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Fast Room-Temperature Mg-lon Conduction in Clay-Like

Halide Glassy Electrolytes

Xiaochen Yang, Sunny Gupta, Yu Chen, Dogancan Sari, Han-Ming Hau, Zijian Cai,
Chaochao Dun, Miao Qi, Lu Ma, Yi Liu, Jeffrey J. Urban, and Gerbrand Ceder*

The discovery of mechanically soft solid-state materials with fast Mg-ion
conduction is crucial for the development of solid-state magnesium batteries.
In this paper, novel magnesium gallium halide compounds are reported that
achieve high ionic conductivity of 0.47 mS cm~' at room temperature. These
Mg-ion conductors obtained by ball milling Mg and Ga salts exhibit clay-like
mechanical properties, enabling intimate contact at the electrode—electrolyte
interface during battery cycling. With a combination of experimental and
computational analysis, this study identifies that the soft-clay formation is
induced by partial anion exchange during milling. This partial anion exchange
creates undercoordinated magnesium ions in a chlorine-rich environment,
yielding fast Mg-ion conduction. This work demonstrates the potential of
clay-like halide electrolytes for all-solid-state magnesium batteries, with
possible further extension to other multivalent battery systems.

1. Introduction

Over the last few decades, lithium-ion battery technology has ad-
vanced rapidly, resulting in diverse applications ranging from
portable devices to electric vehicles and storage for power grids.[]
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However, the limited and geographically
constrained lithium sources may make
it challenging to satisfy the ever-growing
global demand for energy-storage de-
vices, thereby motivating the search
for electrochemical energy storage with
other working ions.l**] Magnesium (Mg)
has been identified as a promising can-
didate because of its high theoretical
anode volumetric capacity (~3830 Ah
L~ vs 2046 Ah L7! for Li), rich natural
abundance, low reduction potential, and
lower tendency for dendrite formation.[*]

One key challenge for advancing Mg
battery technology is discovering Mg-
ion conductive and stable electrolytes
that can sustain the reversible plating
and stripping of Mg without forming an
ion-blocking solid electrolyte interface (SEI) on the anode
surface.>7! Developing solid-state Mg-ion conductors, which
possess better mechanical and thermal stability than conven-
tional liquid electrolytes,[®! may be an attractive solution to this
obstacle. However, achieving facile Mg-ion transport in solid-
state materials is generally challenging due to the high charge
density of the divalent Mg cation.[*!% While the past search
for solid-state Mg-ion conductors has identified several can-
didates in oxides,''12] borohydrides,['*** chalcogenides,!1¢1]
polymers,['#1°] and metal-organic frameworks,[?°! their perfor-
mance still cannot fully meet the requirements for the operation
of all-solid-state Mg batteries at ambient temperature.?!! For ex-
ample, the early reported phosphate-based Mg-Zr-PO, system!!?]
exhibits an ionic conductivity of 6.1x1073 S cm™! at elevated
temperature (800 °C), but the large activation energy (~0.8 eV)
has limited its application at ambient temperature. In borohy-
dride materials, introducing neutral ligands (such as NH,,[”]
NH,BH, ! or NH,CH,CH,NH,)!" to Mg(BH), has been
shown to be a general strategy to facilitate Mg-ion migration. The
room temperature (RT) ionic conductivity of borohydride materi-
als can reach up to 107> S cm™! with such ligand substitution,!??]
yet further conductivity enhancement is necessary for RT battery
operation. The spinel chalcogenide MgSc, Se, which was first re-
ported in 2017('7) and recently further confirmed,?*] has some of
the highest RT Mg-ion conductivity of 0.1 mS cm™!, but is ham-
pered by a high intrinsic electronic conductivity.

Good deformability is another essential prerequisite for the
practical application of solid-state conductors. Unlike in a liquid
cell where the electrode surface is fully immersed in the elec-
trolyte, maintaining an intimate electrode—electrolyte contact is
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challenging with a rigid solid electrolyte.?*] Specifically, the large
volume change of cathode materials over the electrochemical cy-
cling often results in poor solid-solid contact and high interfacial
resistance at the cathode/electrolyte interface, severely degrading
the battery performance.l?) Therefore, developing deformable
solid-state conductors that can retain sufficient contact with elec-
trodes throughout the charge-discharge cycles under minimal
pressure would greatly benefit the fabrication of all-solid-state
batteries.

In recent years, lithium halide materials (especially chlo-
rides) have resurged as promising candidates for solid-state elec-
trolytes, due to their favorable high RT lithium-ion conductiv-
ity, great electrochemical oxidation stability, and excellent me-
chanical deformability.l228] Beyond crystalline ternary halides,
recent reports also highlight amorphous halide materials exhibit-
ing high RT ionic conductivities.??-31 In 2021, Jung et al. re-
ported a new class of pliable solid electrolytes!®! xLiCl-GaF,
(2 < x <4) with both soft mechanical properties and high RT
Li-ion conductivity of 3.6 mS cm~!. Xu et al. further enhanced
the RT Li-ion conductivity to 16 mS cm™! by adding AlF; to
form a deep eutectic system.[3?] The high ionic conductivity
and unique mechanical properties of these pliable solid elec-
trolytes motivated us to investigate their potential for Mg-ion
conduction.

In this work, we report on the discovery of clay-like Mg-ion
solid electrolytes prepared mechanochemically from two rigid
salts xMgCl,—GaF;. Clay formation was observed for 0.75 < x
< 1.25. The optimized 1MgCl,-GaF, sample exhibits RT ionic
conductivity of 0.47 mS cm™!. We further confirm the viability
of this system as an electrolyte by reversibly cycling an all-solid-
state symmetric cell using Mg Mo, S, electrodes without addi-
tional interfacial engineering. By combining spectroscopic char-
acterization and molecular dynamics (MD) simulations with a
machine learning-based interatomic potential energy model, we
identify that partial anion exchange between the precursors leads
to the formation of GaCl;-like domains within the amorphous
structure, which is responsible for the soft mechanical proper-
ties. Simulations also reveal that the partial anion exchange reac-
tion that occurs during ball milling creates Mg-ions with hetero-
geneous coordination environments. The Mg-ions with a lower
average coordination number and a chlorine-rich environment
exhibit high mobility, which accounts for the fast Mg-ion con-
duction in the clay-like electrolytes. We find that, in addition to
Mg?*, the Cl~ anions also exhibit high mobility in analogy with
liquid electrolytes. This work presents a systematic investigation
of the clay-like xMgCl,-GaF, materials that exhibit both high RT
ionic conductivity and soft mechanical properties, which can fa-
cilitate the realization of Mg-based all-solid-state batteries in an
ambient environment.

2. Results

2.1. Morphology and Structure of xMgCl,-GaF, Materials

To prepare a series of xMgCl,—~GaF, materials, MgCl, and GaF,
precursors were ball-milled at varying molar ratios (0.5 < x < 1.5).
A ball milling rate of 450 rpm and a duration of 24 h were se-
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lected to facilitate the clay formation and optimize the ionic con-
ductivity. The detailed results are presented in Figure S1 and
Table S1 (Supporting Information). Products with clay-like me-
chanical properties formed when x is in the range of 0.75-1.25,
whereas both the x = 0.5 and x = 1.5 samples remained powder-
like after the mechanochemical reaction. To demonstrate the
mechanical softness of the clay-like samples, we kneaded the
as-synthesized 1MgCl,—GaF; material into shapes of different
Greek letters. As shown in Figure 1a, the materials could be
readily rolled and bent into the designed shapes without crack-
ing. A low glass-transition temperature (~x—62 °C) was observed
in the differential scanning calorimetry (DSC) measurement
for the clay-like 1MgCl,—GaF; sample (Figure S2, Supporting
Information).

The scanning electron microscopy (SEM) image of the clay-
like 1MgCl,—-GaF,; sample (Figure 1b) shows a highly dense
morphology with no discernible particle boundaries. In con-
trast, the 0.5MgCl,-1GaF; and 1.5MgCl,—1GaF; powder-state
samples appear as inhomogeneously agglomerated particles in
the SEM images, with particle size ranging from 2 to 20 um
(Figure 1c¢,d).

Our lab X-ray diffraction (XRD) analysis with a Cu Ka source
revealed a primarily amorphous structure for all the xMgCl,—
GaF; (x = 0.5, 1 and 1.5) compositions (Figure S3, Support-
ing Information). The absence of sharp Bragg peaks in the lab
XRD patterns indicates that only poorly (if any) crystalline phases
are present in the xMgCl,—-GaF, samples. To further investigate
whether phases with low crystallinity exist within the amorphous
matrix, we performed synchrotron XRD analysis (4 = 0.6199 A)
on the three compositions. The synchrotron XRD patterns of all
three samples (Figure 1e) show the peaks corresponding to MgF,,
which indicates that at least some anion exchange occurred dur-
ing the mechanochemical synthesis. Additional peaks from GaF,
can be observed in the XRD patterns of the x = 0.5 and 1 sam-
ples, which may be attributed to unreacted precursors. Upon in-
creasing x, the broad peaks corresponding to MgF, gradually
grow in intensity, indicating that more MgF, with better crys-
tallinity is formed. This observation conforms to the thermody-
namically favorable reaction between MgCl, and GaF, identified
from the Materials Project,[**l where the anion exchange reaction
1.5MgCl, + GaF; — 1.5MgF, + GaCl, is calculated to have a neg-
ative reaction energy of —0.187 eV atom™!. We note that no peaks
of GaCl; can be observed in any of the XRD patterns, which may
reflect its poor crystallinity after ball milling. To confirm that the
crystallinity of GaCl, is sensitive to milling, MgF, and GaCl, pow-
ders were planetary-milled in a molar ratio of 1.5:1 and charac-
terized with synchrotron XRD. The XRD pattern (Figure S4, Sup-
porting Information) of the milled 1.5MgF,—-GaCl; show sharp
peaks corresponding to MgF, with no peaks corresponding to
GaCl,, indicating that the latter’s crystallinity cannot be retained
during ball milling. Interestingly, we also observe that the ball-
milled 1.5MgF,—-GaCl; sample remained in a powder state with-
out any clay-like feature even with the extended ball milling dura-
tion of 48 h, and the resulting lab XRD shows the peaks of MgF,
(Figure S5, Supporting Information). This observation indicates
that a complete anion exchange system does not lead to clay for-
mation upon ball milling, consistent with the findings for the
Li-equivalent of this system.[>*]
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Figure 1. a) Photographs of clay-like TMgCl,—GaF; electrolyte kneaded into various shapes; SEM image of b) IMgCl,—GaF; sample c) 0.5MgCl,—GaF;
sample; d) 1.5MgCl,—GaF; sample (scale bar: 20 pm); e) XRD patterns of xMgCl,—GaF; sample with x = 0.5, 1 and 1.5. The Bragg positions of MgF,

are labeled by vertical tick marks.

2.2. Electrochemical Characterization of the Clay-Like Mg-lon
Solid Electrolytes

The Mg-ion conductivity of the xMgCl,—GaF; samples was mea-
sured using electrochemical impedance spectroscopy (EIS). The
clay-like samples were rolled into films with a thickness of 0.5
0.8 mm and punched into 5.5-mm-diameter pellets. These pel-
lets were sandwiched between two platinum foils for EIS mea-
surements. The samples with powder morphology were uniax-
ially compressed into pellets under pressure of 300 MPa with
two stainless steel rods as blocking electrodes. The measured
Nyquist plots at room temperature (RT, 25 °C) are shown in
Figure 2a for clay samples and Figure 2b for powder samples.
The measured RT ionic conductivities of different compositions
are compared in Figure 2c. The clay samples (x = 0.75, 1, 1.25)
exhibit RT ionic conductivity that is approximately three orders
of magnitude higher than that of the x = 0.5 and x = 1.5 pow-
der samples. The highest ionic conductivity of 0.47 mS cm™" at
RT was achieved for the composition of 1MgCl,—-GaF,. Figure 2d
presents the Nyquist plots of the 1MgCl,—GaF, electrolyte in the
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temperature range of 5 — 45 °C. The high-frequency semicircle
and low-frequency linear tail in the Nyquist plot measured with
the ion-blocking electrode configuration indicate that the ionic
transport is much larger than electronic transport.* This con-
clusion is further confirmed by a d.c. polarization test, which in-
dicates an RT electronic conductivity of 4.01x1078 S cm™ (Figure
S6, Supporting Information). Fitting conductivities with an Ar-
rhenius relation to the T-dependence of the Mg-ion conduction
in 1MgCl,—GaF, gives an activation energy of 406 meV (Figure
S7, Supporting Information).

When testing a symmetric Mg | 1IMgCL—GaF; | Mg cell, the
impedance increased continuously (as shown in Figure S8, Sup-
porting Information) and the cell failed after 60 h. For this reason,
we constructed a symmetric cell consisting of Mo,S, | 1MgCl,—
GaF; | Mg,Mo,S; (schematically shown in the inset of Figure 2e)
to validate that the 1MgCl,—GaF; material can function as a
solid-state electrolyte. The Chevrel phase Mo, Sg cathode was pre-
pared according to a previous report,1**) and the XRD pattern
of the synthesized sample matched the R3 Mo,S, entry in the
ICSD database (Figure S9, Supporting Information). To make
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Figure 2. a) Nyquist plots of clay-like samples (x=0.75, 1 and 1.25) from EIS measurement at RT; b) Nyquist plots of powder-like samples (x=0.5 and
1.5) from EIS measurement at RT; ) RT ionic conductivities for all xMgCl,—GaF; samples; d) Nyquist plots of TMgCl,—GaF; in the temperature range
from 5 to 45 °C; e) Voltage profiles (voltage vs time) of MogSg | TMgCl,—GaF; | Mg,MogSg symmetric cell. The inset Figure shows the enlarged voltage

profile of the 5th cycle with the x-axis transformed from time to capacity.

the Mg, Mo, S, film that functions as an anode for the symmet-
ric cell, the Chevrel phase cathode film was first discharged to
—1.5 V versus an activated carbon anode in a liquid cell. The volt-
age profile of the liquid cell (Figure S10, Supporting Information)
shows a 2nd cycle discharge capacity of ~60 mAh g~!. After the
2nd discharge cycle, the Mg, Mo, S, film was disassembled from
the liquid cell, and the residual liquid electrolyte was removed
by rinsing and drying. To confirm successful Mg intercalation,
SEM energy dispersive X-ray spectroscopy (EDS) analysis was
performed on the discharged Mo, S film. The ex-situ SEM—EDS
result (Table 1) indicates a Mg atomic concentration of #10% in
the Mg, Mo, S, film (x~1.5), which is consistent with the capacity
measured from cycling.

Adv. Energy Mater. 2024, 2400163 2400163 (4 of 13)

Table 1. Elemental Compositions of the MogSg film collected after the 2nd
discharge cycle measured by SEM-EDS Analysis.

Atomic percentages (%) Mg Mo S

Point 1 12.63 52.14 35.23
Point 2 9.44 51.71 38.85
Point 3 10.42 54.16 35.42

A symmetric Mo,Sg | 1MgCl,-GaF; | Mg ,Mo,S; electrode
stack was sealed in a Swagelok-type cell to avoid air exposure.
The Nyquist plot of the symmetric cell (Figure S11, Supporting

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 3. a) XPS Ga 2p spectra for xMgCl,—1GaF; samples (x = 0.5, 1 and 1.5) with GaF; and GaCl; (dotted line) shown as references; b) Gallium K-
edge EXAFS spectra of xMgCl,—1GaF; samples with GaF; and GaCl; (dotted line) shown as references; SEM EDS elemental maps of c) TMgCl,—1GaF;

clay-like sample and d) 1.5MgCl,—1GaF; powder-like sample.

Information) is fitted with a circuit consisting of two parallel
constant phase element (CPE)/ resistors in series with a Wal-
burg element, revealing a small electrode—electrolyte interfacial
impedance of 59 Q (the bulk impedance is 589 Q). The voltage
profile when cycling the symmetric cell at a current density of
5mA g~! and a capacity of 72.5 mAh g~! is shown in Figure 2e. A
voltage plateau at ~#+0.15 V is consistently observed during each
charge/discharge cycle. The inset of Figure 2e, which presents
the enlarged voltage profile (x-axis transformed from time to
capacity) of the 5th cycle, shows a capacity of ~55 mAh g! for
the voltage plateau at +0.15 V. In addition, a second plateau is
observed at +1.1 V, which contributes ~15 mAh g™ to the total
capacity. Previous experiments have identified that the inter-
calation of Mg-ion into the Mo,S, lattice involves a sequential
occupation of inner and outer sites.’”] The plateau at +0.15 V
with a capacity of 55 mAh g~! in our cell corresponds to Mg-ion
intercalation into the six outer ring sites of the Mo, S, structure
(with a theoretical capacity of 64 mAh g=').*®¥! The additional
plateau at +1.1 V may be attributed to Mg-ion insertion into the
six inner ring sites. The Mg-ion diffusivity for the latter process
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has been reported to be low due to the ordering of Mg?* and
vacancies at low Mg concentration.**) Notably, no external stack
pressure was applied during the battery cycling process.

2.3. Microscopic Mechanism for Soft-Clay Formation

To explore the microscopic mechanism behind the clay formation
in the xMgCl,—-GaF, system, we combined experimental spec-
troscopy and computational modeling. Three samples with vary-
ing compositions, namely x = 1(clay-like sample), x = 0.5, and x
= 1.5 (powder-like samples) were characterized with X-ray photo-
electron spectroscopy (XPS) and extended X-ray absorption fine
structure (EXAFS). Figure 3a shows the Ga 2p XPS spectra of the
three samples with GaCl, and GaF, as references. As the MgCl,
content, x, is increased, the Ga 2p,;, and 2p,, peaks shift to-
ward lower binding energy. For the x = 0.5 sample, the Ga 2p
peaks are close to those of pristine GaF,, whereas those of the x
= 1.5 sample overlap with the GaCl, peaks. Figure 3b presents the
Ik weighted Ga K-edge EXAFS spectra of xMgCl,—GaF, samples

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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along with those of pristine GaF, and GaCl, as references, which
provides bulk bonding information in contrast to XPS which is
surface-sensitive. The first Fourier-transformed EXAFS peak of
the x = 0.5 sample has a similar radial distance to that of GaF;.
Upon increasing x to 1, the first peak broadens and shifts to a
larger radial distance, in between that of pristine GaF, and GaCl,.
As for the x = 1.5 sample, the first peak in the EXAFS spectrum
overlaps with that of GaCl,. The EXAFS spectra (Figure 3b) indi-
cate that in the x = 0.5 sample the nearest neighboring atoms of
Ga are primarily fluorine, whereas in the x = 1 sample, the Ga
atoms are bonded to both fluorine and chlorine. In the x = 1.5
sample, the Ga atoms have a GaCl,-like local bonding environ-
ment. The XPS and EXAFS spectra suggest that the precursor
GaF,; undergoes an anion exchange reaction to replace some F
with Cl anions during the mechanochemical synthesis. With a
higher mixing ratio x, a higher degree of anion exchange occurs,
leading to a more GaCl;-like environment. The x = 0.5 sample ex-
hibits only a minor amount of anion exchange with a dominant
Ga-F environment remaining. The x = 1.5 sample exhibits a rela-
tively complete anion exchange leading to mostly Ga-Cl environ-
ments. Both these compositions remained in a powder-like state.
In contrast, only the x = 1 composition shows clay-like properties
and has a mixed bonding environment with both F and Cl atoms
coordinating the Ga cation. This suggests that partial anion ex-
change may be the chemical feature that contributes to the clay
formation.

To further understand the connection between the extent of
anion exchange and clay formation, EDS analysis was performed
on the ¥ = 1 and x = 1.5 samples. The EDS mapping of the x=1
sample in Figure 3c reveals a uniform elemental distribution. Ad-
ditionally, EDS point detection data on various locations reveals
that the molar ratio of Mg/Ga is approximately equal to 1 (Figure
S12, Supporting Information) throughout the surface, which is
consistent with the mixing precursor ratio (x = 1). In contrast,
the EDS mapping for the x = 1.5 sample (Figure 3d), shows a
heterogeneous elemental distribution with the Mg and F con-
centrated into large particles. EDS analysis on these 20 — 50 um
spherical particles gives an average molar ratio of 5 for Mg/Ga
and 0.5 for Mg/F (Figure S13a, Supporting Information). This in-
dicates that these particles have a MgF,-dominant composition.
Additionally, EDS analysis on the SEM image with higher mag-
nification (Figure S13b, Supporting Information) shows stripe-
shaped small particles consisting of only Ga and Cl. The presence
of GaCl, particles from the EDS mapping agrees with the EXAFS
and XPS analysis and further confirms that the Ga bonding en-
vironment in the x = 1.5 sample is identical to that of GaCl;. The
heterogeneous elemental distribution, along with the presence
of distinct MgF, and GaCl, particles in the x = 1.5 sample, indi-
cates that complete anion exchange and phase segregation into
the nearly pure halides has occurred. The clay-like x = 1 sample,
on the other hand, underwent only partial anion exchange and
has a uniform elemental distribution. This distinction suggests
that the lack of clay-like properties in the x = 1.5 sample is due
to the completion of the anion exchange reaction and resulting
phase segregation. This finding agrees with our observations that
mechanochemically mixing the end products (MgF, and GaCl,)
of the anion exchange reaction failed to yield a clay-like product.
Thus, partial anion exchange, which is only observed in the x =
1 sample, is crucial to achieve clay-like mechanical properties.
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Table 2. A comparison of properties of different structures in Figure S16
(Supporting Information) by trained DeePMD model and DFT (AIMD) cal-
culations.

structure Property DFT DP-MD (LAMMPS)
(a) Mg-ion conductivity-T=700K  26.4 mS cm™' 27.6 mScm™!
(a) Mg-ion conductivity-T=800K ~ 49.7 mS cm™! 50.6 mS cm™!
(b) Mg-ion conductivity-T=750K  185.2 mS cm™! 189.5 mS cm™!
(c) Mg-ion conductivity-T=900K ~ 215.5 mS cm™! 219.7 mS cm™!
(a) Bulk Modulus 16.6 GPa 15.9 GPa

(b) Bulk Modulus 13.1 GPa 12.6 GPa

To further validate that partial anion exchange is responsi-
ble for the soft mechanical behavior in Mg-based clay-like elec-
trolytes, computational analysis was performed using molecu-
lar dynamics (MD) simulations with a deep learning-based inter-
atomic potential energy (DeepPE) model. Exploring mechanical
behavior and ionic transport in large amorphous structures is in-
tractable with DFT, hence, we use the trained PE model to study
these properties. The DeepPE model was trained for the Ga—F—
Mg-Cl chemical system using DeepMD.!*) The training was per-
formed using the atomic forces and energies of ab initio molec-
ular dynamics (AIMD) trajectories of 10 stable crystalline phases
in the Ga—F-Mg-Cl quaternary chemical space, and 3 slab-like
structures of MgCl,|GaF; (“|” denotes an interface). The details
used for training the interatomic potential energy model are pro-
vided in Figure S14 (Supporting Information). The trajectories
were obtained by melting and quenching each structure using
AIMD simulations (a detailed description of DeepMD training is
described in the Experimental Section). Our trained model was
validated on a subset of training structures, and the RMSE errors
in energy and forces were <1 meV atom~' and <80 meV A~" af-
ter training (Figure S15, Supporting Information). The accuracy
of the trained PE model was tested on the atomic forces and en-
ergies of several additional structural configurations (Figure S16,
Supporting Information) that were not included in the training
and validation set. Good agreement was obtained between the
atomic forces and energies predicted by the trained PE model and
density functional theory (DFT) (Figure S16, Supporting Infor-
mation). Additionally, the performance of the trained PE model
was benchmarked by calculating the bulk modulus and Mg-ion
conductivity in 3 slab-like structures of MgCl,|GaF; (Figure S16,
Supporting Information). Table 2 presents a comparison of val-
ues obtained from the trained PE model and the DFT calcula-
tions.

Our experimental analysis indicates that the partial anion ex-
change that occurs during the ball milling of MgCl, and GaF,
may be essential for clay formation, whereas complete anion
exchange leads to phase separation without pliability. To emu-
late the conditions by which MgCl, and GaF; particles react in
ball milling in our simulations, we use a previously**! devel-
oped procedure to create a representative amorphous structure
containing domains of the constituent particles. The same pro-
cedure is adopted here and described in more detail in Experi-
mental Section. First, a supercell containing ~12 000 atoms with
a MgCl,:GaF; molar ratio of 1:1 was created (Figure S17, Sup-
porting Information), which contains multiple particles of MgCl,
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Figure 4. a) Amorphous Ga-F-Mg—Cl structure, containing domains of MgCl,, GaF;, and GaCls-like molecules formed during the high temperature
MD simulations; b) Element-wise radial pair distribution function g(r) plotted at t = 1 ps and ¢t = 50 ps of the MD simulation at T =900 K; c) Applied

external shear stress Oy

accumulated shear strain y,,, and total potential energy change AE of the amorphous structure as a function of time in the

MD simulation at T = 300 K. The external shear stress ranged from 10 to 50 MPa. The accumulated shear strain after three cycles is non-negligible (r,,

# 0), signifying permanent deformation.

and GaF; in contact with each other. The cell was relaxed in
LAMMPS!*! using the trained deep-learning based PE model at
T = 0 K to densify the system. This relaxed cell was subjected
to a high-temperature classical MD simulation (hereafter, unless
specified, all the MD simulations were performed with LAMMPS
using the trained DeepPE model) under the NVT ensemble for ¢
=50 ps at T =900 K to allow for some mixing of the atoms. An
atomic configuration at t = 50 ps was selected and this configu-
ration was relaxed in LAMMPS at T = 0 K to a local energy mini-
mum. This procedure is similar to the commonly used melt and
quench techniques***] used to create amorphous structures.
The relaxed structure was further equilibrated in an MD simu-
lation under the NPT ensemble for a duration of 2 ns at T = 300
K and zero external stress, until there was no further change in
density, lattice constant, angles, or total potential energy. The re-
sulting amorphous structure is shown in Figure 4a and exhibits
chemical heterogeneity with domains of unreacted MgCl, and
GaF;, as well as the formation of GaCl;-like units, which are
molecular complexes that have a fourfold Ga—Cl tetrahedral coor-
dination similar to that in bulk GaCl;. The observation of GaCl;-
like domains is consistent with the experimental XPS and EX-
AFS results (Figure 3a,b). Figure 4b displays the element-wise
radial pair distribution function g(r) before and after the high-
temperature (T = 900 K) MD simulation of t = 50 ps. The Ga-F
and Mg—Cl peaks decrease, while the Ga—Cl and Mg-F peaks in-
crease, indicating that anion exchange occurs when the two salts
are mixed. This anion exchange is consistent with our experi-
mental spectroscopic observations. The specific volume of the
structure was computed at different temperatures, and a glass-
like transition was observed at T, ~—53 °C (Figure 518, Support-
ing Information), in good agreement with the experimental mea-
surement of T, ~—62 °C (Figure S2, Supporting Information).
To assess whether the amorphous structure (Figure 4a) is me-
chanically soft as seen in experiments, a stress-controlled MD
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simulation was conducted within an NPT ensemble at T = 300
K. The system was subjected to an external shear stress by set-
ting the xy-component (o) of the stress to either 10 or 50 MPa,
while maintaining all other external stress components at zero.
This shear stress was applied for a duration of 400 ps, followed
by a release phase of 400 ps, and this stress pulse was repeated
three times. Figure 4c illustrates the resulting shear strain (y,,)
and the total potential energy (AE) of the system. Notably, af-
ter undergoing three loading cycles, the cumulative shear strain
was non-negligible, indicating permanent deformation and plas-
tic behavior within the structure, even at the relatively low o, of
10 MPa. This finding demonstrates that the amorphous structure
is mechanically soft, akin to experimental observations. In our
prior work on pliable Li electrolytes,®*! the formation of GaCl,
-like units during the anion exchange reaction was linked to the
soft mechanical response of the material. GaCl, is a molecular
solid (MS), and its inherent softness enables it to act as sites for
shear transformation zones and becomes activated at low stress,
which leads to soft plastic deformation. In Mg-based clay-like
electrolytes, the formation of GaCl,-like molecular solid units is
seen in both experiments and simulations. This indicates that
the soft plasticity in the Mg-based pliable electrolytes could arise
from the formation of MS-like units during the anion exchange
reaction, a similar mechanism as that in Li-based pliable elec-
trolytes.

2.4. Computational Simulation of lonic Transport in Clay-Like
Mg-lon Electrolytes

To study the ion diffusion in the simulated amorphous structure
(Figure 4a), we performed a MD simulation in the NVT ensem-
ble at T'= 300 K for t = 25 ns. The displacement of all the atoms
during the NVT-MD simulation was tracked to analyze the ionic
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Figure 5. a) MSD for different ions at time t in amorphous 1MgCl,—GaF; system; b) Histogram plot showing the distribution of the total displacement
at At = 25 ns made by Mg ions, where the histogram bin height h; is normalized to show a probability density function (pdf) and the bin width w is 0.05
A. The bin height is normalized as h; = ¢;/(Nxw), where N is the total number of Mg ions and ¢, is the number of Mg ions in the it" displacement bin.
The product of bin height and width h;xw denotes the probability that the Mg ions have that specific displacement. The slow moving Mg, ions with
total displacement <10% of maximum and fast moving Mg, ions with total displacement >90% of maximum are highlighted by black and red shaded
regions, respectively; c) Averaged Mg-X coordination number of fast- and slow-moving Mg ions; d) Element-wise radial pair distribution function g(r)
for fast- and slow-moving Mg ions; ) g(r) for fast- and slow-moving Cl ions f) lonic conductivity of self and distinct contributions from Mg and Cl ions;
g) Schematic demonstration of correlated diffusion between Mg—Mg ions, CI-Cl ions and Mg—Cl ions.

transport properties. Figure 5a shows the mean squared displace-
ment (MSD) for the different ions as a function of time t (see
Experimental Section for details of the calculation). The MSD in-
creases linearly with time, indicating that a diffusive regime was
attained in the simulations. Extracting the self-diffusion coeffi-
cient of species, D?, from the slope of the time dependence of

the MSD (Equation 1 in Experimental Section), we find D~
1.7x107% cm? s7!, which corresponds to an ionic conductivity ~
0.31 mS cm™! at T= 300 K. Interestingly, the Cl ions also display
high mobility with DY »~ 2.1x10™ cm? s~'. The ionic conduc-
tivity contributed by self-diffusion of individual ions is shown in
Table S3 (Supporting Information). To discern any correlation be-
tween the fast diffusivity of Mg and Cl ions and their local chem-
istry, we divided the Mg and Cl ions into fast- and slow-moving
species depending on their total displacement after t = 25 ns.
Figure 5b shows the distribution of the total displacement of Mg
ions. Hereafter, fast- and slow-moving Mg and Cl ions refer to the
respective atoms with total displacements D >90% of the max-
imum value and D <10% of the maximum value, respectively.
The ratio of the total displacement and mean squared displace-
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ment for fast- and slow-moving Mg ions after t = 25 ns is =16
and ~236, respectively. To investigate the difference in the chem-
ical environment for fast- and slow- moving Mg ions, we tracked
their Mg-X (X =F, Cl) coordination number (CNy, x) with time,
where CNy,, y was averaged over all the fast/slow Mg species at
each time step. The averaged CNy,, y for fast-moving Mgy, and
slow-moving Mg, is plotted in Figure 5c. The time-averaged
first anion shell CN of fast-moving Mg, ions is &5, whereas it
is &6 for slow-moving Mg, ions. In comparison, the anion co-
ordination number for Mg in bulk MgCl, and MgF, is 6. This re-
sult indicates that the fast-moving Mg-ions have an undercoordi-
nated chemical environment, whereas the CN of the slow-moving
Mg-ions is similar to that in bulk MgF, and MgCl,. The time av-
eraged pair distribution function g(r) for fast- and slow-moving
Mg ions is plotted in Figure 5d. For fast-moving Mg ions, the
Mg—Cl peak is higher than the Mg—F peak, while the opposite in
the case for the slow-moving Mg ions. To understand if the fast-
moving Mg and fast-moving Cl ions are neighbors, we plotted
the time averaged hetero-element pair-wise g(r) for Mg, — Clg,,
and Mg, — Cl,,, in Figure 5e. The g(r) peak for Mg, — Cl;,,

slow
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is much higher than that for Mg, — Cly.., which indicates that
the fast-moving Mg ions are coordinated more with fast-moving
Cl ions than with slow-moving Cl ions. To verify that the partial
anion exchange is critical to promote fast Mg-ion transport, we
simulated the polycrystalline system consisting of pure MgCl,
units (a detailed description is described in the Experimental Sec-
tion; Figure S20, Supporting Information). The polycrystalline
MgCl, structure showed a lower ionic conductivity with an upper
bound of 0.05 mS cm™ (Figure S20c, Supporting Information),
but detailed analysis (Figure S21, Supporting Information) shows
that this conductivity almost exclusively occurs at the boundaries.
Hence, the bulk conductivity of MgCl, is expected to be very low.
In contrast, the amorphous 1MgCl,-GaF; structure exhibits a
higher conductivity of 0.31 mS cm™!, and the mobile Mg-ions
are not limited to the particle boundaries (Figure S22, Support-
ing Information).

The behavior of mobile cations and anions in the 1MgCl,—
GaF; amorphous structure resembles features seen in liquid
electrolytes, such as molten salts, ionic liquids, and electrolyte
solutions,!**8] where the ions dissociate, and both cations and
anions become mobile. Correlation in the motion of Mg and Cl
ions is commonly observed in liquid electrolytes.[***8] To evalu-
ate possible correlation between the Mg and Cl-ions in our clay
material, we use the Einstein relation Equation 2, where o,
includes contributions from all ions, including correlation be-
tween their motion (see Experimental Section for the details of
the calculation). To quantify the contribution of correlated mo-
tion to ionic conductivity, the total conductivity o, in Equation 2
can be partitioned into two components: the diagonal compo-
nents (referred to as the “self” part o), where i = j, which repre-
sents the diffusion of individual ions, and the off-diagonal com-
ponents (referred to as the “distinct” part o), where i # j, aris-
ing from correlations between the motions of different ions. The
off-diagonal terms include both cross-correlations between ions
of the same type and cross-correlations between ions of differ-
ent types. Figure 5f shows the self and distinct contributions to
the ionic conductivity of Mg and C. The signs of 6%, 6%, and
0%\ are positive and their magnitude are greater than those
of 6%y, and o°(;. The large value of 6%y, 6%, and 6%, ¢ im-
plies that strong correlation exists in the migration of all ions.
The positive sign of 6%y, 0%, and 6%,  implies that different
ions move in a correlated manner, i.e., different Mg ions move in
correlated manner, as well as different Cl-Cl ions, and Mg-Cl ions
(Figure 5g). The positive sign of 6., and o9, increases the to-
tal conductivity, as different Mg ions move together. The positive
sign of adngcl_ however, decreases the total conductivity, as it in-
dicates that the Mg and Cl ions move with positive correlation,
thereby reducing the effective charge being transported. Such
correlated motion of cations and anions has also been seen in lig-
uid electrolytes!*~*8] and asserts that the ionic transport in amor-
phous 1MgCl,—GaF, has features that are analogous to those in
liquid electrolytes.

3. Discussion

Achieving both high ionic conductivity and mechanical deforma-
bility is important for enabling practical application of solid elec-
trolytes into all-solid-state batteries. In this work, we demonstrate
that these two desirable properties can be simultaneously satis-
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fied in a magnesium gallium halide solid in which partial an-
ion exchange has occurred. Specifically, we synthesized a group
of clay-like materials from xMgCl,-GaF; (0.75< x <1.25) pre-
cursors by high-energy ball milling. The optimized composi-
tion exhibits an RT ionic conductivity of 0.47 mS cm™! and is
mechanically soft. This ionic conductivity is among the highest
measured for inorganic solid-state Mg-ion conductors at room
temperature.['>14495% The good compressibility and high ion
mobility of this material enable the reversible cycling of a solid-
state symmetric cell using Mg Mo, S, electrodes without external
stack pressure. Our combined experimental characterization and
computational modeling strongly suggests that partial anion ex-
change is the key to both clay formation and the resulting fast
ion transport. However, 1MgCl,-GaF, material was found to have
poor interfacial stability with Mg metal. We computationally es-
timate the electrochemical stability window of 1MgCl,-GaF, by
using a grand potential phase diagram open to Mg. The calcula-
tion indicated that 1MgCl,-GaF; is stable from 1.9 to 3.9 V versus
Mg/Mg?*, which implies that this material is more suitable as a
catholyte.

The high-energy ball milling promotes the forward reaction
1.5MgCl, + GaF; — 1.5MgF, + GaCl;, which indeed has a neg-
ative AH as identified from the Materials Project (Figure S23,
Supporting Information). We find that the mixing ratio x of these
two precursors greatly impacts the level of anion exchange, which
in turn correlates with the mechanical properties of the product.
When x is significantly under the stoichiometric value (e.g., x =
0.5), the sample remains in the powder state after ball milling
because of a relatively low level of anion exchange, as evidenced
by the very weak signals of MgF, in the synchrotron XRD pattern
and the F-dominant environment of Ga atoms as found from XPS
and EXAFS analysis. As the mixing ratio x increases, a higher
MgF, peak intensity is observed in the XRD, and the anion envi-
ronment of Ga becomes richer in Cl as evidenced by the XPS and
EXAFS data for the x= 1 and x = 1.5 samples. At x = 1.5, however,
the sample undergoes complete anion exchange and segregates
into MgF,-rich and GaCl; phases, correlating with a lack of me-
chanical softness. When x is in the range 0.75< x <1.25, partial
anion exchange occurs during ball mill and the samples exhibit
clay-like properties. The formation of GaCl,-like domains within
the amorphous matrix is observed both in X-ray spectroscopy and
MD simulations. As revealed in previous computational work, 3]
the GaCl;-like units can be activated at low stress to form shear
transformation zones, leading to soft-plastic deformation.

The importance of the mixing ratio of the precursors for soft-
clay formation has also been observed in the analogous lithium
system. Mixing a xLiCl-GaF, sample!®! with x = 1 results in a
powder-like state, while samples with 2< x <4 samples form a
clay-like state. For the 2LiCl-GaF, sample, partial anion exchange
was confirmed with 7!Ga NMR, consistent with our observations
for 1IMgCl,-GaF, sample. The consistent observation of partial
anion exchange in both lithium and magnesium pliable elec-
trolytes indicates that this principle can potentially be exploited to
discover novel soft electrolytes for other working ions including
sodium and other multivalent ions.

The clay-like xMgCl,—-GaF; samples exhibit RT ionic conduc-
tivity that is approximately three orders of magnitude higher
than that of the powdery samples. Our molecular dynamics sim-
ulations indicate that the mobility of fast-moving Mg-ion can be

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

85UB917 SUOWIWIOD SATE81D) 8|edldde au Aq psuRA0B 8.2 o1 O ‘88N JO S9INI 10} ARIG1T BUIIUQ AB|IA LD (SUONIPUOD-PUE-SLLIBI WD A3 | 1M Aleq Ul juo//SdNL) SUORIPUOD Pue SWid | 84} 88S * [202/70/v2] Uo ARIqiTauliuo A8|Im ‘ge ] leuoieN Asexieg souaime ] eIuIoifeD J0 Alun AQ £9TO0VZ0Z WUSL/ZO0T 0T/I0Pp/W0d A8 1M Aelq1jpul|uo//:sdny woij pepeojumoq ‘0 ‘089 ToT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

attributed to the undercoordinated environment created by
partial anion exchange. A high mobility of undercoordinated
ions has been reported in other solid-state conductors including
Li-ion in amorphous-LiPON,P! in solid organic electrolyte,®?]
and for the Na-ion in Na,PS,.53] The higher energy related to
the undercoordination leads to lower effective hopping barriers,
consistent with principles previously elaborated for crystalline
conductors.[>+3]

In our simulations of 1MgCl,—GaF;, both cations, and anions
show high mobility, and their motions exhibit a strong correla-
tion (Figure 5e). This fast diffusivity of multiple ions in addi-
tion to Mg-ion is analogous to what is commonly observed in
the liquid and polymer-based electrolytes for magnesium ion
batteries.”1956-91 The partial anion exchange between MgCl,
and GaF,; creates the pliable amorphous matrix, which may serve
as a “solvent” to dissociate a Mg-ion to an undercoordinated and
chlorine-rich bonding environment. This is similar to the mag-
nesium aluminum chloride complex (MACC) electrolyte. When
mixing MgCl, and AlCl, in the ether solvent, multiple monomer
and dimer Mg—Cl complexes are formed, which contribute to the
reversible Mg deposition.[36°¢1l In summary, the Mg-ions in our
amorphous system have a heterogeneous coordination environ-
ment and display correlated motion with Cl anions.

4. Conclusion

In summary, a ball milled xMgCl,—-GaF, mixture develops clay-
like features and high ionic conductivity when x is in the range
0.75< x <1.25. The RT ionic conductivity of 0.47 mS cm™
achieved in 1MgCl,-GaF; is comparable to solid Li-ion elec-
trolytes and would enable this system to serve as a solid elec-
trolyte or catholyte. Through experimental spectroscopy tech-
niques and computational modeling, we demonstrated that par-
tial anion exchange is responsible for the soft mechanical prop-
erties. The fast ionic conduction is attributed to the undercoordi-
nated magnesium ions in a chlorine-rich chemical environment.

5. Experimental Section

Synthesis:  Mechanochemical ball milling was used to prepare
xMgCl,-1GaF; (0.5 < x < 1.5) samples. MgCl, (Thermo Invitrogen,
99.9%) and GaF; (Thermo Invitrogen, 99.85%) were used as precursors.
Stoichiometric amounts of the precursors were dispersed into Ar-filled zir-
conium oxide ball-mill jars and then planetary ball-milled (Retch PM 200)
at 450 rpm for 24 h. In each jar, the total amount of precursors was ~1 g.
Five 10-mm (diameter) and ten 5-mm-(diameter) zirconia balls were used
as the grinding media. No Zr contamination was observed from EDS analy-
sis (Figures S12 and S13, Supporting Information) in all the as-synthesized
samples. 1.5MgF,-1GaCl; was mechanochemically prepared with MgF,
(Alfa Aesar, 99.9%), and GaCl; (Strem Chemicals, >99.99%) precursors
under the same ball-milling condition.

Morphological and Structural Characterization: The glass transition
temperature was determined using a TA Instruments Q200/RCS90 DSC
with a heating/cooling rate of 2 °C min~'. The heating—cooling cycle was
repeated three times. Approximately 15 mg of sample was loaded and
sealed into the DSC pan in an Ar-filled glovebox. SEM images were col-
lected using a Zeiss Gemini Ultra-55 analytical field-emission SEM oper-
ated at an applied voltage of 3 kV. EDS was measured with a Bruker X-ray
energy dispersive spectrometer coupled to the Ultra-55 SEM at an acceler-
ation voltage of 5 kV. Lab XRD patterns were collected using a Rigaku Mini-
Flex diffractometer with Cu Ka radiation. Synchrotron XRD measurements
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were performed at beamline 7 BM of NSLS-II, Brookhaven National Lab-
oratory, or Stanford Synchrotron Radiation Lightsource (SSRL) beamline
2-1 with wavelengths of 0.6199 and 0.7273 A respectively. All the samples
were covered with Kapton tape to avoid air exposure.

Electrochemistry:  The Mg-ion conductivity was evaluated using EIS
analysis. The clay-like electrolytes were rolled into films and cut into a
round piece with a 7/32-inch punch, which was then sandwiched between
two platinum foils for EIS measurement. The Pt|jxMgCl,—1GaF;|Pt assem-
bly was sealed in a Swagelok-type cell in an Ar-filled glovebox. Powder-state
samples were uniaxially compressed under a pressure of ~300 MPa with
two gold-sputtered stainless-steel rods as blocking electrodes. The sput-
tered 15-nm gold layer was added to prevent side reaction between the
sample and stainless-steel rod. EIS measurements were performed using
an EC-Lab Electrochemistry SP300 system. The measurements were con-
ducted at the initial open-circuit voltage in the frequency range of 7 MHz—
10 mHz with application of a 10 mV signal amplitude. EIS data fitting was
performed using the ZView software package. The electronic conductivity
was measured by DC polarization, during which a constant voltage of 0.5V
versus the open circuit was applied to all the cells. The symmetric solid-
state cell was constructed by attaching a pristine MogSg film as the cath-
ode and a discharged Mg, MogS; film as the anode to the TMgCl,—1GaF;
electrolyte. Chevrel phase MogSg was synthesized using the method from
ref. [36]. Stoichiometric amounts of MoS,, Mo, and CuS were milled for
2 hina SPEX-8000 M Mixer, which was then annealed at 1010 °C for 8 h un-
der an argon atmosphere to form CuMogSg. The copper-ions were leached
using 6 M hydrochloric acid under oxygen flow for 9 h. The acid solution
was centrifuged, washed with deionized water three times, and dried in
the oven to obtain MogSg powder. To prepare the cathode film, the MogSg
powder, carbon black (Timcal, SUPER C65), and PTFE (Dupont, Teflon 8C)
were mixed in a weight ratio of 7:2:1 using a mortar and pestle and rolled
into a thin film inside an Ar-filled glove box. To obtain the Mg, MogSg film,
the cathode film was discharged to —1.5 V versus the activated carbon an-
ode in a coin cell with liquid electrolyte, 0.5 M Mg(TFSI), in acetonitrile.
Residual liquid electrolyte was removed by rinsing in the acetonitrile and
drying overnight. The capacity of the Mg,MogSg anodes was in ~1.25-fold
excess of the MogSg cathodes.

Extended X-Ray Absorption Fine Structure Spectroscopy and X-Ray Photo-
electron Spectroscopy:  Ga K-edge EXAFS was performed at beamline 7 BM
of NSLS-II, Brookhaven National Laboratory. The measurements were per-
formed in transmission mode using a Si (111) monochromator. A Rhe-
nium foil (10 535 eV) was simultaneously measured to calibrate the en-
ergy of the individual datasets. To prevent air exposure, the samples were
sealed between polyimide tape. The EXAFS spectra of the Ga edge were
calibrated and normalized using the Athena software.[%?] The background
contribution was limited below a radial distance (Rbkg) = 1.0 using the
built-in AUTOBK algorithm. The extracted EXAFS signal was weighted by
k? to accentuate the high-energy oscillations and then Fourier-transformed
using a Hanning window function to plot the spectra in R-space. Because
the Fourier transform was not phase corrected, the R values obtained from
the Fourier transform are shorter than the actual distances.[®*] XPS mea-
surement was performed on a Thermofisher K-Alpha Plus XPS using AlKa
radiation. All the measured samples were placed on the silver tape in the
argon glovebox and transferred to the XPS equipment using an evacuated
device to avoid air exposure. The binding energies were calibrated from
the C 1s XPS peak (284.8 eV) as the internal standard reference.

Training Deep Learning-Based Interatomic Potential:  The deep learning-
based interatomic potential energy (PE) model for the Ga—F-Mg-Cl chem-
ical system was trained using the Smooth Edition(®] version 2.1.5 of the
DeepMD-kit!®®] package. The embedding net and fitting net sizes were (24,
48, 96) and (240, 240, 240), respectively. The cut-off radius rcut was 8.5 A
and the smoothing parameter rcut_smth was set to 5.5 A. The fitting net-
work was trained by minimizing the loss function L = p. L.+ p¢L¢, where L,
and L¢ were the loss in energy and force, respectively, and p, and p; were
the corresponding prefactors varying from 0.02 to 1 and 1000 to 1, respec-
tively. In the minimization of the loss function, the exponential learning
rate decayed every decay_steps of 5000 from an initial value of 0.001. A total
number of 7 x 10° iterations of training batches (minimization steps) were
used to produce the final DeepMD PE model, until the root mean square
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error (RMSE) in energy and forces became constant, with the RMSE values
for energy and forces being <1 meV atom™~, and <80 meV A~', respec-
tively (see Figure S15, Supporting Information).

The DeepMD PE model was trained using atomic configurations ob-
tained from the AIMD simulation frames of various stable structures in
the Ga-F-Mg-Cl quaternary chemical space and slab-like structures of
MgCl,|GaF; (where a multilayer slab of [001] MgCl, and [001] GaF; is
interfaced “|"), as illustrated in Figure S14 and Table S2 (Supporting In-
formation). To generate atomic configurations for the training data, a melt
and quench strategy was used. Each structure was heated in AIMD simula-
tions at a constant rate from T =0 K to the respective highest temperature
as shown in Table S2 (Supporting Information) for 10 ps in the NVT en-
semble and a time step of 2 fs. Subsequently, the temperature was kept
constant for 30 ps, after which the structure was cooled from the highest
temperature to T =0 K in 10 ps under a constant cooling rate. Addition-
ally, to sample a larger configuration space and incorporate the effect of
volume change, AIMD simulations were performed at high temperatures
as shown in Table S2 (Supporting Information) in the NPT ensemble with
a time step of 2 fs. In total, over 700k AIMD frames were generated, out
of which 200k atomic configurations were randomly selected to train the
DeepMD PE model. Among the 200k configurations, 80% of them were
used for training and 20% for validation.

Density Functional Theory Calculations:  First-principles density func-
tional theory (DFT) calculations were performed for structural relaxation
and obtain the bulk modulus of the compounds investigated in this work.
All the calculations were performed using the Vienna Ab initio Simulation
Packagel®] (VASP) version 6.2. lon-electron interactions were represented
by projector augmented wave potentials.l®’] The generalized gradient ap-
proximation (GGA) parameterized by Perdew-Burke-Ernzerhof (8] (PBE)
was used to account for the electronic exchange and correlation. The DFT-
D2 method of Grimme was used to include the Van der Waals interac-
tion. The wave functions were expanded in a plane wave basis with an
energy cut-off of 500 eV and a reciprocal-space discretization of at least
30 k-points per A= was used to sample the Brillouin Zone. The conver-
gence criteria were set as 107° eV for electronic loops and 0.01 eV A~" for
ionic loops. Ab initio molecular dynamics (AIMD) simulations were per-
formed to generate atomic configurations for the training datasets as well
as to obtain Mg-ion conductivities for benchmarking the trained DeepMD
PE model. A gamma-point-only sampling of k-space, a plane-wave energy
cutoff of 500 eV, and a time step of 2 fs were used. NVT ensemble calcula-
tions were performed with the Nosé-Hoover thermostat, whereas the NPT
ensemble calculations were conducted using the Langevin thermostat in
non-spin mode. The electrochemical stability window of the amorphous
1MgCl,-GaF; was determined computationally by constructinga T = 0
K grand potential phase diagram for various Mg chemical potentials and
finding the range of Mg chemical potential where the amorphous material
was stable. This was achieved with a procedure outlined in prior work [6°]
and the use of Pymatgen.[”0]

Classical Molecular Dynamics:  LAMMPSI#' package was used to per-
form classical MD simulations using the trained DeepMD interatomic po-
tential energy model of the Ga—F-Mg-Cl chemical space. All MD simu-
lations were performed in either the NVT or NPT ensembles (as speci-
fied). The Nosé-Hoover thermostat and a time step of 1fs were used. The
Tdamp aNd Py, parameters were set to 0.2 ps and 1 ps, respectively. In
the constant-stress MD simulations (Figure 4c), the fluctuations in the
applied external shear stress o,,, accumulated shear strain y,,, and total
potential energy E were removed by replacing the value of each quantity
(0y2) 772, and E) at time £ by its average value over a time interval of [t — At,
t + At], where At =5 ps. Figure 4c shows the values after this averaging.

Generating the Amorphous Structure: To create the amorphous struc-
ture, a similar procedure as that developed earlierl] for pliable Li-based
electrolytes was used. We first created a slab-like geometry of MgCl,|GaFj,
where a multilayer slab of [001] MgCl, and [001] GaF; was interfaced in a
MgCl,:GaF; molar ratio of ~1. This slab-like structure was subjected to
an AIMD simulation under the NVT ensemble for t = 5 ps at T = 900 K
to equilibrate the interface, and then relaxed at T=0 K to a local energy
minimum. The resulting structure, as shown in Figure S17a (Supporting
Information), was then periodically repeated along the two directions per-
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pendicular to the interface, and a ~3 nm cubic “particle” was cut out from
it. Eight of these identical ~3 nm aperiodic particles, adding up to ~12k
atoms, were arranged in a larger cell of size ~6.4 nm (Figure S17b, Sup-
porting Information). To achieve many distinct interfacial environments,
each of the &3 nm particles was rotated 90° with respect to their neighbors,
such that the axis normal to the interface between MgCl, and GaF; in each
particle did not align in the same direction as that of the neighboring parti-
cles. To create a representative structure of polycrystalline MgCl,, a similar
procedure is adopted. First, a cubic supercell with a cell length of 6.4 nm
and 10200 atoms (Figure S20, Supporting Information) was created. This
supercell contains multiple particles of MgCl, in contact with each other.
The cell was relaxed in LAMMPS using the trained deep-learning based PE
model at T= 0 K to densify the system. The relaxed structure was further
equilibrated in an MD simulation under the NPT ensemble for a duration
of 2 ns at T = 300 K and zero external stress until there was no further
change in density, lattice constant, angles, or total potential energy.

Mean Squared Displacement: The self-diffusion coefficient of species
a Dy, is proportional to the slope of the time dependence of the mean
squared displacement (MSD) and is given by Equation (1):

.0 = gy fm g <Z [ &) = <0>]2> m

where, r;%(t) is the position of the i-th ion of species a at time ¢ relative
to the system center-of-mass, N, is the total number of ions of species
a, and the brackets () denote the ensemble average. The term in brackets
divided by N, is the MSD of species a at time t. Figure 5a shows the en-
semble averaged mean squared displacement of all the ions as a function
of time t. Ensemble averaging was done by following a previously reported
procedure.l”1]

lonic Conductivity:  To evaluate the ionic conductivity o of the system,
we use the Einstein relation where ¢ includes the effects due to correla-
tions between the motion of ions Equation (2):

2 . d N
e <szz, I @) =1 )1+ [, 0) =1 (0)]> @

i

In Equation 2, Vis the volume of the simulation box; kg is Boltzmann's
constant; T is the temperature, ¢ is the elementary charge; z; and z, are the
charges of ions i and j, respectively; N is the total number of ions (includ-
ing all types of species) in the system, and the term in the angular bracket
“<>" without the charges was called the collective squared displacement
(CSD). The position of ions in the MD trajectories and Equation 2 was used
to calculate the conductivity of the system at T = 300 K. Figure S19 (Sup-
porting Information) shows the collective squared displacement (CSD) of
the different ions species as a function of time. The CSD is linear with time,
indicating that a diffusive regime was reached in the simulations.

040t in Equation 2 can be rewritten as a sum of “self” o and “distinct”
64 contributions of the different ions (Equation 3). The “self” part refers to
the diagonal components, where i = j and represents the diffusion of indi-
vidual ions (Equation 4), while the “distinct” part refers to the off-diagonal
components, i # j representing the correlation between the motions of
different ions (Equation 5). The expressions below are written for generic
species « and f Equations (3)—(7).

— 5 d s d d s d s d d
Otor = Oppg +0Mg+6CI+6CI_26Mg,CI+GGa +og,top+op —ZaGH'F
d d d d
+ 205 Ga ~ 29MmgF ~ 206,01t 20 ¢ ()
2.2 N,

s lzle 4 e L
= - % () —r* (0)] - [r* (®) = r* (O 4
% T GVkaT o dt Z[’,() )] - [r (1) = r* (0)] “)

22 Ng Ne
i-52 w4 (Sro-cor §lra-rel) o

i€a Jjea#i
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=0 + O'd (6)
Gd |Za| ﬂ‘ z [I’ Z [ ﬂ ]
wh = TeVkgT Jirg dt P =
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