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Exploration of Amorphous V,O. as Cathode for Magnesium

Batteries

Vijay Choyal, Debsundar Dey, and Gopalakrishnan Sai Gautam*

Development of energy storage technologies that can exhibit higher energy
densities, better safety, and lower supply-chain constraints than the current
state-of-the-art Li-ion batteries is crucial for our transition into sustainable
energy use. In this context, Mg batteries offer a promising pathway to
achieve superior volumetric energy densities than Li-ion but require the
development of positive electrodes (cathodes) that exhibit high energy
densities at a reasonable power performance. Notably, amorphous materials
that lack long range order can exhibit “flatter” potential energy surfaces than
crystalline frameworks, possibly resulting in faster Mg?*+ motion. Here, we
use a combination of ab initio molecular dynamics (AIMD), and machine
learned interatomic potential based calculations is used to explore
amorphous-V,O; as a potential cathode for Mg batteries. Using an
AIMD-generated dataset, we train and validate moment tensor potentials that
can accurately model amorphous-V,O; Importantly, we find a =7 (5) orders of
magnitude higher Mg?* diffusivity in amorphous-MgV,O; than
crystalline-Mg, V,O; (thiospinel-Mg, Ti,S,), which is directly attributable to
the amorphization of the structure, along with a 10-14% drop in the average
Mg intercalation voltage. Our work highlights the potential of

since it enables the use of a metallic an-
ode that results in higher volumetric energy
density,312] the lower tendency of Mg metal
to form dendrites that enhances safety!!314
and Mg being a fairly abundant element
on the earth’s crust that can reduce supply-
chain constraints. Despite these advan-
tages, the widespread adoption of Mg bat-
teries is hindered by the poor diffusion of
Mg?* in crystalline positive electrode (cath-
ode) materials, especially high energy den-
sity oxide chemistries, and the susceptibility
to conversion reactions,!’® resulting in poor
rate performance and cycle life that limits
practical deployment.['116-19] Thus, design-
ing new cathodes that can exhibit high en-
ergy densities and reasonable power densi-
ties is critical for the advancement of Mg
batteries, which is the focus of this work.

State-of-the-art (SOTA) Mg batteries uti-
lize low-voltage (and hence low energy den-
sity) sulfide cathodes, such as Chevrel-

amorphous-V,O; as a cathode that can exhibit both high energy and power
densities, resulting in the practical deployment of Mg batteries.

1. Introduction

Energy storage technologies are essential for driving humanity’s
transition to a sustainable future, by facilitating electric vehicles,
grid-scale storage, and portable electronics.['3] While lithium-
ion batteries (LIBs) have long dominated the energy storage
landscape due to their high energy density, power performance,
and long cycle life, LIBs are increasingly approaching their
fundamental limitations,[**! which include resource scarcity
and supply-chain constraints, safety concerns, and performance
degradation over prolonged use.”] As the demand for more ef-
ficient and sustainable energy storage solutions grows, mag-
nesium batteries have emerged as a promising alternative,[#-11]
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Mg, Mo Sg?! and thiospinel-Mg, Ti, S, 121
which offer structural stability, reason-
able rate performance, and reversible Mg
intercalation. In case of oxides, several
materials that have shown an ability to
intercalate Li* have been explored as Mg cathodes in an attempt
to improve the energy density of Mg batteries. For example, V, O,
is one of the first oxides to be explored as a potential cathode for
Mg batteries, 2261 with experiments often reporting limited Mg
intercalation (and hence limited capacity) due to poor kinetics!?’!
and capacity fade with cycling. Spinel-Mn,O, has been shown
to electrochemically intercalate Mg ions at a voltage of 2.9V,
but its practical performance is limited by cation inversion in the
structure that blocks Mg diffusion pathways.[?®! Spinel-Cr,0, of-
fers a higher theoretical voltage (3.6 V) and is not as prone to
cation inversion compared to Mn, 0,,[?"! but suffers from synthe-
sis bottlenecks and electrolyte instability at high voltages. Mixed
transition metal spinel oxides, such as Cr-V and Cr-Mn, have re-
ported limited success in intercalating Mg in the bulk, with capac-
ity fade still an ongoing challenge.?*3! Theoretical calculations
have predicted facile Mg transport in post-spinel oxides,[*?! but
experimental validation of such predictions are not available so
far. Although several studies have reported improved Mg cathode
performance with the introduction of water into the electrolyte,[sl
with solvent intercalation often attributed to aid in Mg diffu-
sion in such cases,?334 the capacity and rate performance im-
provements with water addition can also be caused by proton

© 2025 Wiley-VCH GmbH


http://www.small-journal.com
mailto:saigautamg@iisc.ac.in
https://doi.org/10.1002/smll.202505851
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsmll.202505851&domain=pdf&date_stamp=2025-09-27

ADVANCED
SCIENCE NEWS

Juill

www.advancedsciencenews.com

intercalation.[**] Thus, enhancing the rate performance in oxide-
based chemistries, via improvements in Mg mobility in the bulk,
is critical in the design of cathodes that can deliver higher energy
densities compared to the SOTA Mg cathodes.

One of the reasons attributed for poor Mg diffusion (com-
pared to Li) in oxide lattices is the stronger electrostatics of the
Mg**—0?% bonds (vs Lit*—0?") resulting in the need for larger
distortions within the structure as Mg** migrates within the
lattice.l*®) In other words, the stable site(s) that Mg sits in a given
lattice is often “deep” within the potential energy surface (PES),
which in turn creates a large migration barrier (E,) that Mg?*
must cross for macroscopic diffusion. Indeed, the insertion of
Mg?* into anatase-TiO, has been shown to induce cooperative lat-
tice distortion that deepen the energy of the stable sites that Mg
occupies instead of perturbing the transition state’s energy dur-
ing migration, resulting in an increase in E, from 537 to 1500
meV with Mg insertion.*”] One strategy to reduce E,, as pro-
posed by Rong et al.,['7] is to use structures where Mg?* occupy
“unpreferred” (i.e., non-octahedral) coordination environments,
which can increase the energy of the stable sites thereby “flat-
tening” the PES and reducing E,. While the strategy of Rong
et al. has shown limited success, such as the identification of
spinel Mg-ionic conductors**! and the use of spinel-oxides
as Mg cathodes,!18284041] the mobility enhancements in oxides
remain insufficient to surpass the performance of SOTA Mg
cathodes.

Another approach to achieve a flatter PES is to reduce the
long range order (LRO) of oxides, via amorphization for exam-
ple, which can reduce the depth of the stable sites that Mg?**
occupy and facilitate Mg mobility. Note that diffusion is known
to be significantly faster in the highly defective regions (such
as grain boundaries) rather than the perfect crystalline regions
of a microstructure, especially in systems where the diffusivity
in the bulk is “low” (~107* cm? s7! or below at 300 K), as in
the case of metals.*? In grain boundaries, as with amorphous
solids, the LRO of the lattice is disrupted, resulting in an increase
in the energy of the “stable” sites that atoms occupy and a flat-
ter PES. Therefore, 3d transition metal containing redox-active
oxide chemistries that can exhibit an amorphous structure may
improve Mg mobility in the “bulk” significantly and can func-
tion as potential cathodes in Mg batteries. However, such amor-
phous structures are likely to be metastable and hence reduce
the Mg (de)intercalation voltages. Nevertheless, it is worthwhile
to explore if amorphous oxides can be used as possible cathodes
for Mg batteries. Given that V,0, has been explored as a cath-
ode before for Mg batteries, in both its bulk orthorhombic and
nanocrystalline xerogel forms,[11:26:27:3334] and the ability of V,Os
to become amorphous(*! and intercalate ions,***] we choose
V,0s as a possible amorphous oxide cathode for Mg batteries
in this work. Notably, a recent study has reported the use of
V,0;-P,0; composite glass system as a cathode material for Mg
batteries.!*¢]

Modeling amorphous structures computationally is non-
trivial, since structural models need to be “large” enough to
ensure LRO is broken over sufficiently long distances and the
sampling of the ionic dynamics needs to be “long” enough so
that the transport properties can be accurately estimated. While
density functional theory (DFT) and ab initio molecular dynam-
ics (AIMD) calculations enable accurate predictions of material
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properties, both techniques have severe limitations on the sys-
tem sizes (~a few 100s of atoms) and time scales (%100 ps)
that can be accessed.*’] Notably, machine learned interatomic
potentials (MLIPs) that are trained on small-scale DFT/AIMD-
generated datasets, can provide both “quick” and “accurate” esti-
mates of energies and atomic forces, enabling classical molec-
ular dynamics (MD) simulations that can sample large length
and long time scales.[*-55] Typically, MLIPs learn the influence
of different “local” coordination environments on an atom of in-
terest, from the DFT/AIMD-generated dataset, to predict the en-
ergy of and the forces on the atom.[®) Here, we choose the mo-
ment tensor potential (MTP)5758] framework, since its accuracy
and computational speed has been showcased in several studies,
such as predicting ionic diffusivities in solid electrolytes,>*l mod-
eling ionic transport across interfaces,!® and describing the PES
of multi-component systems.[®!] MTP models the local coordi-
nation environment (within a cut-off radius) around an atom of
interest via contracted moment tensors, which consist of radial
distribution functions to describe distances and outer products
of position vectors of neighbouring atoms to describe angular
interactions.l”®] Additionally, MTP incorporates an active learn-
ing frameworkl®?] that can be used to validate and refine a pre-
trained MTP when employed in larger MD simulations.

In this study, we combine DFT/AIMD and MTP-based MD
simulations to explore the utility of amorphous-V,0Os as a poten-
tial cathode for Mg batteries. To construct the MTP, we generate
an AIMD-simulated dataset of V,0; and MgV, O across different
temperatures, using the melt-quench technique, resulting in an
overall dataset of 3156 configurations. Upon training the MTP on
a train subset and optimizing its hyperparameters on the test sub-
set, we fine-tune and validate the trained MTP using active learn-
ing, resulting in a final overall dataset of 3725 configurations. To
ensure the amorphous nature of the structures generated using
AIMD and MTP-MD, we examine the radial distribution func-
tions (RDFs) and LRO at different temperatures in both V,05 and
MgV, O;. Subsequently, we quantify the impact of amorphization
on Mg intercalation voltages and perform large-scale (2 X 4 X 6
supercell) and long-time (4 ns) MTP-based MD simulations to
quantify Mg transport within amorphous MgV,0,. We observe
a 10-14% drop in the average Mg intercalation voltage (vs Mg
metal) due to amorphization of the V,Os structure. Importantly,
we find an increase in Mg diffusivity by ~7 orders of magnitude
in amorphous-MgV,0, compared to crystalline-(Mg)V,0Os, cor-
responding to a low effective E, of 47 meV in the amorphous
structure. Moreover, the Mg diffusivity in amorphous-MgV,0Os
is higher than the SOTA Mg, Ti,S, by ~5 orders of magnitude
at 300 K, while maintaining a higher average intercalation volt-
age than the SOTA. Also, we observe Mg motion to be highly
cross-correlated at low temperatures with the motion becoming
increasing random with increasing temperature. Thus, our work
indicates the impact that amorphization can have on improving
the Mg mobility in oxide lattices while ensuring that the energy
density remains higher than SOTA sulphide and selenide cath-
odes. We are hopeful that our work will facilitate the practical
deployment of Mg batteries by the design of optimized high-
energy-density amorphized oxide cathodes. Finally, our theoreti-
cal framework is general and can be used to explore other promis-
ing amorphous compositions/structures, for Mg battery applica-
tions and beyond.
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Figure 1. Workflow of dataset generation, DFT calculations, and MLIP training employed in this work. Train and test subsets are used for training and
optimizing hyperparameters of the MLIP, respectively. The accuracy of the trained MLIP is validated by using active learning. Voltages and diffusivities
are extracted from long-range and large-scale MD simulations performed using the optimized MLIP.

2. Experimental Section
2.1. Workflow

Figure 1 displays the workflow of the study, including data gen-
eration and the calculations employed, training of MTP, and ac-
tive learning to further refine and validate the MTP for the V, O,
and MgV,0; systems. After obtaining the initial structure of
V,O; from the inorganic crystal structure database (ICSD),[®!
melt-quench AIMD simulations were performed to obtain amor-
phous structures of V,0Os, which forms the computed dataset
of V,0;. Subsequently, possible sites that Mg could occupy
within the amorphous structures were identified using the
TopographyAnalyzer!® class of pymatgen,!%! and further AIMD
calculations were performed to create the MgV, O, dataset. Com-
bining the generated amorphous V,0, and MgV, O; datasets to
create the overall dataset, the overall dataset was randomly di-
vided into a 90:10 training:test split, and the training subset was
used to construct the MTPs. During training, the hyperparame-
ters of MTP were optimized to minimize the root mean square
error (RMSE) and the mean absolute error (MAE) with respect to
AIMD-calculated energies and forces on the train and test sets,
with the optimized hyperparameters compiled in Table S1 (Sup-
porting Information). Further, the MTPs were tested by perform-
ing MD simulations with active learning!®? to refine the train-
ing dataset and the validate MTP itself. After ensuring that the
hyperparameter-optimized MTPs provided minimal breaks dur-
ing the active learning step, larger-size and longer-time MD sim-
ulations were subsequently performed at different temperatures
to obtain Mg intercalation voltages and diffusivities.

2.2. Dataset Generation and MTP Construction
Amorphous V,Os structures were generated via the well-known

melt-quench simulation techniquel®®®’l using AIMD calcula-
tions. Specifically, V,0s was heated to a temperature of 2000
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K, which was beyond its melting point.[?8] Subsequently, the
molten V, O was quenched in steps, at an overall cooling rate of
106 K ps~!. During quenching, the V, O structure was cooled and
equilibrated for 2 ps at temperatures of 1500, 1000, and 500 K,
before eventually quenching to 300 K. Subsequently, structures
were extracted and equilibrated at 1200, 900, and 600 K during the
quenching process, to obtain access to amorphous V,Os struc-
tures at these intermediate temperatures. The radial distribution
functions (RDFs) of V=V, V=0, and O—O bonds and the long
range order (LRO) were tracked to verify the amorphous nature
of the quenched structure at different temperatures (i.e., 1200,
900, and 600 K). Eventually, the AIMD simulations runs (and ac-
tive learning) gave rise to 2518 configurations that constituted the
V, O dataset, which was split into 2292 configurations for train-
ing and 226 for testing.

In order to generate the dataset of MgV, O, potential sites that
Mg can occupy in the amorphous V,Os structure were identified
at 300 K, and at each of the three intermediate temperatures, i.e.,
1200, 900, and 600 K. The number of possible sites Mg can oc-
cupy is typically higher than the stoichiometrically allowed num-
ber of occupied Mg sites to maintain a composition of MgV, Os.
Hence, symmetrically distinct occupations of Mg atoms were
enumerated among the possible sites that satisfied the MgV, 05
stoichiometry, the different configurations were ranked based on
their electrostatic energy (as calculated by the Ewald summation
techniquel®! and the lowest electrostatic energy structure was
chosen for further AIMD simulations. The choice of this work-
flow is to mimic a typical topotactic insertion process that occurs
in intercalation electrodes.”*’!l The final amorphous MgV,0s
dataset (including active learning) generated contains 1207 con-
figurations out of which 151 were used for testing. Note that one
structure was sampled for every 50 time steps in the AIMD sim-
ulations of V,05 and MgV, 0O at 300, 600, and 900 K, while one
structure was sampled for every 20 time steps in the simulations
at 1200 K, since the configurations at 1200 K are typically more
disordered compared to the lower temperatures. Combining
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the MgV, O, and V,O; datasets, the overall dataset thus contains
3725 configurations, which were split into training (3348) and
test (377) subsets.

A detailed description of the MTP framework could be found
elsewhere.5861) Initially, the training set generated from AIMD
calculations was used to train the MTP, and the optimal hyper-
parameters (Table S1, Supporting Information) were obtained by
minimizing errors in the test set. To ensure that the trained po-
tential is good enough for larger-scale MD simulations, active
learning,>7%2] was used during MD on a 1 x 2 X 3 supercell
to determine if MTP was able to “extrapolate” beyond the train-
ing set. Specifically, an extrapolation threshold of 2 was used to
determine whether the energy and force predictions on the en-
countered structures were accurate or not. Once the extrapolation
threshold of any encountered structure reached a pre-defined
break value of 10, the MD simulation was stopped. Subsequently,
the non-accurate structures were calculated with DFT, added to
the training set, and the MTP was retrained. Notably, MTP was
found to break during active learning only in MD simulations at
1200 K, indicating the highly disordered nature of the structures
often encountered at this temperature, while the active learning
runs at lower temperatures (900, 600, 300 K) did not break for
4000 ps. A total of 569 structures were generated during active
learning that were added to the training dataset (i.e., 569 out
of 3348 sampled for the optimized MTP) apart from the origi-
nal AIMD simulations. Finally, the large-scale and long-time MD
simulations were performed without active learning, utilizing the
retrained MTP, upon ensuring that the active learning runs on
the 1 X 2 x 3 supercell were not broken for 4000 ps at 1200 K.

2.3. DFT and MD Calculations

All the AIMD simulations were done at the DFT-level of the-
ory using the Vienna ab initio simulation package,”?”*! by em-
ploying projector-augmented wave potentials.[’* Using a plane-
wave kinetic energy cutoff of 520 eV, the Hubbard U corrected
strongly constrained and appropriately normed (i.e., SCAN+U)
functional was employed to describe the electronic exchange and
correlation.[”>”78] The U value applied on V d orbitals was 1.0 eV,
as derived in previous work.!”>7¢ The irreducible Brillouin zone
was sampled using I'-centred Monkhorst-Pack!”®! k-point meshes
with a density of at least 32 per A (i.e., a minimum of 32 subdivi-
sions along a unit reciprocal space vector), and the Fermi surface
was integrated with a Gaussian smearing of width 0.05 eV. No
underlying symmetry of any structure was preserved during the
calculations. For relaxing the initial V,Os structure, both the total
energies and atomic forces were converged to within 0.01 meV
and 30 meV A1, respectively.

AIMD simulations were performed on a 1 X 2 X 3 super-
cell of V,05 (and MgV,0;s), corresponding to 84 (96) atoms,
with a time step of 2 fs to ensure both accuracy and computa-
tional efficiency. Classical MD simulations were performed, also
with a time step of 2 fs, based on the constructed MTPs, us-
ing the large-scale atomic/molecular massively parallel simula-
tor (LAMMPS)® for two different supercell sizes of both V,0s
and MgV, O, namely, 1 X 2 x 3 and 2 X 4 X 6. All AIMD and
classical MD simulations used an NVT ensemble using a Nose-
Hoover thermostat!®!] and the velocity-Verlet algorithm(#2#3] for
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integrating the equations of motion. For MTP-based MD simula-
tions, the amorphous structures were equilibrated at each tem-
perature using the NVE ensemble for 50 ps to randomize the
velocities, followed by sampling (to estimate diffusivities) using
the NVT ensemble for 4 ns. For calculating the intercalation volt-
age (see below) using MTP at 0 K, a structural relaxation was
performed with LAMMPS by applying strict convergence crite-
ria of 10~% eV for the total energy and 10~ eV A~! for the atomic
forces.

For calculating average intercalation voltages, amorphous
MgV,0s structures were obtained, after a simulation time of
20 ps at different temperatures, both from AIMD and MTP-
based MD, and a single self-consistent field (SCF) calculation
with DFT was performed, where the total energies were con-
verged to within 0.01 meV. Subsequently, the Mg atoms were re-
moved from each considered amorphous MgV, O; structure, and
a SCF calculation was performed on the corresponding deinter-
calated V,O; structure, mimicking a topotactic Mg deintercala-
tion process. The SCF calculations on the AIMD/MD structures
were performed primarily to ensure that the energy scales are the
same, especially with respect to the calculated total energy of Mg
metal, which is required to set the reference in the voltage calcu-
lations to Mg?**/Mg. Thus, the voltage calculations primarily cap-
ture the effect of disorder in the V,Os structure. Given the SCF-
calculated energies of MgV, 05 (Eygy,o,) @and V,05 (Eyo,), and
the SCAN-calculated total energy of the hexagonal close-packed
ground state of Mg metal (E,,,), the average Mg intercalation volt-
age, versus Mg metal, was approximately calculated as in Equa-
tion (1).[8+8] The factor of two in the denominator of Equation (1)
corresponds to an exchange of two electrons per Mg?* exchanged,
and F is the Faraday’s constant.

EMszOs - EVZOS - EMg

V=-
2F

1)

2.4. Diffusivity Estimations

Ionic motion in solids is often measured using a tracer species
with a diffusion coefficient, D*, which is referred to as the self or
tracer diffusivity. In principle, D* can be computed using a lin-
ear fit of the mean-squared displacement (MSD) of moving ions
over time (£), as in Equation (2).%) Note that the MSD in Equa-
tion (2) is averaged over all the N hopping ions, while d indicates
the dimensionality of the system (typically 3 in solids).

N ACEA R
i=1 t

D*:i 1imlz

In AIMD and MD simulations, the total simulation time (t,,) is
often limited due to computational constraints, leading to statis-
tical noise in the extracted MSD. Hence, the total mean squared
displacement (TMSD, see Equation 3) that is averaged over mul-
tiple time intervals to mitigate statistical fluctuations was used,
as proposed by He et al.*l N, in Equation (3) represents the
number of possible time intervals with duration At.

™sD (A= 3 3 E s Ay - F () 3

i=1 N, &=0
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Subsequently, D* can be calculated as the slope of the MSD
over time interval At (see Equation 4), where MSD (At) =

w and varies linearly with At.

_ MSD (Af)

D == )

For the MD simulations that were conducted over a total dura-
tion of 4000 ps, At = 200 ps was chosen for calculating the MSD
and D*, while for AIMD simulations that lasted for 50 ps, At =
10 ps was chosen.

Note that the TMSD and MSD as defined in Equations (2)
and (4) track the displacements of individual ions, while similar
TMSD and MSD values can be calculated for the displacement of
the centre of mass of the mobile ions — MSCD or mean squared
centre-of-mass displacement — with At. The slope of MSCD(A¢)
versus At yields the jump diffusivity (D)) of the mobile ions,
which in turn is related to the chemical diffusivity (D,), as de-
fined in Fick’s first law,[®”] by the thermodynamic factor (®), as D,
= @D, %I The difference between D; and D* indicates the extent
of cross-correlation among migrating ions in a system, which is
often quantified using Haven'’s ratio (Hy), as Hy = % . If a sys-

tem exhibits completely uncorrelated motion (i.e., purely random
motion), then H, = 1, with deviations away from 1 indicating the
extent of cross-correlation.

Finally, the diffusivity (D, tracer or jump) can be correlated
with E, that controls the ionic migration via the Arrhenius re-
lation of Equation (5). D, is the pre-exponential factor, which in-
cludes factors such as jump distance and attempt frequency, k;
is the Boltzmann constant, and T is the temperature. Thus, E,,
which is a material-specific property, can be obtained as the slope
of the logarithm of D versus 1/T. The DiffusionAnalyzer class
of pymatgen!®#] was utilised for post-processing the AIMD and
MD calculations, extracting D* and Dy, and calculating E, based
on D*.

Eﬂ
D = D, exp (— 5 ) (5)

2.5. Statistical Analysis

A total of 3725 atomic configurations of MgV,0Os and V,Os,
generated using ab initio molecular dynamics (AIMD) simula-
tions were used for both training and testing the moment ten-
sor potential (MTP) model. All datapoints were used without
any preprocessing. The AIMD energies have a mean and stan-
dard deviation of —11.23 + 0.20 eV, while the MTP energies ex-
hibit —11.22 + 0.21 eV. In case of atomic forces, the AIMD val-
ues were —1.34 + 9.40 eV A, and the predicted values were
—1.00 + 9.49 eV A~1. Software packages used for data analysis
included python (version 3.12), and Microsoft Excel.

3. Results
3.1. Optimized MTP for MgV,O; and V,O,

The parity plots between the final, optimized MTP and AIMD cal-
culated energies and forces, in both the training and test sets are
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shown in Figure S1 (Supporting Information). Importantly, the
constructed MTP demonstrates promising accuracy on the train-
ing data. For the energies, the RMSE and MAE are 4.68 and 2.97
meV atom™!, respectively, and for the atomic forces, the RMSE
and MAE are 0.243 and 0.113 eV A~!, respectively, on the train-
ing set. The corresponding values on the test set are similarly ac-
curate, with an RMSE and MAE of 3.16 and 2.33 meV atom™ for
energies, and 0.244 and 0.116 eV A~! for forces. In terms of stress
predictions, the optimized MTP yields an RMSE of 0.65 GPa and
MAE of 0.17 GPa on the training set, and an RMSE of 0.50 GPa
and MAE of 0.15 GPa on the test set. To further verify the ac-
curacy of our constructed MTP, we also examined the potential
energy landscapes generated by MTP during MD and compared
that with AIMD generated data across different temperatures (see
Figure S2, Supporting Information). For example, we observe a
high degree of overlap between the potential energies calculated
by MTP-based MD with AIMD values, beyond simulation times
of 1 ps, for both V,0, and MgV, O; at the different temperatures
considered, indicating the high degree of accuracy we can obtain
with MTP-based MD. Thus, we believe that our optimized po-
tential has the ability to describe the dynamics of both V,05 and
MgV, 0; systems with a high degree of accuracy.

3.2. RDFs and LRO

We examine the RDFs and LRO of the generated V,0, and
MgV, O structures to verify their amorphous nature upon melt-
quench simulations. Figure 2 presents the RDFs for V,Os (pan-
els a, b, and ¢) and MgV, O; (d, e, and f), at select temperatures
and calculated by both AIMD and MTP. The calculated RDFs
at other temperatures are compiled in Figures S3-S5 (Support-
ing Information). For example, Figure 2a displays the RDFs of
the O—O (blue), V=V (red), and V—O (green) bonds in pristine
V,0s, upon DFT relaxation at 0 K. Thus, Figure 2a represents the
RDF in crystalline V,0Os, which is characterized by sharp peaks
for all types of bonds, and serves as a reference for comparing
RDFs generated at other temperatures. Figure 2b shows the RDF
in the AIMD generated V,0s at 2000 K, after 4 ps of simulation
time. In comparison to 0 K, the RDFs of all bonds show less-
intense and broader peaks, with no discernable peaks beyond a
distance of 6 A, highlighting the significantly disordered state of
V, 0 at 2000 K. Importantly, even at a high degree of disorder,
the V—O RDF peak at ~2 A is dominant, indicating that several
of the V—0O bonds that form the VO, octahedra or VO, square
pyramids in crystalline-V,O; are intact. The fact that V—O bonds
are intact implies that the disorder is mainly due to a lack of con-
nectivity among the V—O polyhedra (thus reducing LRO). Addi-
tionally, the RDFs predicted by MTP-based MD at 2000 K after
50 ps simulation time (Figure 2¢) is quite similar to AIMD cal-
culations, signifying that MTP captures the disordering of V,O;
accurately at 2000 K. Also, upon increasing the supercell size to
2 X 4 X 6 and at 2000 K in our MTP-based MD simulations,
we can verify the complete melting (or amorphization) of the
V,Os structure, as characterized by the broad shoulder on all
types of bonds from ~6.5 to ~#16 A (see Figure S5b, Supporting
Information).

In the case of MgV, Os, since we inserted Mg atoms into the
AIMD-generated V,Os structures at various temperatures, our
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Figure 2. Radial distribution functions (RDFs or G(r)) of V,0O5 (panels a—c) and MgV, 05 (panels d—f) calculated using AIMD or MTP under different
temperatures. a) Crystalline V,05 (DFT-relaxed at 0 K), b) AIMD-generated V,0O5 at 2000 K after 4 ps, c) MTP-generated V,O5 at 2000 K after 50 ps,
d) AIMD-generated MgV, Os at 300 K after 4 ps, e) AIMD-generated MgV, Os at 1200 K after 4 ps, and (e) MTP-generated MgV, Os at 1200 K after 50 ps.
Blue, red, green, purple, orange, and black lines signify 0—0O, V—V, V—0, Mg—Mg, Mg—0, and Mg—V bonds, respectively.

dataset lacks a truly crystalline representation of MgV, O;. Thus,
the AIMD-generated MgV, O structure at 300 K, after 4 ps simu-
lation time (Figure 2d) is the closest representation of crystalline
MgV, O; in our dataset. The crystalline nature of MgV, O at 300
Kis characterized by its sharp peaks in the pair correlations for all
types of bonds, including Mg-O (orange), Mg-V (black), and Mg—
Mg (purple), as seen in Figure 2d. Analogous to our observation
in V,0s, the disorder in MgV, Os increases at higher tempera-
tures, as characterized by weaker peaks and broader shoulders be-
yond ~6.5 A in the AIMD-generated structure at 1200 K (after 4 ps
simulation time, Figure 2e). Also, the MTP-generated MgV,Os
structure at 1200 K (after 50 ps simulation time, Figure 2f) is
quite similar to the AIMD-generated version, with the main dif-
ferences arising out of Mg-Mg peak intensities at ~3.5 and 4 A.
Thus, our calculated RDFs indicate that we are able to disorder
the V,0, and MgV, O structure significantly during our AIMD
simulations, which is captured equally well by our MTP-based
MD.

To quantify the LRO in amorphous MgV, Os, at various tem-
peratures, we used the open-source python package PyLRO,!*!
which calculates the degree of directional disorder based on de-
viations in atomic spacings along different crystallographic di-
rections. Specifically, we took structures based on our 1 X 2 X
3 supercell after a MTP-MD simulation time of 20 ps at 300 K,
600, 900, and 1200 K, calculated the extent of LRO along various
directions, and plotted them in Figure 3. Note that the isosur-
faces of Figure 3 are depicted on a 3D Miller sphere, with differ-
ent directions (and their associated Miller indices) indicated as
text notations (along each axis). The maximum/minimum disor-
der in the structures and the disorder along the a [100], b [010],
and ¢ [001] axes for all structures are quantified in Table S2 (Sup-
porting Information). We have also included visualizations of the
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structures used for calculating LRO in Figure S6 (Supporting
Information).

Importantly, we observe an intuitive increase in structural dis-
order, or a decrease in LRO, with increasing temperature, as
quantified by an increase in the calculated maximum and mini-
mum disorder values in V,0s. For example, the maximum and
minimum disorder are 0.11 and 0.01 at 300 K, 0.12 and 0.02 at
600 K, 0.21 and 0.05 at 900 K, and 0.34 and 0.07 at 1200 K, respec-
tively (see Table S2, Supporting Information; Figure 3). While
there is some degree of similarity in the extent of (dis)order in
the structures at 300 and 600 K, there is a sharp increase in dis-
order at 900 K and beyond. At all temperatures, we observe in-
termediate levels of (dis)order along the [100], [010], and [001] di-
rections, relative to the maximum and minimum values across
all directions. This suggests that the primary axes of LRO dis-
ruption does not align with the orthogonal, Cartesian basis vec-
tors. Thus, the largest disruptions to the LRO in amorphous V,O;
occurs along non-orthogonal directions that are not trivial to
visualise.

We observe a clear temperature-dependent anisotropy in the
breakdown of LRO. At 300 and 600 K, the maximum distortion
lies primarily within the ab-plane, while at 900 K, it shifts toward
the be-plane. At 1200 K, the maximum distortion returns to the
ab-plane, though with higher overall disorder (Figure 3). This di-
rectional variation in disorder across temperatures indicates that
the structural deviations are not isotropic but evolve with temper-
ature, reflecting a complex, temperature-dependent anisotropy in
the underlying atomic network. Overall, we observe a progres-
sive decline in the LRO of MTP-generated amorphous MgV,Os
with increasing temperature, which indicates the robustness of
our melt-quench process and the reliability of our constructed
MTP.
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Figure 3. Isosurfaces of calculated LRO, plotted on 3D Miller spheres, in MTP-generated MgV, Os structures at a) 300, b) 600, c) 900, and d) 1200 K,
after a simulation time of 20 ps. Cartesian axes of the MgV,0Os structure are indicated as text annotations on the spheres. Blue (red) regions of an

isosurface indicate low (high) LRO.

3.3. Voltage Predictions

To quantify the impact of amorphization on the voltages of Mg
intercalation into V,Os, we calculate the average voltages (vs Mg
metal) based on AIMD/DFT (blue bars) and MTP (red) structures
generated at 600, 900, and 1200 K, and compare the values to the
average voltage obtained for the crystalline V,0; structure (de-
noted as 0 K) in Figure 4. For calculating the AIMD voltage in
the crystalline structure, we performed a full DFT relaxation of
crystalline V,0, and crystalline MgV, Os structures, as available
in the ICSD. In the case of MTP, we performed similar structure
relaxations of both crystalline structures using LAMMPS. Sub-
sequently, we did a single SCF calculation of the MTP-relaxed
structure using the SCAN+U functional. Note that performing
the SCF calculations captures the effect of structural disorder that
is induced at different temperatures rather than the effect of the
temperature itself on the calculated voltages, i.e., the tempera-
tures in Figure 4 are a proxy to indicate the extent of disorder in
(Mg)V, 0O structures used in our voltage calculations.

The SCAN+ U calculated voltage for crystalline V,O5 (~2.56 V)
is in agreement with the calculated (x2.52 V) and experimen-
tal (~2.3 V) voltage reported in literature.?*?’] Importantly, the
AIMD calculated voltages decrease with increasing disorder in
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the structure, as indicated by the temperatures at which the struc-
tures are generated (see Figure 4). For example, the AIMD aver-
age voltage drops to x2.3, #2.23, and %2.19 V at 600, 900, and
1200 K, respectively, reflecting a drop of ~0.26-0.37 V (10.2—
14.4%) compared to the crystalline structure. The drop in average
voltage arises from the disruption in LRO which affects the local
bonding environment of Mg as it is intercalated into the struc-
ture, i.e., the PES at the Mg intercalation sites in the amorphous
structure is not as deep as those encountered in the crystalline
structure. Note that the more stable the bonding environment of
Mg in the discharged state is (i.e., the deeper the PES around a
Mg site is) the higher the average intercalation voltage, reflect-
ing the energy gain of putting Mg within a stable environment
in the host structure. Thus, a flatter PES, caused by disruption
in the LRO of a structure, will naturally result in a lower volt-
age compared to the corresponding crystalline structure. Such a
“flattening” of the PES can indeed enhance Mg diffusion in the
amorphous structure (see Section 3.4).

Note that the drop in voltage in amorphous-V,Os is only ~10—
14% compared to crystalline-V,0s. Thus, a loss in energy den-
sity can be traded-off for a potential gain in Mg diffusivity within
the material. For reference, we have included experimental cyclic
voltammetry profiles of Mg intercalation in amorphous V,0Os, as
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Figure 4. Comparison of average (de)intercalation voltage of Mg in V,05
versus Mg metal, as calculated by AIMD/DFT (blue bars) and MTP (red
bars), at different temperatures. 0 K indicates calculations done on the
crystalline structure of V,05 and MgV, Os.

reported previously,[*®! in Figure S15 (Supporting Information).
Moreover, the average voltages in amorphous-V,0O; are higher
than the SOTA chalcogenide Mg cathodes.[?211] Additionally,
the MTP-calculated voltage is in fair agreement with the first
principles voltages for the crystalline structure (~2.46 V) as well
as the disordered structures, with deviations of ~0.1 V at 600
and 900 K, indicating that the constructed MTP is able to de-
scribe the energetics fairly well. We do observe a significant un-
derestimation in the MTP-based voltage at 1200 K (deviation of
~0.23 V vs AIMD), which may be due to the specific structure
that is sampled for the voltage calculation in the MTP simulation.
Nevertheless, trends in our calculated voltages do indicate
a possible drop of ~10% in amorphous V,0; compared to
its crystalline version, which needs to be accounted for if
the amorphous structure is used as a cathode material in
Mg batteries.

3.4. Mg Diffusivities

Figure 5a displays the overall MSD(At) as a function of At (Equa-
tion 4), from MTP-based MD calculations on a2 x 4 X 6 MgV, 05
supercell for 4000 ps. The yellow, blue, green, pink, and red lines
in Figure 5a correspond to MSD data at 1200, 1000, 900, 600, and
300 K. We observe linear relationships between MSD and At for
all temperatures. Note that the MSD displayed in Figure 5a is
the overall MSD of Mg-ions, i.e., combining individual displace-
ments along axes 4, b, and ¢. The MSDs along individual axes are
shown in Figures S7 and S8 (Supporting Information). The actual
MSD(t) data from the MTP calculations as a function of simula-
tion time (¢, Equation 2) is shown in Figures S9 and S8 (Support-
ing Information), which expectedly shows noisier statistics than
the MSD(At) data. Given the high computational costs associated
with AIMD simulations, we only performed AIMD in 1 x 2 X 3
supercell, with the data compiled in Figure S10 (Supporting In-
formation). Data from the corresponding MTP-MD simulations
that we ran on a 1 X 2 X 3 supercell over 4000 ps is displayed
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in Figures S11-S13 (Supporting Information). Our MTP simu-
lations on the larger 2 X 4 X 6 supercell does display less noisy
statistics than the data from the smaller 1 X 2 X 3 supercell. The
linear relationship between log D (with D in units of cm? s71) and
1/T, as obtained from the MTP-based MD data on the 2 x 4 X 6
supercell at different temperatures is displayed in Figure 5b, with
similar relationships derived from the 1 X 2 x 3 supercell AIMD
and MTP data compiled in Figures S10 and S13 (Supporting In-
formation).

Importantly, we estimate the MTP-calculated Mg-diffusivities
in amorphous V,0Os, based on the data in Figure 5a, to be 1.81
x 107° cm? s7! at 300 K, 3.41 x 107® cm? s7! at 600 K, 4.75 X
107 cm? s7! at 900 K, 5.63 x 107¢ cm? s7! at 1000 K, and 8.71
x 107% cm? s7! at 1200 K. The associated E, with this variation
of D with T is 47 meV. Such diffusivities and E, values are a re-
markable improvement in Mg mobility in the amorphous V,O;
structure compared to the crystalline version. For example, pre-
vious studies!'”?792] have estimated an E, of 600-750 meV and
975-1120 meV in the § and a polymorphs of V,Os, respectively.
The crystalline E, values correspond to Mg diffusivities in the or-
der of 107** to 1071¢ cm? s71 in 6 and 1072 to 1072 cm? s7! in
« at 300 K. In comparison, amorphous V,0Os exhibits a Mg diffu-
sivity in the order of 107® cm? s! at 300 K, which is a minimum
improvement of 7 orders of magnitude in Mg diffusivity com-
pared to the crystalline structure. Given that we have not changed
the chemical composition here, this increase in diffusivity is en-
tirely due to the amorphization of V,Os, resulting in a flatter
PES.

Previously, Mg?* self-diffusivities have been reported to be in
the range of 107! to 10712 cm? 57! at 298 K in the thiospinel Mg,
Ti, S, at x = 0.35, with higher diffusivities (%10=® cm? s71) re-
ported at x~0 at 333 K.[82!] Given that the thiospinel represents
one of the SOTA Mg-cathode materials, we expect higher diffusiv-
ities in our amorphous oxide, by &5 and &2 orders of magnitude
compared to the thiospinel at 298 and 333 K, respectively. This
gain in Mg diffusivity represents a potentially significant gain
in power performance. Moreover, amorphous V,O; can yield a
higher average voltage (by atleast ~0.8 V) than Mg, Ti,S,,[?1! in-
dicating a potential improvement in energy density as well. Thus,
improvements in Mg mobility with the disruption of LRO pro-
vides a crucial handle that can enable the use of oxide (and other
high energy density) cathodes for Mg batteries.

3.5. Degree of Correlation

Figure 6 plots the overall MSCD(At) as a function of At for
amorphous-MgV,O; (panel a) at different temperatures and the
variation of Hy with temperature (panel b) based on our MTP-
MD calculations on the 2 X 4 X 6 supercell over 4000 ps. Cal-
culated MSCD and H; data with MTP on the 1 X 2 X 3 su-
percell is provided in Figure S14 (Supporting Information). No-
tably, the MSCD’s variation with At demonstrates non-linearity
at high At, at intermediate temperatures of 600 and 900 K,
which is expected since tracking centre-of-mass displacements
can lead to noisier data than tracking individual atoms.®®! Im-
portantly, our calculated Hy shows a strong monotonic depen-
dence of temperature in amorphous-MgV,0Os, with values in-
creasing from ~0.46 at 300 K to ~0.92 at 1200 K. Notably,
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Figure 5. a) Overall MSD(At) values as a function of At, calculated with MTP-MD over 4000 ps in a 2 X 4 X 6 MgV,O5 supercell. Yellow, blue, green,
pink, and red lines represent calculated data at 1200, 1000, 900, 600, and 300 K, respectively. b) Arrhenius plot of log D (with D in cm? s™') versus
1000/T, derived from the data in panel a. Colors of the dots correspond to the temperatures in panel a. Dashed black line represents a linear fit.

diffusion along grain boundaries in metals (i.e., highly defec-
tive regions) is also known to be highly correlated, especially at
low temperatures,[*?l in qualitative agreement with our predic-
tions for an amorphous oxide. At higher temperatures, the large
availability of thermal energy ensures that atoms migrate in a
more random (non-correlated) manner compared to lower tem-
peratures, where concerted motion (cross-correlation) seems to
occur due to stronger electrostatic interactions. Such concerted
motion at low temperatures can possibly be characterized using
experimental techniques and can provide a handle to further op-
timize the diffusivity of Mg ions within the amorphous V,O; lat-
tice by facilitating migration channels that allow for concerted Mg
motion.
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4, Discussion

In this work, we used a combination of AIMD and MLIP-MD
simulations to explore amorphous V,0Os as a cathode material
for Mg batteries, which form an important alternative technol-
ogy in the space of beyond-Li-ion batteries. Specifically, we used
melt-quench AIMD simulations and active learning (Figure 1) to
generate 3700 configurations of amorphous V,05 and MgV, 05
to train accurate MTPs that yielded RMSE (MAE) of 3.16 (2.33)
meV atom~' and 0.244 (0.116) eV A~! on the test set energies

and forces, respectively. We verified the amorphous nature of

V,0; and MgV, 0O; structures obtained using both AIMD and
MTP-MD, using RDF and LRO calculations (Figures 2 and 3),

Temperature (K)

Figure 6. a) Overall MSCD(At) as a function of At for amorphous MgV, Qs at different temperatures, as obtained from MTP-MD simulations in a 2 X
4 x 6 supercell over 4000 ps. b) Variation of calculated Hy with temperature. Yellow, blue, green, pink, and red colors in both panels represent data at

1200, 1000, 900, 600, and 300 K, respectively.
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and noted the similarities in the RDFs obtained using AIMD and
MTP-MD. Subsequently, we estimated the average Mg intercala-
tion voltages, the Mg diffusivities (and associated E,), and quanti-
fied the extent of cross-correlation in Mg motion, as a function of
temperature using MTP-MD performed on large 2 X 4 X 6 super-
cells over 4 ns. We found that amorphization of V, O, can resultin
a 10-14% drop in average Mg intercalation voltages compared to
crystalline V,0O; (Figure 4), depending on the temperature. Im-
portantly, we observed remarkably high Mg diffusivities (~10~°
cm? s71, Figure 5) in amorphous MgV, O at five different tem-
peratures, with a low resultant E, of ~#47 meV. Our calculated dif-
fusivities in amorphous MgV, O are ~7 and ~5 orders of mag-
nitude higher compared to crystalline Mg, V,0s and thiospinel
Mg, Ti,S,, respectively, highlighting the impact of amorphization
on Mg mobility. Also, we found Mg diffusivities to be significantly
cross-correlated at low temperatures (Hz~0.46 at 300 K, Figure 6)
with the Mg motion becoming progressively random at high tem-
peratures (Hp~0.92 at 1200 K). Overall, we observe amorphiza-
tion to be a key handle that can significantly enhance Mg motion
in oxides at room temperature, such as V,Os, thus enabling the
use of high energy density cathodes with reasonable power per-
formance, potentially resulting in the practical deployment of Mg
batteries.

Our dataset consists of a total of 3725 configurations compris-
ing V,0, and MgV,0, compositions, generated predominantly
using melt-quench AIMD simulations, which was split 90:10 to
create the train and test subsets, with our active learning work-
flow contributing ~569 configurations for optimizing our MTP.
While our dataset is comprehensive and manages to capture the
disordering of V, O quite well (Figure 2), itis limited by the range
of temperatures and the lack of intermediate compositions being
sampled. Thus, expanding the range of temperatures being sam-
pled (e.g., at every 100 from 300 to 1200 K) and the compositions
(e.g., in steps of Ax= 0.1 in Mg,V,0;) will certainly improve
the versatility and transferability of our constructed MTPs. Ad-
ditionally, we used crystalline V,Os (« polymorph) from ICSD as
the starting structure for our melt-quench AIMD and added Mg
within the amorphized-V,Oj structure instead of using MgV, O
(6 polymorph) as a starting configuration, which adds some bias
in our dataset. However, given that dataset generation carries the
most computational expense in our study, it is impossible for us
to encompass all relevant temperatures and compositions and re-
move all biases for training our MTP. Nevertheless, future works
can build upon our dataset by incorporating more diverse data
and generating MLIPs with better accuracy and transferability.

We chose MTP for our study for several reasons, includ-
ing its computational speed using CPU-based processors, abil-
ity to learn swiftly from small datasets, and an integrated ac-
tive learning framework.[”862] Moreover, our previous work has
demonstrated that MTP can generalize quite well across multi-
component systems with diverse compositions.[®!] Indeed, MTP
performs quite well on our AIMD-based dataset, exhibiting low
errors on train/test energies and forces, and exhibiting similar
RDFs in both amorphous V,0, and MgV,0O; structures com-
pared to AIMD (Figure 2; Figures S3-S6, Supporting Informa-
tion). However, MTP is an invariant potential and does not in-
clude features such as equivariance and message passing that is
incorporated in more recent graph-based neural network poten-
tials, such as neural equivariance interatomic potentiall®*! and
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multi atomic cluster expansion.¥ Thus, MTP is not the most
general theoretical framework among MLIPs and does indeed ex-
hibit limited flexibility, accuracy, and transferability.[®*] Neverthe-
less, graph-based potentials are computationally expensive often
requiring state-of-the-art GPU-based processors, are demanding
on the memory, and are significantly slower on CPUs for MD
simulations compared to MTP.[®!] In any case, with the expan-
sion of our dataset to more diverse temperatures and composi-
tions, particularly on other oxide based systems, it may be worth-
while to construct graph-based potentials and/or fine-tune some
of the available universal MLIPs.[°]

One limitation in our voltage predictions, particularly for struc-
tures extracted from higher temperatures, is that our voltage cal-
culations have been done on a single snapshot of a structure
instead of an average over an ensemble of possible configura-
tions. Note that we don’t necessarily expect any qualitative varia-
tions or significant quantitative differences between our calcu-
lations and ensemble averaged quantities, given that the pre-
dicted AIMD/MTP potential energies for both V,0, and MgV, O,
(Figure S2, Supporting Information) do not fluctuate signifi-
cantly at different temperatures. Importantly, we observe a 10—
14% drop in the average Mg intercalation voltage in amorphous
V,0; compared to its crystalline version (Figure 4), which can re-
sult in a 10-14% drop in energy density, a factor that needs to
be accounted for in case amorphous V,Os is used as a cathode in
Mg batteries. To better understand and quantify the extent of volt-
age reductions due to amorphization of a given structure, similar
studies on other oxides will be useful.

So far, there have been limited experimental studies explor-
ing V,O; (or other oxides) in their amorphous form as cathodes.
For instance, Nabavi et al.**] examined Li-intercalation in amor-
phous V,0O; using using Coulometric titration and reported an
open-circuit voltage (OCV) of 3.85-2.0 V, depending on Li con-
tent. Similarly, amorphous V,0Os has been explored as a cath-
ode in sodium and zinc based batteries, with reports indicat-
ing varying electrochemical performance.[1%191] However, exper-
imental studies on Mg with amorphous V,0Os are limited. For
example, Arthur et al.'%?] demonstrated that amorphous V,0.~
P,0s (75:25 mol%) exhibits improved current density and high-
voltage reversibility with an anodic peak at ~2.9 V versus Mg
and a cathodic onset at 1.1 V, with the performance improve-
ments attributed to amorphization. Wally et al.[*’! demonstrated
Mg intercalation on a glass ceramic composite of composition
13.5Na, S-32.5V,0,-54P,0; (mol%) that was annealed for 12
h. Specifically, the authors!*! reported an OCV of 1.76 V ver-
sus Mg, an initial capacity of 86 mAh g~!, an energy density
of 11 Wh kg™!, a coulombic efficiency of 78% after 100 cy-
cles at 55 °C, and voltage plateaus at 1.9 and 2.3 V with sig-
nificant hysteresis during cycling. Note that the experiments!*¢!
were done on a V,0,-P,05 nanocomposite, and possible phase
transitions to vanadium phosphates (in addition to amorphiza-
tion) may have influenced the observed electrochemistry, along-
side any electrolyte decomposition, making quantitative com-
parisons with our computational data difficult. In any case, the
reported voltage range of 1.7-2.3 V is within the same range
that we expect from our computational results, and we have in-
cluded the experimentally reported cyclic voltammetry datal*] in
Figure S15 (Supporting Information). Nevertheless, more exper-
iments are required to be conducted on amorphous V,0; (and
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other oxide systems) to ascertain their suitability as electrode
materials.

In terms of diffusivity estimates, sampling more temperatures
(and compositions), longer simulations times, and larger super-
cells, can yield marginally better values than reported in our work
(Figure 5). In any case, our MSD(At) statistics as calculated by
MTP-MD in our 2 X 4 x 6 supercell already appear quite robust
(Figures S7-S9, Supporting Information) and provides a good
indication of the expected Mg mobility. More importantly, un-
derstanding the nature of correlated Mg motion (Figure 6) at
lower temperatures will be quite challenging and important to
further optimize the performance of amorphous V,Os. Specif-
ically, the quenching rate and dopant additions can influence
the short range order of amorphous V,Os, which in turn can
impact the presence of “open channels” for correlated Mg mo-
tion. While we provide a visual representation of Mg hops
through a compiled video (provided as part of our GitHub repos-
itory, see “Data and code availability” section), further character-
ization using electrochemical impedance spectroscopy, galvano-
static intermittent titration technique, and nuclear magnetic res-
onance can shed more insights into the underlying migration
mechanism(s) that are active. Finally, note that although we re-
port a fairly low E, (=47 meV, Figure 5b) for Mg motion in
amorphous-MgV, O, the definition of E, in amorphous systems
is not as rigorous as in crystalline systems, since E, can vary
significantly with temperature and the vacancy-based hopping
mechanism may not be the only mechanism active in an amor-
phous structure. Nevertheless, our calculated E, provides an in-
dication of the swift Mg mobility that is to be expected in amor-
phous V,0s compared to its crystalline counterpart.

In crystalline solids, ionic diffusion typically occurs via well-
defined, vacancy-mediated hopping between regular lattice sites,
with a temperature-independent activation barrier determined by
the PES. However, in amorphous systems, the lack of a periodic
lattice introduces additional complexity in the diffusion mecha-
nism(s). First, the absence of regular lattice sites means that dif-
fusion is strongly influenced by the availability of “free volume”
regions of non-bonded space through which ions can migrate, a
concept that is well-established in polymeric and glassy systems.
We illustrate this using Voronoi tessellation (see videos provided
in our GitHub repository as Supporting Information) to show the
migration of ions between adjacent polyhedral cages, highlight-
ing the role of free volume and distorted geometrical connectivity
in enabling diffusion. Second, at low to moderate temperatures,
amorphous V,O; exhibits highly concerted (or correlated) ionic
motion, as indicated by the low Hy (Figure 6b), wherein multi-
ple ions migrate simultaneously. This is distinct from individual
ionic hopping and can result in a lower effective energy barrier
compared to an individual ion hopping across a “static” potential
energy landscape, as has been proposed by He et al.l'®*] During
concerted hopping, ions occupying high-energy sites that are sta-
bilized via local Coulomb interactions migrate downhill, which
can help reduce the barrier for other ions moving uphill, pro-
viding a cooperative effect that facilitates net migration at lower
temperatures. Thus, at low to moderate temperatures, both free
volume and concerted hopping play a role in the diffusion of Mg
in amorphous V,0O;. As temperature increases, thermal activa-
tion enhances ionic mobility and reduces the extent of correlation
(as indicated by an increasing Hy, Figure 6b), leading to a more
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random motion (see supporting videos in our GitHub repository
for an illustration).

Our study demonstrates the potential of amorphous oxides,
such as V, Os, as cathode materials for Mg batteries providing en-
hanced Mg mobility and a small drop in the intercalation voltage.
Moving forward, similar investigations on other amorphous ox-
ide and polyanionic chemistries, whose crystalline versions have
shown promise as Li-ion cathodes,!'*! such as Mn-, Co-, and Ni-
based oxides, and Fe-, and Mn-based phosphates, can be carried
out to explore their possible utility as Mg battery cathodes. The
workflow established in this study (Figure 1) should provide a
theoretical framework for executing studies on analogous cath-
ode chemistries. Moreover, such studies will also provide statis-
tics on the voltage drops, mobility enhancements, and (any) con-
certed migration mechanisms, which will be useful in improving
the fundamental understanding of amorphous systems in gen-
eral and in guiding the materials design for developing practical
Mg batteries.

5. Conclusion

Magnesium batteries offer an alternative technological pathway
with potentially higher volumetric energy density, lower costs,
and better safety compared to the state-of-the-art LIBs. However,
magnesium batteries require cathodes with high energy densities
(e.g., oxides) to show reasonable Mg mobility (or power perfor-
mance) to be practical. In this context, we used MD simulations
powered by MLIPs (MTPs) that were trained on systematic melt-
quench AIMD data to explore amorphous Mg, V,Os as a cathode
for Mg batteries. Upon validating the MTP using active learning
and verifying the amorphous nature of the generated structures
via RDF and LRO calculations, we performed 4 ns simulations on
a2 X 4 X 6 supercell using MTP-based MD to estimate the Mg in-
tercalation voltage and transport properties. Importantly, we ob-
served a 10-14% drop in the average Mg intercalation voltage and
a =7 orders of magnitude improvement in Mg diffusivity (with
a low E, of 47 meV) due to amorphization of the V,04 frame-
work. Our predicted Mg diffusivity in amorphous V,Os is higher
than in thiospinel Mg, Ti,S,, by ~5 orders of magnitude at room
temperature. Also, we observed significant cross-correlation in
the Mg motion at room temperature, with the motion becom-
ing progressively random at higher temperatures. Thus, we find
amorphous V,O; to be a promising cathode material for Mg bat-
teries. More importantly, we expect amorphization of analogous
oxides to be a key handle that can be used to design cathodes ex-
hibiting high energy and reasonable power densities for Mg bat-
teries. Finally, our theoretical workflow powered by MLIPs can
be extended to explore a broader range of materials and proper-
ties, which will be a crucial step in accelerating the design and
discovery of new amorphous materials for different applications.
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Supporting Information is available from the Wiley Online Library or from
the author.
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