
structure throughout the entire heating process (Fig. 2b). The
other antiperovskite compositions (Li,OHCl, _,Br,, x = 0.3, 0.5,
0.7, 0.9, and 1) described in this work also exhibited stable cubic
structures across the whole temperature range (Fig. S61). The
antiperovskite XRD peaks shifted to lower two-theta angles with
increasing temperature, indicating thermal expansion of the
crystal lattice.

Based on the results of the in situ high temperature XRD,
changes in the relative volume expansion and the thermal
expansion coefficients (TECs) of the synthesized antiperovskites
were calculated as shown in Fig. 2c and d respectively. The TECs
of the synthesized antiperovskites were calculated for the cubic
structures using the equation:

AV = a, VAT

This journal is © The Royal Society of Chemistry 2022

where AV is the change in unit cell volume, AT is the change in
temperature, and «, is the coefficient of expansion (Table S3
and Fig. S77).*® The TECs of Li,OHCI and Li,OHCl, ¢Br,, are
1.229 x 10" and 1.230 x 10~ * °C™", respectively as calculated
using unit cell volumes in the temperature range of 40-200 °C
(Fig. 2d). As the Br substitution ratio (x) was increased from 0.1
to 0.3 (Li,OHCl,_,Br,), the TEC increased from 1.230 x 10" to
1.388 x 10~* °C™" and slightly increased to 1.436 x 10~ *°C™"
beyond x = 0.5.

Notably, the TEC and the degree of volume expansion of the
antiperovskites enabled us to classify these materials into two
groups: (1) Li;OHCI and Li,OHCl, ¢Br, ; which have smaller TECs,
and (2) the other antiperovskites with higher Br content with
larger TECs. The overall trends of linear TECs (ay ) calculated at 40
and 200 °C were still the same (Fig. S8t). The TEC is inversely
proportional to the strength of the bonds between the metal
atoms in the materials; however, in this case, the TEC values do
not scale linearly with the Br proportion as expected. Instead, they

J. Mater. Chem. A, 2022, 10, 1574-1586 | 11577
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vary in a discontinuous fashion that cannot be explained solely
based on the difference in ionicity between Br and CL***

DFT calculations were used to uncover additional structural
effects that could result in the observed TECs. We carried out
geometry optimizations of Li,OHCI, Li,OHCl, ¢Bro; and Li,-
OHBr for both the defect-free materials and materials with
a single lithium-halide Schottky defect in order observe the
effect of this defect pair on the surrounding local structure
(Fig. 2e and S9t). We simulate the Li-X (X = Cl or Br) Schottky
defect based on the XRD result of Li,OHCI to reflect the pres-
ence of LiCl as a minor impurity. It is known from several
previous reports that the formation energy of the Li-O Schottky
defect is higher than that of the Li-Cl Schottky defect and was
therefore not calculated again here.*>* To identify the under-
lying reason for this discrepancy in the TEC trend, we investi-
gated the local Li-O structure around the lithium-halide
Schottky defect pair in all three materials and compared the
results to those for the defect-free materials. A consistent
decrease in the interatomic distance between nearest-neighbor
Li and O ions was observed for all three materials. For Li,OHBr,
the average reduction in the interatomic distance between Li
and O ions vicinal to the Schottky defect compared to the defect-
free system was 0.085 A (1.947 to 1.862 A). For Li,OHCI and
Li,OHCl, oBry 1, the decreases were 0.112 (1.926 to 1.814 A) and
0.090 A (1.929 to 1.839 A), respectively. DFT results indicate that
decreases in the Li-O interatomic distances around Schottky
defects drive the reduction in the lattice parameters of these
materials. Based on its thermal expansion behavior, we can
speculate that Li,OHCl, ¢Br,; and Li,OHCI are defect-rich and
have distorted structures. It is difficult to quantify vacancies
with X-ray or transmission microscopy because of intrinsic
sample limitations (Fig. S10t), therefore TEC serves as indirect
evidence to explain the structural characteristics.

To further understand the thermal behavior of Li,OHCI, _,-
Br, antiperovskites, differential scanning calorimetry (DSC) was
conducted under Ar flow (Fig. 2f). Li,OHCl,¢Br,; did not
exhibit any endothermic reactions originating from the phase
transition upon heating, indicating that the Br-substituted
antiperovskites maintain their cubic structure. On the other
hand, a small endothermic peak at 35 °C was observed in Li,-
OHCI during the heating process; this corroborates the pres-
ence of the orthorhombic-to-cubic phase transition in Li,OHCI,
which was observed using in situ high temperature XRD.*®

The melting points of the different Li,OHCl; ,Br, compo-
sitions lie in the 250-300 °C range (Fig. 2f). Li,OHCI and Li,-
OHBr were fully molten at temperatures of 302 and 255 °C,
respectively. In the DSC profile of Li,OHCI, a weak peak was
observed at approximately 27 °C below the crystal melting point.
The presence of two such peaks can be understood as being
from two distinct melting points, one at a lower temperature
(T41) and another at a higher temperature (T,) ascribed to local
disordering and crystal melting, respectively.*** Therefore, the
difference between these two points (AT) indicates the extent of
lattice mismatch between the local structure and bulk structure.
The peaks for Li,OHCl, ,Br, antiperovskites with high Br/Cl
ratios converged, leading to much smaller values of AT,
around 5 to 7 °C, which indicates an increase in the structural
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uniformity between the local structure and the crystal lattice of
Br-rich antiperovskites (Fig. 2g). Based on this observation, it
can be concluded that Li,OHCl,¢Br,; showed the highest
structural disorder of the various antiperovskite compositions.

Effect of microstructure on Li-ion conductivity

The low melting point of the Li,OHX antiperovskite allows for
the facile fabrication of high density pellets in a single step via
a melting-solidification process'® (Videos S1 and S21). In
addition, this allows the size of the grains to be controlled by
changing the cooling rate of the molten salt. The pellets were
cast in a custom stainless steel mold (Fig. 3a). After melting and
solidification, the Li,OHCI,¢Br,, powder was composed of
cube-shaped single-crystal grains, reflecting the cubic crystal
symmetry of synthesized Li,OHCl,oBro; (Fig. 3b). The cross-
sectional SEM image of an antiperovskite pellet shows limited
porosity (Fig. 3c); its relative density was determined to be
95.8% by the Archimedes method. Higher-magnification SEM
images of the pellet cross-section show a compact grain struc-
ture with clear grain boundaries. The grain size in both Li,OHCl
and Li,OHBr is 2-3 pm, and each grain is composed of a single
antiperovskite crystallite (Fig. 3d-f). The lack of significant
structural differences between the cross-sectional SEM images
confirms that the grain size is halogen ion agnostic (Fig. S117).
Cross-sectional SEM images of antiperovskite pellet in this
study were obtained from broken pieces without any pretreat-
ment (Z.e. polishing or Ar" ion milling) to minimize sample
damage, therefore the change in contrast along grain bound-
aries originates from a difference in surface topology rather
than a change in chemical composition (Fig. S12at). Energy-
dispersive X-ray spectroscopy (EDS) elemental mapping also
confirms a homogeneous distribution of the halogen element
across grain boundaries (Fig. S12b¥). This demonstrates that
the melting and solidification process is a facile and effective
method for making dense pellets without pressing for both
antiperovskites.

DFT calculations were conducted on Li,OHX to provide
insights into how the grain boundaries and microstructure of
antiperovskite solid electrolytes affect Li-ion migration. Cubic
Li,OHBr was selected as a model system for DFT calculations to
investigate the effect of grain boundaries on Li-ion conductivity
in antiperovskites to avoid complications introduced by the
phase transition in Li,OHCI. The optimized configuration of the
23(111) coherent twin grain boundary for Li,OHBr simulated in
this study is presented in Fig. 4a. In this structure, the x and y
directions represent the planes of the grain boundaries, while
the z direction is perpendicular to the grain boundary plane.
Full details regarding the choice, construction and properties of
this grain boundary are available in the Experimental section.
The calculated grain boundary energy of 0.41 J m~?> for this
structure is similar to the values of 0.34 and 0.29 ] m 2 obtained
for the same grain boundary in dehydrated antiperovskite
Li;OCl from molecular dynamics and DFT, respectively.”**® This
grain boundary energy is low compared to similar grain
boundaries in other typical perovskites, such as BaTiO; and
SrTiO;; this has been previously discussed and is due to the

This journal is © The Royal Society of Chemistry 2022
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o Relative density : 95.82 %
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Li,OHCI

(a) Digital photograph of Li,OHBr antiperovskite solid electrolyte fabricated by melting and solidification. (b) The morphology of Li,-

OHClg oBro.1 powder after melting and solidification. (c) Cross-sectional image of a Li;OHBr pellet. Grain structure of a Li,OHCl pellet at (d) low
and (e) high magnifications. (f) Grain structure of an Li,OHBr pellet at high magnification.

relatively small energetic penalty for cleaving Li-O and Li-Cl
bonds and the ability of Li to adjust to many different coordi-
nation environments.”” Fig. 4b shows an Arrhenius plot of the
calculated Li-ion diffusion coefficients of the grain boundary
and grain components of the Li,OHBr £3(111) grain boundary.
It is clear from this plot that Li-ion diffusion is severely

(@) >3(111) ygp=0.41 J m

inhibited in the grain boundary compared to the grain. This is
further confirmed when we extrapolate the calculated Li-ion
diffusion coefficients to room temperature. The Li-ion diffu-
sion coefficients of the grain and grain boundary components
of the structure at 300 K are 3.45 x 10" ' and 7.92 x 10~ ** cm
s~', respectively. These values reveal that Li-ion diffusion
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Fig. 4

(a) Structure and energy of the simulated Li,OHBr £3(111) grain boundary. (b) Li-ion diffusion (D,;) and activation energies for the grain

boundary (GB) and grain components of the Li,OHBr =3(111) grain boundary. (c) Radial distribution functions (g(r)) for Li—Li ion pairs in the
Li,OHBr £3(111) grain boundary. (d) Mean squared displacement (MSD) of Li-ions for the grain boundary and grain components of the Li,OHBr
$3(111) grain boundary at 1000 K. (e) (Inset) digital photograph of a slow-cooled Li,OHBr pellet. Comparison of EIS spectra of a Li,OHBr pellet
and slow-cooled Li;OHBr pellet measured at 25 °C.
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decreases by almost two orders of magnitude from the grain to
the grain boundary at room temperature. The activation energy
for the grain boundary is also significantly larger than for the
grain (0.45 and 0.33 eV, respectively) which further illustrates
the significant grain boundary resistance in Li,OHBr. Radial
distribution functions (RDFs) of Li-Li ion pairs are shown in
Fig. 4c to investigate the structural effect of =3(111) grain
boundaries on Li-Li order/disorder, which is expected to have
a significant impact on Li-ion diffusion. As indicated by the
increase in peak widths, Li-ion disorder increases from more
ordered in the grain to less ordered in the grain boundary.
While an increase in disorder can result in enhanced Li-ion
diffusion in bulk solid electrolytes, at grain boundaries, it
prevents intergranular Li-ion diffusion and effectively limits Li-
ions in the grain boundary to 2D diffusion pathways. This can
be clearly seen from the MSD of Li-ions in the three primary
directions for the grain boundary and grain components
(Fig. 4d and S137). In contrast to Li-ion diffusion in the x and y
directions, Li-ion diffusion across the grain boundary in the z
direction is severely inhibited and is effectively negligible for Li-
ions in the grain boundary.

To verify the DFT results, slow-cooled Li,OHBr pellets were
also fabricated. The effect of grain boundaries cannot be isolated
by comparing Li,OHBr pellets fabricated by the melting and
solidification process to those prepared by traditional ball-milling
and cold-pressing. While this would create differences in the size
of grains and number of grain boundaries, it would also result in
large differences in both the crystallinity and relative density of
the pellets. However, Li,OHX antiperovskite solid electrolytes
present a convenient model material system to study the effect of
grain boundaries on Li-ion conductivity due to their low melting
points, as the average grain size can be controlled, without
affecting relative density (96.3 and 95.8% for slow-cooled and fast-
cooled Li,OHBr pellets, respectively), by simply changing the
cooling rate during solidification. As shown in Fig. 4e, the slow-
cooled Li,OHBr pellet is more transparent than the regular Li,-
OHBr pellet due to reduced light scattering at the grain bound-
aries, indicating the formation of larger grains in the slow cooled-
pellet. The SEM image of the slow-cooled Li,OHBr pellet also
shows that it has larger grains compared to the fast-cooled
sample (Fig. S14t). The conductivity of the slow-cooled Li,OHBr
was 1.99 x 10~* mS cm ™" which is 1.5 times higher than that of
Li,OHBr produced with a the typical cooling rate (Fig. 4e). This
validates the results of the DFT calculations by experimentally
showing that large grains, and consequently reduced grain
boundary resistance, are ideal for achieving high Li-ion conduc-
tivity. This is the first experimental validation of the effect of grain
boundary on Li-ion conductivity by melting-solidification. Most
studies on antiperovskites reported in literature are based on
powders that are ball-milled and cold-pressed to make pellets.
However, antiperovskite solid electrolytes prepared by such
a method exhibit low ionic conductivity, primarily due to the high
grain boundary resistance. The melting and solidification process
employed here facilitates the formation of larger grains and fewer
grain boundaries demonstrating a distinct advantage over tradi-
tional ball milling and cold pressing.
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Structure-electrochemical property relationship

The combined effect of Br-anion substitution and reduced grain
boundary resistance in Li,OHCl,_,Br, antiperovskites were
assessed by electrochemical measurements of antiperovskite
solid electrolytes. Li-ion conductivities and activation energies
of Li,OHCl, ,Br, were determined by electrochemical imped-
ance spectroscopy (EIS) measurements at various temperatures
with Ni blocking electrodes (Fig. 5a-c, S15 and Table S47).>%%
Bulk and grain boundary contributions could not be deconvo-
luted, hence the conductivity represents that of the entire
system. While the mechanistic considerations are related to
bulk transport, it is reasonable to presume that the grain
boundary contributions will not significantly influence the
observed trends, as differences in grain structure were mini-
mized by preparing samples using the same cooling rate.>”*

At room temperature, the conductivities of Li,OHCI and
Li,OHBr were 1.93 x 102 and 1.29 x 10~ mS cm™’, respec-
tively. Meanwhile, Li,OHCl, ¢Br,, exhibited a conductivity of
2.52 x 107> mS cm ™", which was the highest of the synthesized
Li,OHCl, _,Br, series at room temperature (Fig. 5g). Although Br
substitution into Li,OHCI helps to stabilize the overall crystal
structure into the more ionically conductive cubic symmetry at
room temperature, high Br/Cl ratios lower Li-ion migration
because the large size of the Br anion displaces protons from
the cubic edge to form bent O-H-Br bonds. In this position, the
steric hindrance and coulombic repulsion of the protons
impedes the migration of Li-ions.*®

Li,OHCI exhibited a change in activation energy from 0.83 to
0.53 eV at 40 °C, again confirming the orthorhombic-to-cubic
phase transition of Li,OHCl. The other antiperovskites
showed linear relationships in the Arrhenius plots thus con-
firming the cubic structures of the Br-substituted anti-
perovskites (Fig. 5d-f). Within the cubic structures, the
activation energy can be divided into two groups; Li,OHCI and
Li,OHCl, oBr,; with smaller activation energies and the other
antiperovskites with larger values, as displayed in Fig. 5h.
Notably, the change in activation energy with respect to the Br
substitution ratio shows almost the same trend as the change in
TEC. While the anion lattice softness is linearly proportional to
the substitution ratio of Br,*” the related ionic conductivity and
activation energy in this experiment did not follow the expected
linear trend with the variation in Br content. This further
corroborates the presence of structural disorder and its large
influence on both ionic conductivity and activation energy.**>
Furthermore, the overall conductivities of Li,OHX anti-
perovskites in this study are higher than those reported for
antiperovskites fabricated by traditional ball-milling and cold
pressing methods.”* These results illustrate how both the
chemistry and microstructure of the Li,OHX antiperovskites
can be optimized to improve their conductivity as Li-ion solid
electrolytes.

Interphase evolution of Li,OHCl, ,Br, antiperovskite solid
electrolytes in contact with metallic lithium

In order to evaluate the chemical stability of the synthesized
antiperovskites against Li metal, X-ray photoemission

This journal is © The Royal Society of Chemistry 2022
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spectroscopy (XPS) was employed. The solid electrolyte inter-
phase (SEI) evolution was monitored at room temperature by
conducting in situ Li deposition and simultaneously capturing
photoemission spectra (Fig. 6a and S16+). For Li,OHCl, ¢Bry 1,
the intensity of the peak assigned to Li,O (528.2 eV) increases
and the Li 1s peak shifts to a lower binding energy as Li,O forms
with Li metal deposition. Unlike the observed increase in the
Li,O signal intensity, the signals from the Cl 2p and Br 3d
species decreased with continued Li deposition, which indi-
cates that Li,O formation is likely originating from Li° reaction
with O, within the XPS chamber and not as part of the SEI
formation.” The XPS spectra for both Li,OHCI and Li,OHBr
exhibited the same trends as Li,OHCl, oBr,; during Li deposi-
tion, which indicates their chemical inactivity or negligible
reaction upon contact with Li metal at room temperature
(Fig. S17 and S187). The absence of a change in the interfacial

This journal is © The Royal Society of Chemistry 2022

resistance of Li,OHCl, oBr, ; in contact with Li metal even after
24 h at room temperature, as evidenced by EIS measurements
(Fig. 6b), further supports this hypothesis. To investigate the
chemical reaction of Li,OHCl, ¢Br, ; in contact with Li metal at
elevated temperatures, a Li,OHCl,oBro; pellet was kept in
contact with a Li foil at 80 °C for 7 days. The Li metal layer was
then peeled off the pellet, and a depth-profile analysis was
conducted on the Li metal using XPS (Fig. 6¢). In contrast to the
room temperature XPS spectra, the O 1s signal originating from
the antiperovskite decreased, whereas the intensity of the Cl 2p
remained consistent, which suggests decomposition of the
Li,OHX antiperovskite material when in contact with Li metal at
high temperatures based on the following reaction:*

2Li,OHX + 2Li — 2Li,O(s) + 2LiX(s) + Ha(g)

J. Mater. Chem. A, 2022, 10, 11574-11586 | 11581
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Fig. 6

(@) O 1s, Li1s, Cl 2p, and Br 3d XPS spectra of a Li,OHClg 9Brg 1 as a function of increasing lithium metal deposition (from bottom to top) at

room temperature. The total thickness of Li metal after deposition is 14 nm. (b) EIS spectra of a symmetric Li/Li,OHClg oBrg 1/Li cell stored for 24
hours at 25 °C. (c) XPS depth profile analysis in the O 1s and Cl 2p regions, collected from Li metal which was in contact with a Li,OHClg ¢Brg ; at
80 °C. (d)EIS spectra of a symmetric Li/Li,OHClgy ¢Brg 1/Li cell stored for 7 days at 80 °C. (e) Lithium stripping/plating cycling profiles of a Li/

Li>OHClg oBro4/Li cell at 80 °C.

Moreover, the EIS result of Li,OHCl, ¢Br, ; shows an increase
in the interfacial resistance between the solid electrolyte and
the Li metal layer to 705 Q ¢cm” after 7 days, indicating the
formation of a steadily evolving solid electrolyte-Li metal
interphase (SEI) layer at high temperature (Fig. 6d). However,
once a stable SEI layer is formed, further reaction between the
Li,OHCl, Br, ; antiperovskite and Li within the SEI layer seems

1582 | J Mater. Chem. A, 2022, 10, TI574-11586

to be effectively mitigated, since the voltage profile shape of
a Li-Li symmetric cell was fairly stable without a noticeable
increase in polarization after 200 h at 80 °C (Fig. 6e).

Conclusions

In conclusion, we have conducted a comprehensive investigation
of various factors that affect Li-ion migration in Li,OHX

This journal is © The Royal Society of Chemistry 2022
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antiperovskite solid electrolytes. The Li-ion conductivity was
controlled by carefully modulating the crystal structure, micro-
structure, and interphase evolution. Bromine substitution in
halogen sites successfully stabilized the Li,OHCl,_,Br, system
into the more conductive cubic structure, even at room temper-
ature. Based on EIS analysis, we demonstrate that a stoichiometric
substitution of 10% Br is the optimal composition to achieve the
highest conductivity within the Li,OHCl,_,Br, series. To under-
stand the reason for this, the crystal structure was investigated.
However, it is difficult to reveal the structure of these anti-
perovskites using traditional X-ray analyses due to the presence of
lightweight elements such as Li, O and H. Here, we propose that
the thermal behavior can effectively serve as a fingerprint to
estimate the structural properties of the solid electrolyte that
heavily influence Li-ion migration within the material. In
conjunction with crystal structure control by chemical substitu-
tion, the formation of larger grains by a melting and solidification
process reduces grain boundary resistance, and greatly increases
ionic conductivities compared to material prepared using tradi-
tional ball-milling and cold pressing methods. This process also
results in a high relative density of 96% without the need for
additional sintering. This study highlights the importance of
crystal structure and the utility of advanced processing techniques
for the improvement of Li,OHX antiperovskite solid electrolytes
for solid state battery technologies.

Experimental section
Synthesis of Li,OHCl, ,Br, (x =0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1)

To obtain the Li,OHCl,_,Br,, LiOH (98%, Sigma-Aldrich) was
mixed with LiCl (=98%, Alfa Aesar) or LiBr (=99%, Sigma-
Aldrich) in the proper stoichiometric ratio, and ground with
a mortar and pestle for 10 min. The precursor was placed on the
alumina crucible and heated at 350 °C for 30 min with a ramp-
ing rate of 5 °C min~'. The liquid state-Li,OHCl,_,Br, was
immediately cooled to room temperature, and the resultant
chunk was ground with a mortar and pestle to make Li,-
OHCl, _,Br, antiperovskite powder.

Fabrication of antiperovskite pellets

The Li,OHCl, ,Br, pellets were fabricated by a melting and
solidification process. 0.03 mol of Li,OHCl,_,Br, was placed
into a lab-made stainless steel mold with a 10 mm diameter.
The mold underwent heat treatment at 350 °C for 6 min. Once
melted, the mold was immediately cooled down to room
temperature and the resultant pellet was taken out from the
mold. Slow cooled-Li,OHBr pellet was fabricated via the same
procedure, but cooled in the furnace with the cooling rate of
1 °C min~". The surface of the antiperovskite pellet was pol-
ished with 800 and 2500 grit SiC papers. The whole procedure
was done in a glovebox with O, and H,O content < 0.1 ppm to
prevent air exposure.

Characterization

SEM measurement and scattering analyses. Field emission-
scanning electron microscopy (FE-SEM, Zeiss EVO) was

This journal is © The Royal Society of Chemistry 2022
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employed to observe the cross-section morphology of the Li,-
OHCl, ,Br, pellet. All SEM images were observed in the
secondary electron emission mode at an accelerating voltage of
10 kV. Energy-dispersive X-ray spectroscopy (EDS) elemental
maps were acquired with an electron beam acceleration voltage
of 5 kv and a beam current of 1 nA. Synchrotron X-ray total
scattering data were collected at the 17 BM-B beamline at the
Advanced Photon Source (APS) (A = 0.24105 A). Li,OHX anti-
perovskite powder was loaded in 1.1 mm diameter Kapton
capillaries and sealed with quartz wool and polymer clay to
prevent air exposure. The whole sample was prepared in the
glovebox because of the hygroscopic nature of antiperovskite.
For in situ high temperature XRD measurements, the powder
was placed under He flow. The capillary was maintained at
target temperatures (25, 30, 40, 60, 80, 100, 120, 150, 180 and
200 °C) for 6 min to ensure the heat transference and stabili-
zation before obtaining the XRD pattern at each temperature.
The whole pattern fitting of XRD data was carried out with
GSAS-II software.* Pair distribution function (PDF) measure-
ments used a X-ray energy of 51.35 keV (1 = 0.24145 A). A Varex
4343 CT imageplate detector (2880 x 2880 pixels and 150 x 150
pm pixel size) was used at a distance of 200 mm. The two-
dimensional data were converted to one-dimensional XRD
data by using GSAS-II software. PDF results were obtained from
a Fourier transformation of the background and Compton
scattering corrected total data S(Q) in xPDFsuite software over
a Q range of 0.1-13 A~'. The model was refined against the
Bragg data. The average structural model with a refined lattice
parameter of 4.047 A was used for the simulation of PDF and
partial PDFs data in Fig. S5.1 These simulations were performed
using the PDFgui software.®®

XPS analysis

XPS measurement during in situ Li deposition. Anti-
perovskite pellets and Li metal were transferred to the XPS
chamber using vacuum transfer vessels to minimize air expo-
sure. XPS spectra were collected using a Phi XPS VersaProbe III
with an Al Ka X-ray source. For XPS measurement during in situ
Li deposition, sputtering of the lithium foil (Sigma-Aldrich,
thickness = 750 pm) was performed using an acceleration
voltage of 2 kV and an argon ion beam current of 1 pA. The angle
between the sputter gun and sample surface was 33°. The esti-
mated sputtering depth rate was 0.7 A min*, the Li thickness
after deposition was about 14 nm, and the total duration of the
experiment was 200 minutes.

XPS depth profiling. In-depth XPS measurements were con-
ducted on the Li metal foil which was in contact with anti-
perovskite solid electrolyte at 80 °C for 7 days. The accumulated
sputtering time was 97 min, and the estimated etching rate was
20-25 nm min . Data quantification was performed using
CasaXPS software. All spectra were charge-referenced to the
disordered C 1s peak at a binding energy of 284.8 eV.

Computational details

Geometry optimization calculations. Density functional
theory (DFT) simulations were carried out with the Vienna Ab
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initio Simulation Package (VASP).*® A plane-wave cutoff energy of
550 eV and a k-point mesh spacing smaller than 0.05 A~" were
utilized for the geometry optimization calculations. The
projector augmented wave method®” and the PBEsol exchange-
correlation functional®® were employed for all calculations. Bulk
Li,OHCI, Li,OHCl, ¢Br, ; and Li,OHBr structures consisting of 4
x 4 X 4 supercells (320 atoms) were simulated. It is known that
the DFT ground state of Li,OHCl is a tetragonal structure with all
the OH groups aligned along a single direction.*” Therefore, the
cubic phase of Li,OHCI was obtained by heating a cubic system
with the tetrahedral alignment of the OH™ groups to high
temperature using molecular dynamics to randomly orientate
them. The calculated lattice parameters for cubic Li,OHCI, Li,-
OHCl, ¢Bry; and Li,OHBr are 3.873, 3.885 and 4.001 A, respec-
tively, in excellent agreement with the XRD results.

Grain boundary construction and modelling. The =3(111)
coherent twin grain boundary for Li,OHBr simulated in this
study was constructed using coincidence site lattice theory,*
where two individual grains are tilted by a given angle until their
surface planes coincide. The final grain boundary structure has
cell dimensions of 9.85, 5.51 and 56.43 A and contains 240
atoms. The grain boundary energy was converged with respect
to grain boundary separation. The grain boundary energy was
determined by taking the energy difference between the grain
boundary and bulk structures and dividing it by twice the area
of the shared interface.** As shown in Fig. 4a, the structure was
divided into grain boundary and grain regions to calculate their
respective contributions to the Li-ion diffusion. These same
regions were also used to define the different RDFs in Fig. 4d.
The RDFs were produced using the structural information ob-
tained from the ab initio molecular dynamics (AIMD) simula-
tions, as described in the next section.

Ab initio molecular dynamics calculations. AIMD simula-
tions were utilized with a plane-wave cutoff energy of 400 eV and
the k-space was sampled using the gamma-point only. AIMD runs
of 50 ps were carried out at 700, 800, 900 and 1000 K using a NVT
ensemble with a Nose-Hoover thermostat.” These were used to
investigate Li-ion transport in the Li,OHBr grain boundary-grain
structure. An AIMD simulation was also carried out at 300 K for 20
ps to obtain the radial distribution functions given in Fig. 4c. A
time step of 1 fs was used to account for the motion of the
protons. Self-diffusion data for the Li-ions were obtained from the
mean square displacement (MSD) according to:

<Vi2(t)> = 6D,

where (r;*(¢)) is the MSD, Dy; is the diffusion coefficient for Li-
ions and ¢ is time. An example MSD plot for 1000 K is given
in Fig. 4d.

Electrochemical measurements

Electrochemical impedance spectroscopy (EIS) measurements
were performed using a frequency response analyzer (MTZ,
Biologic, France) over the frequency range of 35 MHz to 0.1 Hz
with a voltage amplitude of 10 mV at various temperatures of 25,
27,29, 30, 40, 50, 60, 70, 80, 90 and 100 °C. The temperature was
monitored by an internal thermocouple which was connected to
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a MTZ analyzer. For EIS characterization, a pouch cell was used,
using symmetric Ni/Ni and Li/Li cells with Li,OHCl; ,Br,
antiperovskite solid electrolytes. The Ni blocking electrode was
deposited on the surface of the solid electrolyte by RF magne-
tron sputtering with a power of 50 W, Ar gas flow rate of 10 sccm
and sputtering rate of 1.5 A s . The thickness of the Ni blocking
electrode was 1 um confirmed by SEM measurement. The Li
metal (30 pm thickness, Honjo Metal Co., Ltd) electrodes were
9 mm in diameter, fully covering the surface of the pellet. All
cells were assembled and sealed under vacuum in pouches,
with Cu foils serving as current collectors. For Li/Li,OHCl, _,-
Br,/Li cells, a pressure of 7 MPa was applied to the pouch cells
via spring clamps to improve the contact between the Li metal
and solid electrolyte. Galvanostatic cycling was performed on
the two-electrode cells using a VMP3 at 80 °C. The cycling areal
capacity for each Li plating and stripping was fixed at
0.01 mA h em ™2
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