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The thermodynamically more stable lithium halide hydroxide, Li,OHCl, is experimentally easier to
synthesize than LisOCl. However, the protonated antiperovskite has low ionic conductivity at room
temperature due to the limited reorientation of OH anions. Here, density functional theory calculations
were performed to determine the stability, elastic properties and Li diffusion of brominated Li,OHCl
(Liz(OH)g.9Brg1Cl and Li,OHClg oBrg1). The Br substitution weakens the local bonding interactions and
promotes the reorientation of OH anions, thus increasing the ionic conductivities. Based on this, the
reorientation of OH anions is further accelerated by substituting Cl with BH4 anions, and this novel
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1. Introduction

The continuously growing need for improving the safety of
current aqueous lithium-ion batteries has stimulated intensive
work in the field of solid-state electrolytes (SSEs), such as the
inorganic SSEs,"* the nonflammability of which guarantees
intrinsic safety. In the last few decades, many inorganic SSEs,
such as sulfide composites Li;(MP,S;, (M denotes Ge, Sn or
Si)** and lithium-rich antiperovskites (APs),® have been devel-
oped and exhibit ionic conductivities comparable to or even
exceeding those of traditional liquid electrolytes. Li;OCl, as one
of the most interesting AP materials, has a high ionic conduc-
tivity >1 mS cm ™" at room temperature and high stability toward
Li metal anodes.”® However, in experiments, the intrinsic
hygroscopic properties of Li;OCI severely obstruct the success-
ful synthesis of pure Li;OCl, resulting in the formation of the
protonated APs (Li,OHCI). The thermodynamically more stable
lithium halide hydroxides®** exhibit high stability with Li metal
anodes and are attracting much attention from researchers.
However, the lithium halide hydroxides, such as Li,OHCI,
Lis(OH),Cl;, Liy(OH);Br, and Lis(OH)4I, have been reported
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a universal descriptor to further screen or design other classes of solid-state electrolytes.

to exhibit low ionic conductivity at room temperature
(107°-10"* mS em ™ 1),'**2"%5 and how to break the limitation
of their low lithium-ion diffusion dynamics is still a large
challenge.'® Fortunately, after 1981, the determined high-
temperature stabilized cubic Li,OHCI with the space group
of Pm3m exhibits higher ionic conductivity (~0.1 mS cm™*)
compared to the room-temperature orthorhombic Li,OHCI
(~4.3 x 107> mS em™").2*** Previous studies have reported
that the high conductivity of Li,OHCI at high temperature is
attributed to the reorientation of the OH groups in the cubic
phase.”*® Instead, at RT, the formed orthorhombic phase
limits the correlated dynamics between lithium ions and OH
groups, resulting in low ionic conductivity." To improve the
ionic conductivity at low temperature, halogen anion
substitutions have been explored to obtain the stable cubic
phase with enhanced ionic conductivity compared to the
Li,OHCI at room temperature,'**?**> which was attributed
to the weaker Coulomb interactions and the structural
distortion triggered by the different radius of halogen anions,
such as Li,OHBr; ,X, (X = Cl, I), Li,(OH);_,F,Cl, Li,OHF,-
Cl;_,. The stable cubic Liy(OH)yoF,1Cl exhibits an ionic
conductivity of 0.035 mS cm~' compared to the high-
temperature cubic Li,OHCI (0.03 mS cm ') due to the fast
rotation of OH anions."** Recently, Lee et al.>* attempted to
partially substitute OH groups by Br and synthesized the
Liy(OH)y 0Bro 1CI (0.121 mS cm '), which exhibits the highest
conductivity of the lithium halide hydroxides at RT. Besides,
Mauro and co-workers®* comprehensively studied the Li-ion
conductivity in Li,OHCl; ,Br, (x = 0-1) antiperovskites,
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and identified that Li,OHCl, ¢Br, ; exhibits a high conduc-
tivity of 0.0025 mS cm™'. Hence, among the halogen anions,
the Br anion appears to be an effective substituent to improve
the ionic conductivity of the lithium halide hydroxides,
which is also dependent on the substitution site. Meanwhile,
some questions that arise are what is the origin of the high
conductivity for the brominated antiperovskites, and will the
paddlewheel effects contribute to the Li ion conductivity in
the protonated APs? Importantly, recent studies based on
Li,OHCI electrolytes focus on the explanation of the low ionic
conductivity of Li,OHCI at room temperature and how to
form cubic Li,OHCI] at room temperature under different
experimental conditions; the insights of conduction mecha-
nisms in lithium halide hydroxides to guide the further
enhancement of ionic conductivities are lacking.

Thus, in this work, brominated antiperovskites (Li,(OH)o.o-
Bry;Cl and Li,OHCl, ¢Bry,) were systematically studied by
density functional theory (DFT) calculations to assess the
influences of Br substitution on chemical and electrochemical
stability, and deformability. Most importantly, the underlying
mechanism for the enhanced Li ion diffusion in the brominated
antiperovskites was highlighted, and the mean square distance
(MSD), hopping times of Li ions, radial distribution function
(RDF), phonon DOS and angular autocorrelation function were
analyzed based on the ab initio molecular dynamics (AIMD)
simulations. In addition, Li,OHBH, was designed, which
exhibits higher ionic conductivity attributed to the strength-
ened paddlewheel effect. From the above results, the structure—
property correlations were extracted, suggesting the importance
of combining multiple factors for the fast Li-ion migration,
including the overall lattice softening and special soft anion
rotational modes correlated to Li migration, which should be
considered for developing and screening novel fast ionic
conductors.

2. Computational methods

Spin-polarized first-principles calculations were implemented
using the Vienna ab initio simulation package (VASP)***¢ with an
energy cutoff of 520 eV, and the Perdew-Burke-Ernzerhof (PBE)
functional within the generalized gradient approximation
(GGA) was adopted to address the exchange-correlation inter-
actions.””*® The 2 x 2 x 2 k-point mesh was adopted for the
Brillouin zone sampling for the 3 x 3 x 3 supercell of studied
systems (Liy(OH)y.oBr,.1Cl, Li,OHCl, ¢Br, ;, and Li,OHCI). The
hybrid functional (HSE06)* was used to calculate the band
gaps. In addition, the pymatgen package** was adopted for
building initial structures and analyzing the electrochemical
stability. To obtain the stable structures of Liy(OH),oBr1Cl,
Li,OHCl, ¢Bry 1, and Li,OHCI with the lowest energy, 2925 and
20 000 random configurations were created to pick the most
stable structure of brominated APs and Li,OHCI, respectively.
The detailed process is shown in the ESIT. During the structural
optimization, all atoms were relaxed until the convergence
criteria of energy (1 x 107° eV) and force (0.01 eV A™?) were
reached.
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Based on the convex hull, the phase diagrams were gener-
ated to reveal the phase stability of Liy(OH),Bry:Cl, Li,-
OHCl, oBry; and Li,OHCl in the compositional space of
brominated lithium halide hydroxides. To evaluate the elec-
trochemical stability, the grand potential phase diagram®' was
plotted to show the electrochemical window. For the calculation
of elastic moduli (including bulk, shear, and Young's moduli),
the Voigt-Reuss-Hill approximation®* was used. In addition,
the AIMD simulations were conducted to study the ionic
conductivity, and the ion motion trajectories were further
extracted to analyze the conduction mechanism of Li ions (see
Section 2 of the ESIT for details).

3. Results

3.1 Ground-state structure and synthesizability

According to the procedure stated in the method and Section
S1,t the ground-state structures of Liy(OH),oBry;Cl, Li,-
OHCl, oBry4, and Li,OHCl were obtained, respectively. As
shown in Fig. S1a,t the Li sites and H sites of unrelaxed cubic
Li,OHCI are partially occupied and the OH groups point toward
the Cl sites, the corresponding lattice constant of this unrelaxed
unit cell is @ = b = ¢ = 3.91 A.>° However, after structural opti-
mization, the cubic phase will transform into the tetragonal
phase (Fig. S1bf) with a lattice constant of @ = ¢ > b (Table S17).
Interestingly, the OH groups are ordered and point to the Li
vacancy sites (V';); this phenomenon is well consistent with the
previous studies of Dawson et al.® and Effat et al.*° In addition,
the ground-state configurations of Liy(OH), ¢Br,;Cl and Li,-
OHCl, oBr ; are shown in Fig. 1 and the detailed lattice infor-
mation is presented in Table S2.f The results of the two
brominated compounds show that the alignment of OH groups
is similar to Li,OHC], and the structure is pseudocubic, which
facilitates the migration of Li ions, see Section 3.4.f

To reveal the synthesizability of Li,OHCI, Li,(OH), ¢Br,,Cl,
and Li,OHBr, 1Cly o with respect to that of LizOCl, the reaction
energy (AE) is defined as the energy difference between prod-
ucts and reactants. According to ref. 7 and *°, Li;OCl and Li,-
OHCI can be synthesized according to the equations:

2LiOH + LiCl = Li;OCl + H,0 (1)
LiOH + LiCl = Li,OHCI )

The calculated AEs are 1.51 eV and 0.33 eV for eqn (1) and
(2), and the smaller AE of Li,OHCI indicates that it is easier to
synthesize in experiments than Li;OCIl. Moreover, as mentioned
in the Introduction, the pure Li,OHCI was synthesized by some
groups while the synthesis of pure Li;OCl, to date, is still
a challenge. To explain this phenomenon, Dawson et al.’ sug-
gested that the low stability of Liz;OCIl in ambient air is due to
the following reaction:

1 1
LiOCl + 5H,0 = LLOHCI + 5Li,0 3)

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Ground state structure of (a) Li,OHBrq1Clg g and (b) Li>(OH)q oBrg1CL The purple, red, white, green, and brown spheres represent the

lithium, oxygen, hydrogen, chlorine, and bromine atoms, respectively.

The AE of eqn (3) in this work is —0.746 eV, which is
consistent with the reported result by Dawson et al. (—0.74 eV).
Besides, Hanghofer et al** proposed that the Li,(OH);Cl
impurity phase was formed during the synthesis of Li;OCl as
the following equation shows:

io @)

. 1 2.
LI3OC1 + inO = —Ll4(OH)3Cl + 3

3

Compared to eqn (3), a more negative AE of eqn (4) (—1.52
eV) was calculated, which further validates the experimental
phenomenon that producing pure Li;OCl is challenging.

Regarding the brominated lithium halide hydroxides, the
Li,OHBr, 1 Cly o and Li,(OH), ¢Br, ;Cl can be obtained according
to following reaction equations:**

LiBr + 9LiOH + 8LiCl = Li;3(OH)¢BrClg (5)

LiBr + 8LiOH + 9LiCl = Li,s(OH)sBrCly (6)

The calculated AEs of eqn (5) and eqn (6) are —3.29 eV and
—2.90 eV, respectively, indicating the high spontaneous reac-
tion trend and the high synthesizability.

3.2 Phase stability and electrochemical stability

The phase diagrams were employed to assess the phase stability
of Li,OHCI, Liy(OH), ¢Br(1Cl, and Li,OHBr,;Clyo. Due to the
difficulty of visualization of the Gibbs tetrahedron, the Gibbs-
tetrahedron projections of all studied structures are pre-
sented.* Fig. 2 exhibits the phase diagrams of protonated APs,
the corner compositions represent the precursors adopted in
the synthesis of protonated APs, whose phase diagrams are
shown in Fig. S2.1 As presented in Fig. 2a, the Li,OHCI is
metastable (energy above hull is 21 meV per atom) and may
decompose into Li,(OH);Cl and LiCl. Hence, some impurities
including LiCl or Liy(OH);Cl in the Li,OHCl samples may be
found. However, the previous studies'*® did not detect Li,(-
OH);Cl in the synthesized Li,OHCI, and further experimental
study is needed for confirming the properties or synthesis

This journal is © The Royal Society of Chemistry 2023

conditions of Li,OHCI. Fig. 2d and g display the phase diagrams
of Lijg(OH)gBrCly and Li;g(OH)oBrClg, respectively. Both
brominated lithium halide hydroxides are stable, indicating
that the pure phase of Li;g(OH)oBrClg and Li; g(OH)gBrCl, can be
obtained in experiments. The temperature-dependent free
energies are shown in Fig. S3,T suggesting the high stability of
Li,(OH).oBr, 1Cl compared to Li,OHCI.

The electrochemical stability can be characterized by the
density of states (DOS) and the grand potential phase diagram
(GPPD). For Li,OHCI, the band gap is determined to be 6.65 eV
(as displayed in Fig. 2b, corresponding partial density of states
is shown in Fig. S4%), in good agreement with the work of
Mohammed et al. (6.6 V),* implying the wide electrochemical
window of protonated APs. On the other hand, the GPPD of
Li,OHCI indicates that the reduction reactions occur when the
voltage is below 0.45 eV, and the oxidation reactions occur when
the voltage is above 3.76 V vs. Li/Li*. Compared to other specific
SSEs, the electrochemical window of Li,OHCI is wider than
those of the sulfides®” (such as LizPS,, Li;(GeP,S;,, etc), and
comparable to those of some oxides®® or halides,* details can be
seen in Fig. S5, which also shows that the protonation of
Li;OClI broadens the electrochemical window from 3 Vto 3.31V,
increasing the electrochemical stability of this AP. Furthermore,
the related decomposition reactions, as shown in S3.1,}
demonstrate the possibility for Li,OHCI reacting with elec-
trodes to form the solid electrolyte interphase layer (SEI) in the
first few cycles, which has wider windows thus preventing the
reactions between Li,OHCI and electrodes under the opera-
tional voltage of the Li,OHCl-based battery. For example, Hood
et al.*® detected LiCl in the Li,OHCI-Li metal interface, the
electrochemical window of this SEI species is about 4.25 V, and
this SEI is beneficial to the normal operation of the Li,OHCI-
based battery. However, as shown in Fig. 2¢, at a voltage
above 3.76 V, some non-Li-containing species may be formed,
such as H;ClO, H,ClO;, or ClO,, which exhibit low ionic
conductivities, resulting in the deterioration of battery perfor-
mance. Therefore, preventing the oxidative decomposition of
Li,OHClI is very crucial for the application.

J. Mater. Chem. A
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Fig.2 The Gibbs-phase-diagram projections for (a) Li,OHCL, (d) Li;g(OH)9BrClg and (g) Li;g(OH)gBrCly. The black dots represent the precursors in
the experiment; in addition, the black dots and squares represent stable phases, and the yellow and red squares represent unstable phases with
relatively small and large energy above the hull, respectively. The density of states and electrochemical stability windows for (b and c) Li,OHCl (e

and f) Li>(OH)g.9Bro1Cland (h and i) Li,OHBrg1Clg g, respectively.

Fig. 2e, f, h and i show the DOS and GPPD of Li,(OH), o-
Bry1Cl and Li,OHBr,Clyo, respectively; all decomposition
reactions are displayed in $3.2 and S$3.3.f Obviously, Li,(-
OH), oBr, ;Cl and Li,OHBr, 1 Cl, o exhibit comparable band gaps
and electrochemical windows with Li,OHCIl, maintaining the
high electrochemical stability and low electronic conductivity as
Li,OHC], decreasing the possibility of electronic leakage during
battery operation. And the partial density of states also is
provided (Fig. S4t), which indicates that the valence band
maximum (VBM) of the three studied structures is dominated
by the O, Cl, or Br anions, which means O, Cl, or Br anions are
the first species to be oxidized at high voltages. And the
conduction band minimum (CBM) is mainly dominated by the
Li cations, which can be reduced first at low voltages. The large
gaps between VBM and CBM provide an upper boundary of
electrochemical stabilities. In addition, when the voltage is
below 0.46 V (0.456 V), the Li,(OH), ¢Br, ;Cl and Li,OHBr, ;Clj o

J. Mater. Chem. A

decompose into LiBr, LiCl, and other compounds; the formed
halides show wider stability windows (3.64 V and 4.23 V for LiBr
and LiCl, respectively) than these lithium halide hydroxides.
Above 3.76 V (3.77 V), similar to Li,OHCl, some non-Li-
containing species will be formed, such as H;ClO, H,ClO3,
CIBr etc., the low lithium conductivities of which degrade the
battery performance. These results further confirm that to
match with a high-voltage cathode, protective methods are
needed to prevent the decomposition of APs.

3.3 Elastic properties

The mechanical properties, including bulk modulus (B), Young
modulus (E), and shear modulus (G), are also crucial parame-
ters to evaluate the performance of SSEs. The three moduli
assess how the SSE responds to volumetric, tensile, and shear
stress, hence, which exhibit a deep impact on the cycling

This journal is © The Royal Society of Chemistry 2023
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performance,* owing to the constructed solid-solid interface
between electrolytes and electrodes. Furthermore, as discussed
in the previous study, the ductile SSEs are easier to assemble
and stacked in the cell.** Considering both the factors, the
moduli of our studied SSEs were calculated, as displayed in
Fig. S6,T and the detailed values are shown in Table S31 and the
detailed data of total elastic moduli are listed in Table S4.}

The calculated values of B, E, and G of Li;OCl are comparable
with the results of Pegolo et al.,*” and the moduli of protonated
and brominated Li;OCl are relatively less than that of pure
LizOCl, suggesting that protonated and brominated Liz;OCI can
tolerate the greater stress originating from the deformation of
electrodes and improve the cycling performance. In addition,
the Pugh ratios (listed in Table S3, G/B) of Li;OCl and Li,OHCI
are larger than 0.6 (G/B < 0.6 and G/B > 0.6 represent the
ductility and brittleness of the material,* respectively); hence,
both SSEs are brittle. Specifically, the values of Pugh ratios of
brominated Li,OHCI are less than 0.6, indicating the ductility of
both SSEs, the decreases in the Pugh ratio can be explained
from the chemical intuition, confirmed by the Bader analysis**
(Table S5%), which suggests that the introduction of the Br
element decreases the strength of ionic bonds. The electron
localization function (ELF) has been calculated to visualize the
charge distributions, as shown in Fig. S7.1 As indicated by the
ELF, the atoms in the three studied structures are separated by
a low electron density region, and the electrons are localized
around the nucleus, suggesting that the bonds are predomi-
nantly ionic. For the OH groups, the O and H atoms were
separated by a relatively high electron density region, exhibiting
covalent interactions.

3.4 Diffusion properties

The AIMD simulations were conducted from 800 to 1200 K to
study the ionic diffusion properties of brominated APs, and the

View Article Online
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obtained Arrhenius plot (and the activation energies) are shown
in Fig. 3a. For Li,OHCI SSE, the derived activation energy and
ion conductivity at 373 K are 0.46 eV and 0.19 mS cm ™', which
are comparable with the reported values of Hood et al.*® (1 x
10°* S em™!). And Mohammed et al.*® reported that the acti-
vation energy and conductivity of Li,OHCI are 0.48 eV and 0.16
mS cm ™ at 373 K, which are well consistent with our results. In
addition, the anion substitution with bromine can improve the
ionic conductivity of Li,OHCI SSE; the corresponding activation
energies are 0.30, 0.41, and 0.46 eV (Liy(OH)y oBry;Cl < Li,-
OHBr, ;Cly o < Li,OHCI). Specifically, the Li-ion conductivity of
Li,(OH)(oBry1Cl is higher than that of Li,OHCl and Li,-
OHBr, 1Cly o, revealing that it is more effective to improve ionic
conductivity by substituting the OH group with the bromine
element. Besides, we assess the diffusion kinetics of Li ions for
two diffusion paths (Fig. S8a,T path1 and path2) by the climbing
image nudged-elastic-band method (CI-NEB). Also, the activa-
tion energy barriers along each path in the three structures
follow the order of Liy(OH)oBry,1Cl < Li,OHBr,,Clyo < Li,-
OHC], indicating the faster ionic migration in Li,(OH), ¢Br, 1Cl,
in agreement with our AIMD simulations.

To probe the ionic migration process, the mean square
displacements (MSDs) were extracted from the AIMD simula-
tions, as plotted in Fig. 3b-d. As reported in previous studies,™
there is a debate whether these AP materials are fast proton
conductors. Our AIMD results show that the MSDs of protons
nearly remain constant with time, and the MSDs are around 2
AZ, which is far less than the distance of the O-O pair (3.91 A)"
in these APs. Hence, the proton migration via the Grotthuss
mechanism® does not occur in both brominated APs consid-
ered in our work. Fig. 3e and f support this conclusion that the
protons only move around the oxygen atom while any long-
range migration is not found. The studies of Dawson et al.®
also suggest the rotation of OH groups in Li,OHCI, which has
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(a) The derived Arrhenius plots of the LiOHCL, Li,(OH)q9Bro1Cl, and Li,OHBrg1Clgs. (b—d) The mean square displacement (MSD) for

Li,OHCL, Li»(OH)g.9Brg 1Cl, and Li,OHBrq 1Clp g at 800 K, respectively. (e) and (f) The ion migration trajectories in Lio(OH)g oBrg 1Cl during the AIMD
simulations. The purple, green, red, and white represent the trajectories of lithium, chlorine, oxygen, and hydrogen, respectively.
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significant effects on the migration of lithium. Here, we note
that the Br substitution increases the MSDs of H atoms but does
not affect those of O atoms, which may indicate the enhanced
rotation of OH groups, which will be further discussed in the
following.

4. Discussion

To further understand how brominating the sublattice of Li,-
OHCI (Liy(OH)yBry,Cl and Li,OHBr,;Clyo) influences the
dynamics of lithium and OH groups, the AIMD results were
further analyzed, and the related analytical methods are dis-
cussed in the ESI.f To evaluate the Li ion mobility in Li,OHCI
and brominated APs, the times of Li ion hops at 800 K were
calculated as displayed in Fig. 4. Obviously, brominated APs
show more hopping times compared to Li,OHCI. As described
in Section S4,7 the individual and concurrent hops were coun-
ted to reveal the diffusion mechanisms. The 2-dimensional
schematics of the Li hops are shown in Fig. 4a, and the indi-
vidual hop represents a direct jump from a Li site to a vacant
site, and the concurrent hop represents concerted migration of
two Li atoms.

Though both hops have contributions to the Li ion diffusion
(Fig. 4b), the individual hops are the main jumping style for Li
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ions in the three APs. However, the substitutions of OH group or
chlorine element by bromine in Li,OHCI] enhance the total
number and the percentage of concurrent hops (Fig. 4c), and
the Liy(OH)yoBry1Cl exhibits the highest percentage of
concurrent events as well as the highest ionic conductivity in
the three APs. To shed light on the local diffusion bottleneck,
the interactions between Li and anions (Cl, O, and Br) were
analyzed based on the AIMD simulations. Ions-pair distances
were measured for reflecting this interaction, and the larger
distance facilitates the diffusion of Li ions. Fig. 4d-f display the
radial distribution function (RDF) versus ion-pair distance in
Li,OHCI, Li,(OH),¢Br,:Cl, and Li,OHBr,;Clyo, respectively.
The locations of the first peaks of Li-Cl and Li-O pairs remain
almost constant in these APs, with radial distances around 2.38
Aand 1.95 A, respectively. However for the Li-Br pair, the peaks
shift to the larger radial distance, demonstrating the weaker
Coulomb interaction between Li and Br compared to the Li-Cl
pair. In addition, previous studies have reported that local
structural distortion can effectively improve ionic conduc-
tivity.*® The large ionic size differences between anions (Br, Cl,
and OH, whose ionic radii are 196, 181, and 140 pm, respec-
tively)*” result in the local structural distortion in the bromi-
nated electrolytes, which may be responsible for the increasing
mobility of Li ions in Li,(OH)y¢Bry1Cl and Li,OHBr,1Clyo.

(a) () 000 (©)
® @ ®. ©
\ 100
Concurrent hop _ Li,oHCI
O O Q 15004 : 5 Li,(OH), ,Br, Cl
-
i = :
S o 2 °
@ Q ® 5 1000 £
Individual hop' Vul x
ndividual hop*, Vi H g
& O Z sl §
g
Li,OHCI Li,(OH), Br, Cl  Li,OHBr, Cl,, n=1 n=2
(d) (e ®
6 6
6 Li-Cl Li-Cl
Li-Cl Li-O Li-O
=4 Li-O o Li-Br <4 Li-Br
B = =
) =) a8
& & 4
24 24 2
0 T T T T T 0 T T T T 0 T T T T T
0 1 2 3 4 5 0 2 3 4 5 0 1 y 3 4 5
Radial distance (A) Radial distance (A) Radial distance (A)
® 3
Li,(OH), ,Br, ,Cl
5 7] C ) ;
2 ] LiyOHCI 8, Li,OHBr, Cl,,
2 a
g g
21 £
= A
0 T T T 0 T T T
0 200 400 600 800 0 200 400 600 800

Frequency (cm'l)

Frequency (cm'l)

Fig. 4 (a) The 2-dimensional schematics for describing the individual hop and the concurrent hop for Li ions (b) hopping number of Li in the
three Li,OHCl-based APs at 800 K during the last 70 ps. The light yellow and orange represent the individual and concurrent hops, respectively.
(c) The percentage of jump events withn =1 orn =2, see S5 in the ESI.+ (d—f) Radial distribution functions (RDF) for Li,OHCL, Li>(OH)q ¢Brg1Cl
and Li,OHBrg 1Clg g SSEs, respectively. (g) The phonon DOS for the three SSEs.
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Attributed to the smaller radius of the OH group than ClI, the
local distortion is more significant in Li,(OH), ¢Br, ;Cl than in
Li,OHBr, ;Cly . Moreover, the local diffusion channels of Li
nearby the Br atoms will be widened. The RDFs greatly explain
this result that the greater Li-Br radial distance in Li,(OH),.o-
Br,;Cl represents the greater local distortion and the weaker
bonding, compared to Li,OHBr, 1Clj o.

To improve ionic conductivity, great efforts recently have
been made on the lattice dynamics by softening the lattices.*® It
has been reported that the softer lattice usually facilitates Li
migration and leads to the low energy barriers of mobile ions
and high ionic conductivity. The average vibrational frequen-
cies for materials normally have been adopted to describe the
lattice dynamics.*” In this work, the phonon spectra were
calculated by a Fourier transform of the autocorrelation func-
tion based on the AIMD simulations at 800 K to reveal the
behaviors of lattice dynamics in the three APs, as shown in
Fig. 4g. Compared with Li,OHCI, the peaks of phonon DOS for
the brominated electrolytes shift to a lower frequency and the
calculated phonon band centers of Li,OHCI, Li,(OH), ¢Br, ;Cl
and Li,OHBr, ;Clyo are 350.6 cm ™', 287.82 cm ™%, and 319.95
cm ™, respectively, indicating the softening of the sublattice
with the introduction of bromine. In general, the Br anion helps
to form softer bonding and enhance the jump times, which also
contributes to the high ionic conductivity in brominated
Li,OHCL.

View Article Online
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As indicated in the Introduction, the significant connection
between the mobility of Li ions and the rotation of OH groups is
a critical factor for the fast ionic conductivity of the Li,OHCI-
based SSEs; the anion rotation also can be found in other
superionic conductors.*® This connection can be characterized
by the angular autocorrelation function (see S47), as shown in
Fig. 5a, which assesses the change of OH group rotation
mobility with the substitution of bromine. The superionic
Li,(OH).oBr, 1Cl exhibits faster anion rotation than the rela-
tively less diffusive systems, Li,OHCl and Li,OHBr,Cly,
which is well consistent with the change of ionic conductivity,
suggesting the strong correlation between the higher ionic
conductivity and the anion rotation mobility. Consistently, the
OH anions in Liy(OH)y¢Br,4Cl feature dispersive and disor-
dered rotation with changed angles 6 and @ (definition is dis-
played in Fig. S8f), demonstrating the soft reorientation
dynamics of OH anions. In addition, possible interactions
between OH groups and lithium diffusion were further studied
in Fig. 5b, which displays the vibrational spectrum (phonon
DOS) of OH groups in the three Li,OHCl-based SSEs, helping to
identify the specific vibrational modes in particular frequency
regimes. Combining the results of Fig. 4g, the significant
vibrational modes overlap in the low-frequency regime (corre-
sponding to the rotational modes of OH groups and Li ion
migration) is found, indicating the possible momentum trans-
fer between the dynamics of OH groups and the lithium
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Fig.5 To assess the mobility of anion rotation, the (a) angular autocorrelation function and (b) the OH group vibrational spectrum (phonon DOS)
of Li,OHCL, Li»(OH)g oBrg1Cl, and Li,OHBrg 1Clg o SSEs are calculated based on the AIMD simulations. (c) Schematic of the influences of lattice
softening and OH rotation on the activation energy of ionic diffusion, the phonon DOS displays the overlapped low-frequency dynamical modes

(soft modes) of Li>(OH)g oBrg 1CL.
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vibration precursor to hopping events (paddlewheel effect),
which accelerates the diffusive dynamics of Li ions.

The high ionic conductivity is intrinsically associated with
the distribution of energy landscape, and all of the facts dis-
cussed in the above contents can be considered as the main
factors to flatten the local energy landscape and decrease the
activation energy (E,). As illustrated in Fig. 5c, the lower elec-
tronegativity of Br vs. Cl results in the weaker bonding inter-
actions (coulombic force) between Br and diffusive lithium
ions, and the lattice softening facilitates the mobility of lithium
and the decreased activation energy. Notably, the coulombic
inductive effects have been reported in Li;oGe; ,Sn,P,S;,, in
which the stronger Ge*'-S>~ bonding leads to the weaker
coulombic interaction between Li* and S and higher ionic
conductivity.® In addition, the soft dynamical modes can
effectively fluctuate the energy landscape, which may assist the
ion diffusion.” For the Li,OHCl-based SSEs, the soft modes
stem from the rotation of OH groups (Fig. 5¢), which can alter
the local symmetry and improve the ionic diffusion. Specifically,
the Li,(OH), oBr ;Cl has the fastest rotational dynamics of OH
groups and shows the lowest activation energy, the possible
reason may be the lower concentration of OH groups compared
to the Li,OHBr, 1Clyo, which provides enough space for the
effective rotation of OH groups and strengthens the paddle-
wheel effect. Many previous studies®>** have reported a similar
connection between ionic diffusion and the soft rotation modes
in superionic conductors for enhancing ionic conductivity. For
example, in LigPOS4(SH) and Lig,5PSs.,5(BH4)o.75, the high
rotational degrees of freedom of SH™ and BH,- contribute to the
extremely high ionic conductivities at room temperature (o =
82 mS cm ' and 177 mS cm " for LigPOS,(SH) and Lis s
PSs »5(BHy)o.75, respectively).** However recent work indicates
that the weak interaction between Li and BH, contributes to the
high ionic conductivity of Liso1PS4.01(BH4)1.00.> Therefore,
further study should be conducted to confirm the structural or
dynamics features for the paddlewheel effect.

As illustrated in Fig. 5¢, the soft lattice and rotational modes
can be used to optimize the ionic conductivities of lithium
halide hydroxide SSEs, as well as to explore other similar SSEs.
For instance, lattice softening can be realized by reducing the
cation-anion interactions in ionic conductors (low electroneg-
ativity difference). Previous studies'’>**' have confirmed the
important role of halogen substitution in the cation-anion
interactions, while the periodic table limits the number of
available halogens. Therefore, superhalogens®*** (such as BH,-
and AlH,-) have been used to replace halogens (as argyrodite-
type SSE, Li,sPSsos(BHa)o7s) for avoiding the limitation
mentioned above, which may exhibit the lower electronegativity
compared to halogens and display weak cation-anion interac-
tions. Yet these interactions must be significant enough to
ensure the stability of conductors at ambition temperatures, for
which the balance between stability and low activation energies,
therefore, needs to be considered. It should be noted that
a softer lattice does not always guarantee a higher ionic
conductivity.*® For the soft rotational modes, the introduction
of anion clusters with rotational freedom is an effective strategy
to help Li diffusion. The suitable type and concentration of
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anion clusters should be modulated for the high rotational
degrees of freedom. Nevertheless, the occurred time scale of the
energy landscape fluctuated by rotational modes is a critical
factor for assisting the diffusion of cations. If the fluctuation
occurs too fast, the instantaneous perturbations are not likely to
drive the local diffusion of cations, which only see the mean-
field effect. If the fluctuation occurs too slow, the cations will
see an unchanged potential and this fluctuation cannot be
exploited to escape possible local-minimum traps for enhanced
diffusion of cations.”® Although substitution reactions can
effectively tune this time scale, the detailed methods for
controlling the time scale should be further studied. Moreover,
the too weak or too strong anion-cation interaction could make
the facile anion rotation ineffectively; we therefore indicate that
multiple factors determine the superionic feature of SSEs.

To further encourage the lithium hopping as well as the
paddlewheel effect, a novel protonated antiperovskite was
designed by substituting the Cl with BH, anions, which could
have weaker coulombic interaction with Li and spontaneous
rotation. As shown in Fig. S10a,} the structure is pseudocubic,
which exhibits low activation energy (0.29 eV) and high ionic
conductivity (2.1 mS cm™') at room temperature (Fig. S10bt).
The dispersive and disordered rotation of OH anions with
changed angles § and @ suggests high rotational freedom
(Fig. S10bt), which contributes to fast migration of Li ions. In
addition, the enhanced rotational dynamics of anions
(including the OH and BH, anions) compared to Liy(OH), o-
Br, ;Cl (Fig. S10b¥) and the overlapped vibrational modes in the
low-frequency regime (Fig. S11,} corresponding to the rota-
tional modes of OH, BH, anions and Li ions migration) imply
the strengthened paddlewheel effect. Hence, to enhance the
superionic performance, we suggest that multiple factors
should be considered simultaneously, such as the soft overall
lattice (e.g., with low coulombic force) and the soft rotation
modes (e.g., anion rotation modes correlated to Li migration),
which can be considered as a descriptor to design novel SSEs.
But what kind of solid electrolytes could be tuned through such
multiple factors in an effective way still needs further
investigation.

5. Conclusion

The phase and electrochemical stabilities, mechanical proper-
ties, and ionic diffusion for Li,OHCI-based solid-state electro-
Iytes (Li,OHCI, Li,(OH),.oBr, 1Cl, and Li,OHBr, ;Cly o) had been
comprehensively studied to explore the influences of bromina-
tion by density functional theory and AIMD simulations.
Specifically, the diffusion mechanisms were deeply analyzed
based on the ion diffusion trajectories of AIMD simulations.
The results suggest that it is easier to synthesize Li,OHCl-based
SSEs than LizOCI, since the former have smaller reaction
energies. Different from the metastable structures of Li;OCIl and
Li,OHCI, Li,(OH), 9Br,,Cl and Li,OHBr,,Cly o are stable with
the negative formation energies, which suggests that the pure
Li,(OH), oBr, 1Cl and Li,OHBr, 1Cl, o can be synthesized easily.
Furthermore, the introduction of bromine not only facilitates
the voltage tolerance of both electrolytes and shows wider
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electrochemical windows, but also decreases the values of
moduli so that the protonated and brominated Li;OCl can
tolerate the greater stress originating from the deformation of
electrodes and improve the cycling performance. Interestingly,
brominated Li,OHCI exhibit higher conductivities than Li,-
OHCI, and Li,(OH), ¢Br, ;Cl exhibits the highest conductivity.
The high ionic conductivities stem from the weaker bonding
interactions (the soft overall lattice dynamics) and the soft
rotation modes of OH groups. In addition, a novel protonated
antiperovskite was designed by substituting the Cl with BH,
anions and shows higher ionic conductivity compared to Li,(-
OH), oBr, ;Cl, which is attributed to the strengthened paddle-
wheel effect. This work highlights the correlations between
lattice dynamics and ionic conductivity, suggesting that it is
more effective for optimizing ionic conductivity by softening the
whole lattice as well as the rotation mode of anion groups. Such
multiple factors also can be used to screen or design other
classes of SSEs.
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