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ABSTRACT: Disordered rocksalt (DRX) Li;V,0O; is a promising
anode candidate for rechargeable lithium-ion batteries because of its
low voltage, high rate capability, and good cycling stability. Herein,
we present a comprehensive study of the intercalation chemistry of
the DRX-Li;V,O5 anode using density functional theory (DFT)
calculations combined with machine learning cluster expansions and
interatomic potentials. The predicted voltage profile of the DRX
Li;V,05 anode at room temperature based on Monte Carlo
simulations with a fitted cluster expansion model is in good
agreement with experiments. In contrast to previous DFT results,
we find that Li ions predominately intercalate into tetrahedral sites
during charging, while a majority of Li and V ions at octahedral sites
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remain stable. In addition, molecular dynamics simulations with a fitted moment tensor potential attribute the fast-charging
capability of DRX-Li;V,0;5 to the facile diffusivity of Li* via a tetrahedral—octahedral—tetrahedral pathway. We further suggest
tuning the Li:V ratio as a means of trading off increased lithiation capacity and decreased anode voltage in this system. This work
provides in-depth insights into the high-performance DRX-Li;V,05 anode and paves the way for the discovery of other disordered

anode materials.

B INTRODUCTION

Rocksalt oxides have been extensively studied as electrodes for
rechargeable lithium-ion batteries (LIBs)." As the name
implies, the O* anions in rocksalt oxides are arranged in a
close-packed face-centered-cubic (fcc) framework, with the
cations occupying the tetrahedral and octahedral interstitial
sites, as shown in Figure la. For instance, the common layered
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Figure 1. (a) Crystal structure of disordered rocksalt Lis,,V,0;: red
for O®" anions forming an fcc sublattice, light blue for Li* in
tetrahedral interstitials, and green/purple for disordered Li*/V**~* in
octahedral interstitials. (b) Calculated phase diagram of the Li—V—0O
chemical system at 0 K. The green circles refer to ground states, and
the red square refers to the metastable phase. The red dashed line
refers to the limit of the V** oxidation state. The blue dashed line
refers to the lithiation pathway in DRX-Li;V,Oq.
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transition metal (M) oxide LiMO, cathode used in LIBs is
formed by an ordered arrangement of Li and M in this
framework. In the past decade or so, lithium-rich disordered
rocksalt (DRX) oxides have emerged as a promising class of
electrode materials with high specific capacities and high rate
capabilities." ™

While DRX materials have been extensively studied as
cathodes, relatively few have been explored as anodes.””’
Among the most promising is DRX-Li;V,Oys, recently reported
by Liu et al.’ The DRX-Li;V,05 anode operates at a near-
optimal average voltage of ~0.6 V versus Li/Li", high enough
to alleviate the safety concerns attributed to Li plating that
occurs during fast charging and discharging of the commercial
graphite anode used in LIBs. At the same time, it is
substantially lower than the 1.5 V operating voltage of lithium
titanate, thereby yielding a much higher energy density.

Despite its great promise, ambiguity about the intercalation
chemistry of DRX-Li;V,05 remains. Previously, Zheng et al.*
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proposed that the related DRX-Lij5,,Vo750, anode under-
goes a conversion-type reaction, in which the single-phase
material is converted into VO, and Li,O as it is charged to 0.55
V versus Li/Li*. However, our previous density functional
theory (DFT) calculations attributed the low voltage and high
rate capability of DRX-Li;V,0; to a redistributive lithium
intercalation mechanism with low energy barriers.” These
initial conclusions were reached on the basis of 0 K DFT
calculations with small model cells, which did not fully explore
the configurational space of the DRX anode at finite
temperatures.

In this work, we revisit the intercalation chemistry of DRX-
Li;,,V,0; (0 < x < 2) at finite temperatures using large-scale
simulations with machine learning (ML) energy models.
Monte Carlo simulations using a fitted cluster expansion
model predict that Li primarily inserts into the tetrahedral sites
of DRX-Li;V,05 while Li occupancy in octahedral sites
remains largely unchanged, in contrast with earlier DFT
results. Molecular dynamics (MD) simulations using a ML
interatomic potential reveal that Li* diffusivity reaches its
maximum at intermediate states of charge but sharply
decreases at the start of charging and discharging. The high
rate capability and superior cycling stability of DRX-Li;V,O5
anode are a result of facile diffusion of Li ions through a
tetrahedral—octahedral—tetrahedral pathway, consistent with
previous nudged elastic band calculations.

B METHODS

Structure Model. Figure 1a shows the crystal structure of DRX-
Lis,,V,05, which has an fcc lattice in space group Fm3m. The O*~
anions occupy the 4a sites. The initial composition of Li;V,O; has a
cation:anion ratio of 1:1. On the basis of our previous studies, the
lowest-DFT energy structure 1s one in which all Li/V cations fully
occupy the octahedral 4b sites.” Henceforth, we will use the anion-
normalized composition, e.g., [Lig¢Vy4]°"O for Li;V,0s, to
emphasize the site occupancies. During charging, inserted Li* ions
also occupy the tetrahedral 8¢ sites, forming Litetx[LiyVOA] Q.

For more costly DFT and climbing image nudged elastic band
(NEB) calculations, a set of 64 special quasi-random structures
(8SQSs)’ with a formula of LigV,;0;, (corresponding to
[Lig.s0375 Vouos25]°O) were generated using 2 X 2 X 2 supercells of
the conventional rocksalt cubic unit cell. The three relaxed SQS
structures with the lowest energies were used for site energy and
migration barrier calculations.

Density Functional Theory Calculations. Spin-polarized DFT
calculations were performed using the Vienna ab initio simulation
(VASP) package within the projector-augmented wave method.'”"!
The Perdew—Burke—Ernzerhof (PBE) functional'” was used for the
structural relaxation and electronic energy calculations with an
effective Hubbard U">'* value of 3.25 eV for V, wh1ch is in line
with the parameters used in the Materials Project."> All calculations
were initialized in a ferromagnetic high-spin configuration. A plane
wave energy cutoff of 450 eV and a k-point density of at least 100 per
reciprocal volume were adopted. The electronic energies and forces
were converged to 107 €V and 0.02 eV A7, respectively.

Li Site Energies. The Li site energies were determined by
inserting one Li* into each symmetrically distinct tetrahedral site of
the three lowest-energy SQSs. The Li* site energies are given by the
following expression:

ELitet = EDoped - EHost - EEl (1)
where Epgpeq Eposy and E); are the DFT-calculated energies of the
SQS with one Li atom inserted into the tetrahedral site, the SQS, and
the Li metal, respectively.

Order Parameter. To quantil;y the degree of ordering, the average
Steinhardt order parameter (5}-)I over all atoms in each structure was

calculated. The Steinhardt order parameter D; for each atom j and the
bounded atom k in the structure is given by

1

Di=— > (S+ Sy —25)
] y ]
Hé k€bonded (2)
j k vk
Se= 2 4p(4y)
_l<m<l (3)

where Sy is the correlation between atoms j and k and nj, is the
number of atoms bonded to atom j. For the fcc cation lattice, nf, = 12
and I = 6. For a perfect ordered crystal such as the layered R3m
LivO,, D~ = 0. The higher the degree of disordering of a system, the
larger the value of D.. For “example, in a glass material, D ranges from
0.2 to 0.3."° In this work, D; was calculated using the pyscal package.'”

Cluster Expansion. A cluster expansion (CE) lattice model ™~
for the DRX-Li*[Li,V,,4]°“O system was parametrized using the
Clusters Approach to Statistical Mechanics (CASM) software.”>**
The DFT-calculated total energies of the structural configurations
were mapped into an expansion of crystal basis functions ®(i, G) as
given by

E(5) = ), V(m)®,(, 5)
; (4)

where ®(m, 5) = [[N, ¢(n, m,, 0,) is a polynomial of site basis
functions ¢(n, m,, o©,) and V(m) are the fitted effective cluster
interactions (EClIs).

To fit the CE, the [Li/V/Va]°“ and [Li/Va]*® (Va: vacancy)
configurations of different compositions were exhaustively enum-
erated in cubic rocksalt supercells up to a maximum cell size of 25
times the primitive unit cell size. It should be noted that V is allowed
to occupy only the 4b octahedral sites, given that its occupancy at
tetrahedral sites is extremely energetically unfavorable (Ey« ~ 3 eV).
Li can occupy either the 4b octahedral or 8¢ tetrahedral sites. We note
that only structures with a basis deformation of <0.1 were used in the
fit, which is a typical threshold used to identify structures that match
with the primitive unit cell. The basis deformation is determined by
the mean-square atomic displacement relative to the positions of the
ideal ions in a cubic rocksalt lattice.”> A set of 1500 DFT-calculated
energies of Li,V,0 were used to fit an initial CE model. The model
was then improved iteratively by adding more data obtained from
Monte Carlo (MC) simulations. Structures that were predicted by the
CE model to exhibit energies below the convex hull of >20 meV
atom™ were then added to the training data set, and further DFT
calculations were carried out on the new structures. An updated CE
model was then refitted. This procedure is repeated until no new
ground state structures were predicted by the CE model. As shown in
Figure 3b, the fitted cluster expansion model and DFT predict the
same ground state structures. In total, DFT-computed energies of
~4500 symmetrically distinct configurations were used to fit the ECIs.
All symmetrically distinct pairs, triplets, and quadruplets in the
rocksalt cell within radii of 7.1, 4.1, and 4.1 A, respectively, were used
to construct the CE model.

The ECIs were obtained from an L, regularized linear regression fit
with @ = 107® to minimize overfitting (Figure S4). The cross-
validation mean absolute error in energies is 8.94 meV atom™".

The calculated formation energy of Li;, V,Oj structures is given by

X .
E¢mlLiy V, O] = E[Liy, V,04] — (1 - E)E[L%Vzos]

x
2E[L15VZOS] (5)
Monte Carlo Simulations. MC simulations were performed

using the fitted cluster expansion model. A S X S X S supercell (2000

sites) was used for these simulations; larger supercells produced

similar results (see Figure SS). Canonical MC simulations were
performed at the [Lij ¢V ,4]°“O composition to probe the temperature
under which the system undergoes an order—disorder transition.
Semigrand canonical MC (GCMC) simulations at 300 K were
performed to study the intercalation of Li ions into the DRX-Li;V,O5
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Figure 2. (a) DFT-calculated pseudobinary Li;V,05—LisV,05 compound phase diagram. The configurations are colored in terms of their basis
deformation. The red line represents the convex hull of the cubic phase, i.e., structures with low basis deformations (<0.1). The blue line represents
the convex hull of all of the DFT-relaxed structures. (b) Evolution of the occupancy of Li** and Li** within Li;V,05—Li;V,05 at 0 K. (c) Evolution
of the occupancy of Li** and Li*" within Li;V,0—LisV,Oj in the cubic phase. At each composition, the three lowest-energy structures were used
for site occupancy calculations. The average values with error bars are shown in the plot. The most stable structures of ground states and the
metastable cubic phase of Lis, V,O; (x = 0, 1, or 2) are shown in Figure S3. (d) Distribution of DFT relative energies and average Steinhardt order
parameter 1_);‘ of the initial Li;V,05 structures corresponding to the cubic and distorted lithiated Li;,,V,05 (x > 1) structures. For each
composition, no more than 50 structures with the lowest energies were used for the analysis.

structure. In a semigrand canonical ensemble, the composition and
energy of the system with a fixed number of sites were allowed to
fluctuate while the temperature (T) and the chemical potentials of Li
(u1;) and V (uy) were externally imposed. The chemical potentials
were referenced to that of bulk Li and V metals, for which py; = py =
0. The semi-GCMC simulations were carried out by scanning y;; with
a step of dpy; = 0.01 eV at a constant yy, within the following chemical
potential ranges: —2.0 < py; < 0.0 and —2.0 < pyy < 0.0 at 300 K. The
initial disordered structures were obtained from equilibrated semi-
GCMC simulations by heating the system from S to 1500 K at fixed
chemical potentials. In this work, the semi-GCMC simulations were
performed on only Li and vacancy occupancy in the tetrahedral and
octahedral sites, while all V ions were fixed in the initial equilibrated
octahedral sites due to the large V migration barriers.

The voltage of an electrochemical cell was related to the Li
chemical potential of the electrodes according to the Nernst equation:

V= (- u)/e (6)

where piy; is the chemical potential of Li in DRX-Lis, V05, pf; is the
reference chemical potential of Li metal, and e is the elementary
charge.

Moment Tensor Potential. A machine learning interatomic
potential (ML-IAP) based on the moment tensor potential (MTP)
formalism™* was developed for DRX-Li;, , V,Os using a protocol
similar to that developed by Qi et al*® for lithium superionic
conductors. The initial training structures included DFT-calculated
ground state structures in the Li—V—O chemical space (supercells of
Li,O, Li;VO,, LiV,0q, and LiVO, with lattice parameters of >10 A).
To further sample the energy landscape of different Li/V arrange-
ments, a set of SQSs with compositions of LioV;30;,
([Lig.s9375Vo.40625]°°'O ~ Li3V,05), LiysV, 305,
([Lig.1s75]*' [Lio.s0375 Vo.40625)°"O & LisV,05), and LisyVi303,

([Lig 406251 [Lin.s037sVo.s0625]°“O & LisV,O5) were generated in 2 X
2 X 2 supercells of the conventional rocksalt cubic unit cell. It should
be noted that changes in the occupancy of tetrahedral and octahedral
sites in SQSs can occur upon DFT relaxation. The SQS with the
lowest-energy configuration of each composition was included in the
fitting procedure.

Non-spin-polarized ab initio molecular dynamics (AIMD) simu-
lations using NVT ensembles were performed on relaxed supercells of
all initial structures with a plane wave energy cutoff of 280 eV and a
gamma k-point. To diversify the sampled local environments, the
simulations were carried out at three strains (0 + 0.05) and four
temperatures (300—1200 K at intervals of 300 K). All simulations
were performed for at least 30 ps with a 2 fs time step using a Nose-
Hoover thermostat.”**” The training structures were collected from
1S ps equilibrated runs at 0.1 ps intervals, and more accurate energies
and forces were obtained by static self-consistent calculations with a k-
point density of at least 100 per reciprocal volume and an energy
cutoff of 520 eV.

Molecular Dynamics Simulations. MD simulations were
performed in the NPT ensemble to investigate Li* diffusion in
DRX-Li;V,0; using the fitted MTP potential. The time step of all
MD calculations was set to 1 fs, and the total simulation time was at
least 1 ns. The diffusivity (Dy;+) of Li* was calculated by performing a
linear fitting of the mean square displacement (MSD) versus 2dt:

o= {iaor) (7)

where d is the dimensionality factor, which equals 3 for bulk
structures. {[Ar(t)]*) is the average MSD over time t. Activation
energy E, was determined by the Arrhenius relationship

D = Dy exp(~E,/kT) (8)
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Figure 3. (a) Fitted effective cluster interaction (ECI) values with respect to the size of the clusters. (b) DFT-calculated and cluster expansion

(CE)-predicted formation energies of Lis,,V,0;5 (x = 0.0—2.0).

where D, is the maximum diffusivity at infinite temperature, k is the
Boltzmann constant, and T is the temperature.

All of the training, evaluations, and MD simulations were
performed using MLIP,***’ Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS),*® and the open-source Materials
Machine Learning (maml) Python package.®!

Diffusion Barriers. The migration barriers of Li* and V** (n = 3
or 4) vacancies were calculated using the climbing image nudged
elastic band (CI-NEB) method.***> All NEB calculations were
performed in three SQSs with the lowest DFT total energy created in
the previous sections. For Li* migration barriers, the starting point of
each NEB calculation was determined by inserting one Li" into the
tetrahedral site, and then the structure was fully relaxed. Five linearly
interpolated intermediate images were used to generate the initial
guess for the minimum energy path. For Liy,, in varied local
environments, the energy barriers for Li* hopping were calculated in
three configurations with the lowest Li,, site energy. The kinetically
resolved activation (KRA)** Li* migration barrier (AEyg,), which is
independent of hop direction, was determined by the following
expression:

1

AExps = E(q) — E[E((’i + E(op)] 9)
where E(o,), E(0;), and E(oy) refer to the energy of the activated
transition state, the initial state, and the end state, respectively, from
the CI-NEB calculations. The PBE functional without Hubbard U was
adopted to avoid the possible mixing of the diffusion barrier with a
charge transfer barrier.>® The force and energy convergence criteria
were 0.05 eV/A and 5 X 107° eV, respectively.

B RESULTS

Li-V—-O Phase Diagram. Figure 1b shows the DFT-
calculated Li—V—O phase diagram at 0 K. Li;V,0O;4
([LiggVo4]°"0O), represented by the red square, is unstable at
0 K relative to LiVO, and Li;VO,. Both ordered layered and
DRX-LiVO, as well as ordered Li;VO, have been explored as
potential LIB anodes.”* > All three electrode materials have a
cation:anion ratio of 1:1 and differ purely in their Li:V ratio
and therefore active redox couple. Li;VO, has a formal
vanadium oxidation state of 5+, and all cations are ordered in
tetrahedral sites. It can therefore be represented using the
anion-normalized composition of [Liy;5V(,5]®O. In contrast,
LiVO, has full octahedral occupancy like Li;V,0; and a formal
V oxidation state of 3+. It can therefore be represented using
the anion-normalized composition of [LiysV,]°O. It should
be noted that Li,O ([Li,]*'O) also has a cubic rocksalt
structure with full occupancy in the tetrahedral sites and a
cation:anion ratio of 2.

During charging, lithiation of [LigsV(4]°“O occurs along the
pathway indicated by the dashed blue line. The thermodynami-
cally most favorable pathway is a conversion reaction given by
the Li,O—Li;VO,—LiVO, phase triangle ([Li,]*'O—
[Lig7sVoas)®O—[LiysVys]°0), in which case the DRX-
Li;V,0;4 anode is converted to a mixture of LiVO,, Li,O,
and V metal upon lithiation. However, kinetic considerations
may favor lithium insertion instead of conversion. In contrast
to Li ions, the redistribution of V ions is unlikely to occur due
to the large migration barriers of V (1000—3500 meV) in the
rocksalt lattice (Figure S1). This is in line with what has been
observed experimentally.” The ultimate limit of insertion into
rock salt Li,_,V,O is given by the red dashed line representing
Li, ,,V,0O, i.e,, a V** oxidation state. For a V cation content of
0.4, ie., Li;V,Oy, this limit is given by Li;,V;,0 or LisV,0s.
Experimentally, this limit is never reached and the highest
lithiated state has a composition of Li,V,,0 or LisV,0s.”

The insertion of Li" into the Li;V,05 anode at 0 K was
studied by DFT calculations. Figure 2a shows the DFT-
calculated pseudobinary Li;V,03—LisV,0; phase diagram with
the candidate structures colored in terms of their basis
deformation. The larger the basis deformation, the greater the
deviation of the DFT-relaxed structure from the ideal cubic
rocksalt lattice. When x = 0, low-energy structures have low
basis deformations and Li/V atoms are all in octahedral sites.
When x > 0.5, the DFT ground states comprise phases that are
highly distorted (basis deformation of >0.1) from the parent
cubic rocksalt lattice; the cubic phases (basis deformation of
<0.1) are metastable. A Li site occupancy analysis of DFT
ground states structures (Figure 2b) indicates that redistrib-
ution of Li from octahedral sites to tetrahedral sites occurs
when x ~ 0.75, where the occupancy of Li*" sharply decreases
to 0.1 and the occupancy of Li* increases to 0.65. These
results are qualitatively in line with those of previous DFT
studies.” However, this redistribution of Li is accompanied by a
large volume change (~20%) and lattice distortion, contra-
dicting the experimental observation that the anode retains a
stable cubic lattice with a small volume change of 5.9%. In
contrast, the Li site occupancy analysis of metastable cubic
phases (Figure 2c) suggests that a redistribution of Li takes
place only at the end of charging. The volume change of these
metastable cubic phases ranges from 8% to 15%, which is much
smaller than that of the Li redistributed configurations. The
discrepancy between the DFT and experimental volume
changes is likely due to the small cell size in calculations,
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by the second derivative of formation energy E; with respect to temperature T (C, = 0°E¢/0"T).
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Figure 5. (a) Site energy of Li
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in various local environments (i.e., diffusion sites). (b) 0-V, 1-V, and 2-V tetrahedral Li insertion sites and off-

center displacements of the neighboring octahedral sites and the inserted tetrahedral Li sites. (c) Calculated voltage as a function of Li content x in
Li,,,V,0s. The experimental and DFT (0 K) results were taken from ref S. (d) Evolution of Li site occupancies in tetrahedral and octahedral sites
upon Li insertion from semi-GCMC simulations with the position of V° fixed.

differences in experimental versus DFT conditions, and well-
known DFT errors in reproducing lattice parameters.’

Figure 2d shows the distribution of relative energies and the
average Steinhardt order parameter (I_Dj) of the initial Li;V,0q
structures corresponding to the cubic and distorted lithiated
Li;, V,05 (x > 1) structures. One can see that the lithiated
structures that maintain a cubic-like structure have greater 1_)}-
values, ie.,, more Li/V disorder, and higher relative energies
compared to the values of those that are highly distorted (see
Figure S2b). These cubic-like structures also exhibit only
moderate Li redistribution at the end of charging. In contrast,
the low-DFT energy lithiated structures correspond to initial
Li/V arrangements that are less disordered. In fact, the DFT

ground state Li;V,O; exhibits an ordered layered-like Li/V
arrangement akin to LiVO, with a I_Dj of 6 X 107

It should be noted that the initial Li/V disorder is controlled
via synthesis levers such as temperature. Given that the as-
synthesized DRX-Li;V,05 anode is highly cubic and exhibits
Li/V disorder, we may surmise from the results presented
above that the relevant lithiation pathway is one in which Li
primarily inserts into the tetrahedral sites with minimal
redistribution of Li°* to Li*" while maintaining a cubic-like
framework with a low degree of distortion.

Validation of the Cluster Expansion Model. Figure 3a
plots the 112 non-zero ECIs of the fitted CE model versus
cluster size. It may be observed that the magnitude of the ECIs
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converges to near 0 at the cutoff radius. Figure 3b shows that
the fitted CE model accurately captures the DFT-computed
ground states (structures with formation energies on the
convex hull).

Order—Disorder Transition of Cubic Li;V,0s5. To
further understand the effect of cation disorder in the DRX-
Li;V,0; anode, we performed Monte Carlo simulation using
the fitted CE model. Figure 4 shows calculated formation
energy E; and specific heat capacity C, as a function of
temperature from MC simulations with the fitted CE model.
The critical temperature (T.) of the order—disorder phase
transition is predicted to be ~1000 K, which is somewhat
lower than that experimentally measured for LiVO, (177§
K).”> At temperatures below T, both E; and C, remain
relatively constant with temperature, characteristic of a highly
ordered crystal. At T,, a discontinuous increase in E; and a
sharp peak in configurational C, are observed, indicative of a
phase transition taking place. The calculated average configura-
tional specific heat capacity of the DRX phase (T > 1000 K) is
2.973 ] mol™' K~'. Figure 4b shows two sampled
configurations from the equilibrated MC simulations at 500
K (ordered phase) and 1500 K (fully disordered phase). At
temperatures above T, Li/V disordering occurs mostly on the
octahedral 4b sites and only a small fraction of Li (~0.0125%)
ions occupy the tetrahedral sites. These observations are
consistent with the fact that the DRX is synthesized under the
application of an external driving force, such as high
temperatures, ball milling, or electrochemical lithiation.>**’

Lithium Intercalation Mechanism and Predicted
Voltage Profile. The mechanism of intercalation of Li* into
DRX structures is strongly affected by the distribution of the
tetrahedral sites with different local environments and
connectivity. The Li atoms in tetrahedral sites share faces
with four neighboring octahedral sites. As shown in previous
works,' " the Li/transition metal occupancy of these
neighboring octahedral sites has a strong influence on the
local site occupancies and Li" migration barriers. The local
environment of a tetrahedral site can be denoted by n-V (n =
0—4), where n represents the number of face-shared V
octahedrons. Figure Sa shows the distribution of the calculated
Li** site energies in 0-V, 1-V, 2-V, and 4-V clusters in the three
SQSs with the lowest DFT energies. The Li,, site energy in 3-
V is not presented because Liy, is unstable in this local
environment and the electrostatic repulsive effect between the
inserted Li,, and the neighboring Li°" ion caused local
environment rearrangements during structure relaxations. In
general, the Lig, site energy and the distortion of neighboring
LiO4 octahedra increase with the number of neighboring V
atoms. The Li insertion into 0-V sites is the most energetically
favorable, and the four neighboring Li,, sites are displaced off-
center by 0.4—0.5 A due to the electrostatic repulsion between
Li* ions (Figure Sb). The 1-V Liy, site energy is on average
660 meV higher than that of 0-V sites, and the inserted Li is
displaced by ~0.4 A from the center of the tetrahedron in the
direction away from the V ions. The off-center displacements
of neighboring Li°“ are 0.3—0.6 A, whereas those for the
neighboring V°* are only 0.16 A. The 2-V Li'* sites are
relatively energetically unstable and are positioned ~0.4 A
from the tetrahedral center due to strong repulsive interactions
between V**/V*" and Li". The neighboring Li atoms are
pushed 0.5—0.6 A from the center of the octahedron, causing
large distortions in the local lattice structure.

The migration of V vacancies between neighboring
octahedral sites was also investigated by introducing one V°
vacancy into the configuration with the lowest V°° vacancy
energy. The average V°*' migration barrier is extremely high,
~1000-3000 meV (Figure S1). This suggests that V ions in
DRX-Li;V,0; are unlikely to migrate during charging and
discharging under operating conditions.

Figure 5c shows the calculated voltage profile determined by
GCMC simulations. The GCMC-predicted voltage profile
exhibits a solid solution-like behavior and is in good agreement
with the experimentally measured voltage profile.” Li starts to
insert into DRX-Li;V,O5 at ~1.43 V, and the predicted voltage
profile exhibits two voltage steps around 0.9 and 0.25 V versus
Li/Li*. As the voltage decreases to 0.01 V, the predicted
average composition of the lithiated anode is Lis,,;V,Os, close
to that observed in experiments (Li,44V,05).” In contrast, due
to the limited supercell sizes used, DFT calculations’ predict
multiple voltage steps at 0.98, 0.54, 0.46, and 0.45 V.

Figure 5d shows the evolution of Li site occupancies in
DRX-Li,,,V,0s as a function of inserted Li content x. It should
be noted that as an anode, insertion of Li into DRX-Li;V,0;
corresponds to the charging process in a typical Li-ion battery.
As Li ions are introduced into the tetrahedral sites, the Li
occupancy in the octahedral sites first remains constant at
around 0.6 until x ~ 0.3, following which there is a small,
gradual decrease in Li** occupancy. The insertion of Li ions
into the tetrahedral sites consists of two steps. Li* first
intercalates into 0-V sites, which is consistent with the energies
predicted by DFT calculations (Figure Sa) and previous results
showing that the insertion into 0-V tetrahedral sites is the most
energetically favorable.’ This process coincides with the
formation of the first plateau around 0.9 V on the voltage
profile. When x = 0.31, 0-V sites are fully occupied and further
lithiation insertion occurs in the energetically less favorable 1-V
and 2-V sites. The occupancies of 1-V and 2-V sites increase to
~0.1 until the end of charging. At the end of charging, only
~0.1% of the 3-V tetrahedral sites are occupied and all 4-V
sites are vacant.

We note that there are a few qualitative discrepancies
between the experimental and GCMC voltage profiles, most
notably, the absence of the voltage drop when x ~ 0.31. We
have ascertained that this discrepancy can be attributed to the
initial Li/V ordering in DRX-Li;V,0;. The voltage profile in
Figure Sc corresponds to the thermodynamically equilibrated
structure, which exhibits a degree of ordering that differs from
that of a truly random solid solution. This GCMC structure
has a much lower fraction of 0-V sites (3.5%) compared to the
random solid solution structure (13%). We have performed
additional GCMC simulations on DRX-Li;V,0; with different
Li/V orderings (Figure S6). With an increase in the level of
initial disorder (and a larger fraction of 0-V sites), the voltage
profile shifts upward and the sharp decrease at x ~ 0.31
disappears. It should be noted that we have no information
about the Li/V ordering in the experimental DRX-Li;V,0s
material, and the synthesis (electrochemical lithiation of V,05)
cannot be easily replicated via simulation. However, the effect
of short-range ordering on the electrochemical properties of
DRX electrodes has also been reported previously.*' Another
important potential source of the discrepancy is the fact that
the GCMC voltage profile does not incorporate any kinetic
effects, e.g,, barriers to insertion and migration of Li, which
may be present during electrochemical cycling.
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Validation of the Moment Tensor Potential. The mean
absolute errors (MAEs) of training energies and forces (shown
in Figure 6) of the fitted MTP are 3.15 meV atom™ ' and 0.15

15

Training energy v b

X MAE=3.15 meV/atom g x
Test erergy /(
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Figure 6. Plots of (a) MTP-predicted vs DFT energies and (b) MTP-
predicted vs DFT forces with a lev,,,, of 20.

eV A7, respectively, comparable to those of other MTPs in the
literature.** As shown in Table 1, the MTP can accurately
reproduce the lattice parameters and densities of training
structures, with errors of +£3.12% and +4.42% relative to DFT
values, respectively.

Diffusion Properties. MD simulations were carried out to
investigate the diffusion of Li" in the DRX-Li3,,V,0O5 anode as
a function of Li concentration using the fitted MTP potential.
The initial structures were obtained from the equilibrium semi-
GCMC simulations in the preceding section. Figure 7 shows
calculated diffusivity Dy;+ and activation energy E, as a function
of Li content x in DRX-Li,,,V,0; at room temperature (300
K). The Arrhenius plot from NPT MD simulations for each
composition is shown in Figure S7. At the start of lithiation, a
sharp increase in Dy;+ to ~1077 cm? s™" with a corresponding
decrease in E, from ~410 to ~300 meV is observed up to x =
0.5. However, further lithiation results in a gradual decrease in
Dy from ~107° to ~107"" cm® s7' accompanied by an
increase in E, from ~300 to 450 meV.

We further analyzed the Li" trajectories from 1 ns MD
simulations at 600 K, and the results for selected configurations
are presented in Figure 7b. When x < 1.5, Li" ions migrate via a
cooperative tetrahedral—octahedral—tetrahedral (t—o—t)
mechanism, in agreement with previous NEB calculations.”
When x > 1.5, the increased amount of inserted Li* in
tetrahedral sites and vacancies in octahedral sites may result in
the migration of Li* between neighboring tetrahedral—
tetrahedral (t—t) sites via the vacant octahedral sites along
with the t—o—t migration.

To confirm the results presented above and further
understand the Li" diffusion behaviors in different states of

charge, DFT NEB calculations were also performed to
calculate the Li" migration barriers. Similar to the previous
NEB calculations,” a cooperative mechanism of Li* migration
was considered, in which the tetrahedral Li* migrates to a
neighboring octahedral site and the octahedral Li" migrates
into another neighboring tetrahedral site (Figure 7c). Here, we
consider cooperative migration that occurs between corner-
sharing and opposing tetrahedral sites, given that migration
between edge-sharing tetrahedral sites is extremely energeti-
cally unfavorable due to the proximity of the Li during
migration (Figures S9c and S10c). Figure 7d shows the
calculated Li* migration barriers between connected 0-V and
1-V sites. We note that migration from the 2-V site to the 0-V
and 1-V sites is energetically downhill due to the large site
energy differences (Figure S12). The cooperative migration of
Li" via opposing t—o—t paths exhibits the lowest calculated
average energy barriers, ranging from 230 to 340 meV in 0-V
and 1-V sites. The average energy barriers of Li* transport
through corner-sharing t—o—t pathways exhibit higher energy
barriers of 334 to 628 meV. In general, the migration barriers
of Li" increase as more V atoms gather around the local
environment of tetrahedral Li* sites. These results are in line
with those of the MD simulations. At the beginning of
charging, few Li" ions are inserted into the anode and Li"
diffusion is primarily mediated by vacancy migrations, which
has high energy barriers ranging from 300 to 600 meV across
the 0-V and 1-V sites (Figure S15). As the lithiation proceeds,
the inserted Li* ions migrate predominantly via a cooperative
mechanism. Thus, the activation energy of Li* transport first
decreases as the inserted Li* ions first occupy 0-V sites and
then increases gradually as more Li" ions diffuse via slower
tunnels. At the end of charging, the formation of vacancies at
the octahedral sites allows for direct hopping of Li* from one
tetrahedral site to its next edge-sharing tetrahedral site (t—t),
as illustrated in Figure S13, with a low energy barrier of 241
meV. These results are in line with the activation energies
obtained by MD simulations and previous theoretical studies’
showing that the facile migration of Li* across opposing t—o—t
pathways results in the high rate cagpability of the DRX-
Li;,, V,0;5 anode. In previous studies,” Li" hopping via 0-V
sites is the only mechanism that was considered while our
results show that Li" migration in 0-V, 1-V, and 2-V sites is
facile. Similar results have also been observed in LTO anodes
in which the transportation of Li" in a face-sharing octahedral—
tetrahedral motif contributes to fast kinetics.**

B CONCLUSIONS

A major conclusion from this work is that the lithium insertion
mechanism in Li;V,0; strongly depends on the initial Li/V

Table 1. Lattice Parameters and Densities of the Structures in the Training Set (zero strain) Relaxed with the Trained MTP at
0 K, in Comparison with DFT-Calculated Lattice Parameters and Densities at 0 K*

composition a (A)
LiVO, 3.02 (1.75%)
LiV,0, 6.75 (0.98%)
Li,vO, 5.06 (0.48%)
Li,0 3.30 (0.056%)
DRX-Li;V,05 8.46 (0.66%)
DRX-Liy,V,0s 8.62 (1.26%)
DRX-LisV,05 9.48 (3.12%)

b (4)

5.16 (—1.24%)
7.68 (0.41%)
5.54 (0.51%)
3.29 (0.056%)
8.45 (1.26%)
8.62 (1.25%)
7.72 (—=1.03%)

c(4)
5.25 (1.19%)
7.58 (—1.65%)
6.37 (—0.41%)
3.29 (0.056%)
8.42 (0.84%)
8.62 (1.24%)
9.43 (2.519%)

density (g/cm®)
3.88 (1.69%)

3.18 (~0.28%)
2.52 (=0.57%)
1.96 (~0.17%)
3.60 (=2.71%)
3.18 (=3.66%)
3.36 (—4.42%)

“Values in parentheses are the percentage differences between the MTP- and DFT-computed values.
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Figure 7. (a) Calculated diffusivity and activation energy of Li* in DRX-Li;,,V,O; as a function of Li content at 300 K. The diffusivities and
activation energies were calculated from configurations generated by three independent GCMC simulations. The error bars are for the standard
deviations of diffusivities and activation energies. (b) Li trajectories (colored gray) from MD simulations of Li; V,05 at 600 K, projected in the
crystallographic a—b planes. Illustrations of t—o—t migration mechanisms of Li* are shown with red arrows. The green, purple, and red spheres
represent Li, V, and O atoms, respectively. (c) Illustration of the Li* migration path in DRX-Li;V,0;. The opposing and corner-sharing pathways
indicate cooperative migration mechanisms of Li* via the octahedral site and its next tetrahedral site. (d) Calculated NEB barriers for possible Li
migration hops. The barriers are categorized in terms of their mechanisms and local environments.

disorder. For highly ordered Li/V arrangements with lower
energies, Li insertion occurs via a redistribution mechanism
with the formation of highly distorted structures and
accompanied by large volume changes. This is consistent
with previous DFT results but inconsistent with experimental
observations for the DRX-Li;V,O; electrode.” In contrast, Li/
V disorder leads to Li inserting primarily into the tetrahedral
sites, while retaining a cubic-like structure with small volume
changes. The MC-predicted voltage profile based on this latter
mechanism is also in much better agreement with the
experimental voltage profile.

The Li* insertion mechanism and transport depend on the
local environment around each tetrahedral site and the
distribution of sites. Our results show that Li* ions in 0-V
sites are the most energetically favorable and have the lowest
migration barrier and >2-V sites are highly energetically
unfavorable. Assuming a fully cation-disordered DRX-Li;V,04
([LigVo4]°"0), the probability of an n-V site P(n) is given by
the binomial distribution

P(n) = X 0.4"x0.6""

4!
n!(4 —n)! (10)
The fractions of 0-V, 1-V, and >2-V are therefore 0.13, 0.35,
and 0.52, respectively. The highest experimentally realized
lithiation state is LisV,05 (~Li;V40), which approximately
corresponds to the full occupancy of the most energetically

favored 0-V sites and ~0.77 occupancy of the 1-V tetrahedral
sites. Hence, we can surmise that the inability of DRX-
Li,,,V,0; to reach the theoretical V** limit of LisV,O5 is due
to the lack of low-energy sites for further Li insertion.

Our analysis suggests that one potential avenue for tuning
the electrochemical properties of the DRX anode is by varying
the Li:V ratio in [Li;_,V,]°"O. Increasing the Li:V ratio would
increase the fraction of 0-V and 1-V tetrahedral sites, but at the
price of increasing the V oxidation state and, hence, the anode
voltage. Conversely, decreasing the Li:V ratio would decrease
the lithiation capacity but also decrease the anode voltage. The
optimal ratio would depend on the specific application, for
example, whether a high rate or a high-energy density anode is
prioritized.
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NEB barriers for V*/V*" migration and illustration of
the minimum energy path of V atoms (Figure S1),
relative energies of LiVO, and Li;V,0; structures as a
function of the order parameter and crystal structure of
the calculated ground state R3m LiVO, and LizV,Oq
(Figure S2), structures of the lowest-energy metastable
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cubic phase and the ground state of Li,,V,0; (Figure
S3), CV score and RMSE of the fitted CE model as a
function of the regularization parameter (Figure S4),
MC simulations of the order—disorder phase transition
of Li;V,O5 in the 10 X 10 X 10 supercell (Figure SS),
distribution of tetrahedral sites in different local
environments obtained from averaging 10 equilibrated
5 X § X S cells from independent MC simulations at
1500 K (Figure S6), calculated voltage as a function of
Li content «x in Li;,,V,0¢ from GCMC simulations with
different initial Li/V orderings with different fractions of
0-V sites (Figure S7), illustration of the Li/V orderings
at 0 and 1500 K MC-equilibrated and random solid
solution structures of Li;V,0; (Figure S8), Arrhenius
plot from NPT MD simulations of Lis,,V,05 (Figure
S9), calculated Li* trajectories obtained from MD
simulations (Figure $10), DFT-calculated Li* migration
barriers via 0-V sites, 0-V and 1-V sites, i-V sites, and
connected 1-V and 2-V sites (opposing) (Figure S11),
illustration of Li" migration via the edge-sharing t—o—t
path in DRX-Li;V,0; (Figure S12), illustration of Li*
migration via the t—t path in DRX-Li;V,O (Figure
S13), and calculated NEB barriers for possible vacancy
migration hops (Figure S14) (PDF)
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