Downloaded via 67.169.13.247 on December 30, 2024 at 17:16:55 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to |egitimately share published articles.

E]]] MATERIALS

pubs.acs.org/cm

This article is licensed under CC-BY 4.0 @ @

Evaluating Material Design Principles for Calcium-lon Mobility in
Intercalation Cathodes

Jiyoon Kim, Dogancan Sari, Qian Chen, Gerbrand Ceder, and Kristin A. Persson*

I: I Read Online

Article Recommendations |

Cite This: https://doi.org/10.1021/acs.chemmater.4c02927

ACCESS | [l Metrics & More | @ Supporting Information

ABSTRACT: Multivalent-ion batteries offer an alternative to Li-based technolo-

gies, with the potential for greater sustainability, improved safety, and higher energy 150
density, primarily due to their rechargeable system featuring a passivating metal S
anode. Although a system based on the Ca**/Ca couple is particularly attractive g 1001
given the low electrochemical plating potential of Ca*’, the remaining challenge for E 50/
a viable rechargeable Ca battery is to identify Ca cathodes with fast ion transport. In

this work, a high-throughput computational pipeline is adapted to (1) discover 01

novel Ca cathodes in a largely unexplored space of “empty intercalation hosts” and
(2) develop material design rules for Ca-ion mobility. One candidate from the
screening, W,05(PO,),, is confirmed to have a low Nudged Elastic Band (NEB)
barrier of 168 meV within a one-dimensional (1D) ion percolation topology. This
candidate is subsequently synthesized and electrochemically tested, achieving
reversible Ca cycling with a capacity of 25 mA h/g. To further accelerate the
screening for promising Ca intercalation electrodes, machine learning (ML) Random Forest (RF) and Extreme Gradient Boosting
(XGB) classification models are created with local environment descriptors based on a large, structurally and chemically diverse
dataset of minimum energy pathways, spanning over 5,000 density functional theory (DFT) site energy calculations. Accuracies of
92% are achieved, material design metrics are quantified, ML force-fields are leveraged in an accelerated iteration of the screening,
and a total of 27 novel Ca cathode materials are highlighted for further investigation.

B INTRODUCTION

The escalating levels of greenhouse gases have prompted a shift
away from fossil fuels;' however, replacement strategies
involving intermittent renewable energy production require
the parallel implementation of increased energy storage.”’

conditions prompts the need for further advances in Ca-ion
battery research. Specifically, we highlight the strong electro-
static interactions between a divalent ion such as Ca** and the
host lattice, which often results in sluggish kinetics and limits
the battery’s rate capability."

Today, this demand is almost exclusively met by Li-ion
batteries (LIBs), but concerns are raised over the resource
scarcity and environmental impact of mining metals (namely
Co, Ni and Li) associated with this technology. While Co
resources remain insufficient, Ni and Li reserves are also
projected to fall short.”® Higher energy densities, improved
safety, and longer cycle life may be achieved with multivalent-
ions, because there is an exchange of multiple electrons per
char%e carrier as well as improved metal plating compared to
Li",%’ paving the way toward to a metal anode battery.
Calcium batteries are potentially advantageous due to the
elemental abundance, nontoxicity, high melting point, and
ideal standard reduction potential of Ca** (—2.87 V vs SHE for
Ca’ vs —3.04 V vs SHE for Li"), which may allow for higher
operating voltages and energy densities.”” A number of Ca
cathode materials have been investigated in the past few years:
Na superionic conductor (NASICON) NaV,(PO,), with 70
mA h/g at 3.2 V,'%"" Nay VPO, F,, with 75 mA h/g at 3.2
V,'> NASICON K,V,(PO,),/C with 102 mA h/g at 3.74 V,"*
and K, (VPO,F with 75 mA h/g at 3.85 V.'* However, the
limited capacity retention of these materials under ambient
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Past work on Ca battery materials includes screening
methods that have been developed using Density Functional
Theory (DFT) across spinel, perovskite, and layered structures
spanning many chemistries. “">' These efforts focused on
compounds with known crystallographic sites for the mobile
species, either with existing Ca’" atoms in the structure or via
substitution with another working ion. However, cathode
materials that are synthesized without the species of interest,
here denoted as “empty intercalation hosts”, have largely been
unexplored. Examples of such empty intercalation hosts for Li
cathodes are graphite and V,0;. Given that most successful Ca
cathodes were originally synthesized without Ca®>* (e.g,
NASICON NaV,(PO,),,'""" Na,VPO,F,,,'> NASICON
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K;V,(PO,);/C,"” K, oVPO,F'*) and material design rules
suggest that multivalent-ions in oxides and chalcogenides may
be deeply bound in their native crystallographic sites,” there is
a strong motivation to explore this larger search space of empty
intercalation host structures.

In addition, it is widely recognized that the requirement of
fast ionic diffusion in an empty intercalation host structure
presents a challenge in identifying competitive Ca cathode
candidates. Few experimental examples of fast-rate multivalent
cathodes exist,””* which prompts the use of DFT and high-
throughput screening strategies. However, evaluating migration
barriers using DFT with methods such as the Nudged Elastic
Band (NEB) is time and resource-intensive even with large
computational resources. It is therefore of interest to elucidate
material design principles to understand the role of chemical
and structural features on ion mobility and thus allow for
accelerated cathode discovery. Although Ca-ion mobility has
been studied in select systems (e.g., spinel Mn,O,, olivine
FePO,, layered NiO,, orthorhombic §-V,0;**) and design
rules have been rationalized for specific structures with good
ion mobility (e.g, MgMo3(PO4)3O,24 Mg3Biz,25 Mg and Ca
zircons’>”’), they have not been quantitatively evaluated at
scale, across many structure types, and within a broader
chemical search space to predict migration barriers in
intercalation electrodes. In this work, we evaluate the mobility
of Ca’** in empty intercalation host candidates identified from
an adapted high-throughput computational pipeline®® to
understand motifs favorable for ion diffusion and to identify
promising Ca cathodes. A large multivalent-ion mobility data
set is generated with DFT, material design metrics are
evaluated for Ca-ion mobility, machine learning (ML) models
are produced using local environment descriptors, and ML
force-fields are applied to quickly identify promising Ca
cathodes.

B METHODS

Screening Methodology. We evaluate Ca cathode properties
such as their chemistry, stability, electrode performance, and ion
mobility with screening tools of increasing computational cost. From
126,335 compounds in the 2022 version of the Materials Project
database,” we identify 7,681 empty intercalation host materials that
meet the following criteria: (1) has an energy above the hull less than
0.2 eV/atom to promote synthesizability,”’ (2) contains a redox-
active metal that can access lower oxidation states upon calciation
(Ti4+, V4—5+’ Cr —6+’ Mn3—7+’ Fe3_6+, C03—5+' Ni3_4+, Cu2_4+, Nb5+,
Mo*%, Ru>™®, Ag?™3*, W, Re”", Sb**, Bi**"), (3) has oxygen or
sulfur anions, (4) is free of radioactive elements, and (5) no additional
intercalating ions (H*, Li*, Na¥, Mg*, K*, Ca®, Cu'™*, Rb*, Ag'™*",
Cs*) are present to simplify the evaluation of ion migration and
mobility. Next, we determine potential intercalation sites using an
insertion algorithm, where Ca®* is inserted in sites with local
electronic charge density minima because this has been found to
correlate with viable intercalation sites.>’ For each cathode candidate,
the most stable, DFT-relaxed structure with topotactic ion insertion,
in which the host material does not undergo significant structural
changes upon calciation, is selected for further investigation in the
pipeline. To identify a topotactic ion insertion, we verify positive
structure matching between the empty host and calciated material
using pymatgen®” and the following tolerance parameters: fractional
length “ltol” of 0.4, site position “stol” of 0.6, and relative angles
“angletol” of 10°. Of the 7,681 host materials identified in the phase
stability and chemistry phase of the screening, we prioritize the 2,238
candidates that are present in the Inorganic Crystal Structure
Database (ICSD) due to their lower energy above the hull and
hence higher chance of synthesizability. We apply the insertion
algorithm to these 2,238 compounds and identify 1,732 candidates

with successful topotactic ion insertions. Ca cathode candidates that
satisfy the following conditions are subsequently evaluated for Ca-ion
mobility: (1) discharged state energy above the hull lower than 0.2
eV/atom, (2) intercalation voltage between 0.5 and 4.0 V, (3)
conversion voltage no greater than 1 V above the intercalation
voltage, and (4) volume change upon intercalation less than 20%.
Criterion (1) is applied, because the literature reports energy above
the hull values up to 0.2 eV/atom for the 90" percentile of metastable,
synthesizable polymorphs,®>** and it avoids screening out materials
that could be viable with lower levels of Ca intercalation. A periodic
graph known as a “migration graph” is constructed with symmetri-
cally-equivalent intercalation sites to identify diffusion hops between
metastable Ca sites in candidate materials.>* Materials without
percolating pathways are deprioritized, resulting in 242 candidates
for barrier evaluation. We apply an eflicient and robust alternative to
NEB known as Approximate NEB (ApproxNEB)* to these 242
materials and calculate their migration energies for Ca®* in the dilute
lattice limit. Energy barriers are mapped back onto their respective
migration graphs to locate the lowest energy, percolating pathway for
each candidate per Dijkstra’s algorithm.> It is worth noting that some
ApproxNEB calculations do not converge electronically, which is
usually associated with a very high barrier (>1 eV). In our work, 612
of 816 DFT calculations converged, producing ion mobility data for
213 candidates. This ApproxNEB dataset is used for local environ-
ment analysis and machine learning. Chosen numerical and
convergence parameters for these calculations are identical to those
in previously published work.”’”

Electrodes Cost Function. To enable easier comparison across
candidate cathode materials of varying chemistry and structure types,
we construct cost functions for the voltage, phase stability, and
volume change. These functions are applied to 1,732 intercalation
electrodes with topotactic Ca-ion insertion. Intercalation voltages are
calculated using the total energies of the host and calciated structures,
which are derived from first-principles.”® Conversion voltages are
theoretically evaluated in a similar manner using pymatgen® and
available Materials Project phase diagram data.”” The thermodynamic
stability of the compounds is estimated using the energy above the
convex hull, based on the MP2020 Compatibility Scheme®” and
generated phase diagrams.”” The convex hull is comprised of the most
stable phases at 0 K based on DFT in a given chemical space.”®*” For
each cathode candidate, the cost function is cast as a sum of parabolic
functions, where C,,, is the total cost function value, p; is the value of
the electrode property i of interest (e.g., intercalation voltage), p; is
the value of the transition point for a given cost function parabola, and
p; 1 is the value of the lower or upper bound at which the cost equals 1
(eq 1). A cost function value exceeding 1 for a given electrode
property is considered suboptimal for experimental testing. Plots
illustrating the cost as a function of each parameter are provided in
Figure S1.

2

LE—PF,
Ctotul = 2 f
i \Po — B, (1)

Random Forest and Extreme Gradient Boosting Models. We
create Random Forest (RF) and Extreme Gradient Boosting (XGB)
classification models using the Python package scikit-learn.*" The
following settings are implemented: 200 estimators for both models
and a maximum tree depth of five for the XGB model. All other
hyperparameters are set to their default values. Features are selected
according to the methodology outlined by Hapfelmeier et al.*' $-fold
cross-validation is applied to test the performance of the models, and
features are ranked based on their Gini importance. The ten features
with the greatest Gini importance values are implemented in the final
models.

Experimental Synthesis. W,0,(PO,), is created via solid-state
synthesis techniques using stoichiometric ratios of WO; (99.99%) and
P,0; (99%) precursors from Sigma-Aldrich. The precursors are mixed
by ball milling at 300 rpm for 4 h with Zirconia balls to a powder
weight ratio of 10:1. Pellets are formed from this mixture prior to heat
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Table 1. Top Ten Ca Cathodes Tabulated in Ascending Order of Total Cost Function Value, with the Highest-Performing

Candidate Listed First®’®

Composition MP- Prototype Intercalation Voltage Charged Stability
ID Structure V) (meV/Atom)

Ca0-0.5 - 3.1 17
FeMoClO,

mp-23123

Ca0-0.5VP,0, LiVP,0, 34 2

mp-25294

Ca0-0.5 - 3.1 2
MoOPO,

mp-1104182

Ca0-0.25V0, TiO, 2.5 29

mp-541404

Ca0-1 - 3.0 0
StFe,(P,0;,),

mp-556067

Ca0-0.5V,04 - 32 0

mp-754670

Ca0-0.5V,054 - 32 0

mp-25279

Ca0-0.5Cu,SO; - 3.1 9

mp-4386

Ca0—0.5EuVO, zircon 2.2 0

mp-22796

Ca0-0.5V,0; - 32 25

mp-510568

Discharged Stability AVolume Gravimetric Capacity
(meV/Atom) (%) (mA h/g)

12 6 99

0 6 109
16 10 118
54 S 144
30 7 91

54 2 133
54 4 133
59 11 103
42 15 93

75 14 133

“The MP-ID is the Materials Project identifier.’" ®The cathode prototype structure references either the most known material in the same
structural family or their group name. “Voltages are with respect to Ca/Ca’*.

treatment by applying a 200 MPa uniaxial pressure, are heated to 700
°C under air, and then maintained at this temperature for 7 days.

Electrochemical Testing. The active material, carbon black
(Timcal, SUPER C65) and polytetrafluoroethylene (PTFE, DuPont
Teflon 8A) are mixed in a glovebox at a weight ratio of 7:2:1 to
prepare the cathode films. Activated charcoal carbon (AC, Sigma),
carbon black, and PTFE are combined at a weight ratio of 8:1:1 in a
glovebox to create the anodes. The mixtures are rolled to form thin
film cathodes and anodes. The coin cells are prepared with these
cathode and anode thin films with a loading density of 3 mg/cm? and
20 mg/cm” for the cathode and anode, respectively.

The electrolyte is prepared by drying calcium(II) bis-
(trifluoromethanesulfonyl)imide (Ca(TFSI),, 99.5%, Solvionic) salt
at 170 °C overnight in an Ar-filled glovebox. The dried salt is used to
form 0.5 M Ca(TFSI), in diglyme (99.5%, Sigma-Aldrich). The
electrolyte and its components are always kept inside a glovebox.

Coin cells are assembled with the electrolyte, cathode and anode
thin films, and separators (Whatman glass microfiber filter).
Galvanostatic cycling tests are performed at SO °C with an Arbin
battery tester. The tests are conducted at a current density of 2 mA/g,
and ex-situ samples are collected after washing the cathode thin films
with diglyme in an Ar-filled glovebox.

X-ray Diffraction Characterization. The phase identification of
the synthesized samples and structural changes in the cathodes are
observed with X-ray diffraction (XRD) using a Rigaku MiniFlex 600
diffractometer with Cu Ka radiation (4 = 1.54178 A) in the 20 range
of 10° to 60°.

B RESULTS AND DISCUSSION

Analysis of Ranked Electrodes. Cost functions are
created for the following parameters: intercalation voltage,
difference between the conversion and intercalation voltage,
phase stability for the host and calciated structure, and volume
change upon Ca intercalation. The cost function value
parabolically increases when the electrode property i of interest
strays from p,,, which is the metric set to indicate good

viability for experimental testing. Candidates with cost function
values <1 for each electrode property are considered for
further analysis. The acceptable intercalation voltage range is
based on experimentally accessible voltages and the stability
window of the electrolyte. While a cathode with a conversion
voltage higher than its intercalation voltage can be kinetically
stabilized and allow for the reversible intercalation of the
working ion (e.g, Mg in spinel Ti,S, "), a stronger
thermodynamic driving force for conversion is typically
undesirable. A maximum voltage difference of V., 00n —
Vitercalation = 0.5 'V is referenced to an experimentally verified
conversion reaction threshold,” with a 25% buffer due to
potential overestimations of the conversion voltage in our
theoretical work. A cutoff of 100 meV/atom for the energy
above the hull is implemented per benchmarking analysis on
synthesizable, crystalline inorganic materials.”” Lastly, an upper
limit of 15% volume change is set based on typical volume
changes for commercially available layered anode materials
such as graphite,"* while also acknowledging that Ca
intercalation is likely to incur higher volume changes per
inserted ion compared to Li*. We apply these cost functions to
the 1,732 candidates with topotactic Ca intercalation.

A demonstration of electrode ranking with these cost
functions is tabulated in Table S1. The candidates in each tier
are representative of the lowest, median, and highest total cost
function value within each group. The first 3 candidates have
electrode properties that would prioritize them for ion mobility
evaluation and potentially experimental testing. These tier 1
electrodes are defined to have a cost function value <1 in each
of the categories. The next group of 3 materials have either one
or more electrode properties that could challenge their
viability, and the last 3 are deprioritized. Roughly 6% of the
1,732 electrodes fall under the tier 1 category, whereas 59%
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Table 2. Electrode Properties and Ca-Ion Mobility Data for Candidates with Tier 1 or 2 Cost Function Values and Percolating

Pathways with Migration Barriers <650 meV for Reasonable Cycling

Composition Intercalation Charged Stability
MP-ID Voltage (V) (meV/Atom)

Ca0-1.5 2.5 0 99
W,05(PO,),

mp-19522

Ca0-0.5 2.4 1 42
W(S4CI3)2

mp-28575

Ca0—0.17NbS; 1.3 0 61

mp-1190583

Ca0-0.5 3.1 17 12
FeMoClO,

mp-23123

Ca0-0.5 3.1 71 70
FeWCIO,

mp-556603

Ca0-0.17 3.2 0 23
FeAsO,

mp-19398

Ca0-0.25 32 0 19
VN;040

mp-1205113

Ca0-0.13 3.0 0 19
VOPO,

mp-554181

Ca0-0.25 3.8 10 0
WOF,

mp-540636

Discharged Stability
(meV/Atom)

22abcd

Diffusion
Dimension

AVolume  Gravimetric Capacity =~ Migration Barrier
(%) (mA h/g) (meV)

10 125 168%* 1

3 40 193 1

3 46 333% 1

6 99 432 2

7 75 464 2

1 44 527 1

3 S1 571 1

6 40 588 1

10 47 646 1

“The MP-ID is the Materials Project identifier.”" “Voltages are with respect to Ca/Ca>*. “The charged and discharged stability describe the energy
above the hull values for the host and calciated structures, respectively. “The migration barriers are calculated with ApproxNEB or NEB* in the

dilute lattice limit.

exhibit too low or too high intercalation voltages, 88% favor
conversion reactions, 49% have poor phase stability, and 24%
experience large volume changes upon calciation among the
tier 2 and 3 candidates. Interestingly, only 12% of candidates
exhibit a reasonably low thermodynamic driving force for
conversion, which indicates that conversion reactions are
highly competitive. Notably, this useful screening criteria as
well as the volume change upon intercalation were not
considered in the previous Mg cathode pipeline.**

The electrode properties for the ten tier 1 candidates with
the lowest total cost function value and highest gravimetric
capacities are displayed in Table 1. Some of these materials
have been explored as intercalation electrodes in the literature
(e.g, Li,VP,0,,* MgMoOPO,* Ca, VO, Mg—Li hybrid
VO, batteries,”® [Ca,Zn],V,04,"°" [Ca,Mg] ., ABO, zir-
cons”®?’) either because they have an existing discharged
state or belong to a well-established family of cathode
compounds. The “rediscovery” of such cathode materials that
have previously shown viability in electrochemical testing
demonstrates the effectiveness of the cost functions and of the
overall screening pipeline for multivalent cathode discovery.
Equally encouraging, there are a number of candidates that
have not been previously studied as Ca cathodes or as cathodes
in general (e.g., FeMoClO,, SrFe,(P,0,),, Cu,SO;).

Candidates Explored in Depth. Candidates with tier 1
and 2 electrode properties that have not yet been studied as Ca
cathodes in the literature are evaluated for ion mobility. The
electrode properties and ApproxNEB (or NEB if available)
barriers for candidates with percolating migration pathways are
tabulated (Table 2). Notably, these materials do not have
known cathode prototype structures, e.g., we have not found

any previous examination of an intercalation cathode material
within the same structural family. FeMoClO, and FeWClO,
belong to the same structural group, have similar migration
energy barriers as well as intercalation voltages, but FeMoClO,
has slightly superior phase stability and gravimetric capacity
compared to the tungsten-based material. ¢-VOPO, was
recently identified as a Mg cathode® through the same
screening approach™ and was validated experimentally, but
here the 6 polymorph is identified as a possible Ca cathode.
Although several VOPO, polymorphs have been thoroughly
studied in Li and Na-ion batteries,””* only the a phase has
been evaluated as a water-activated Ca cathode.>® Zhao et al.
were able to retain 91 mA h/g for an impressive 1000 cycles at
1.46 V with 6-VOPO, in aqueous Zn-ion batteries,”® which
motivates further inquiry into §-VOPO, with Ca®" given its
higher predicted voltage of 3.0 V. All but two candidates,
structurally similar FeMoClO, and FeWCIO,, exhibit one-
dimensional (1D) diffusion channels. Although the gravimetric
capacity of some of these candidates are low (Table 2), several
of these prospective cathode materials can theoretically achieve
higher capacities with multiple Ca insertions (e.g.,
CaysFeMoClO,, Ca,;3VOPO,) since our screening pipeline
performs a limited evaluation of their electrode properties
based on one intercalation event. We further computationally
investigate two candidates, W,05(PO,), and NbS;, due to
their low migration barriers for Ca®* ions.

Orthorhombic Cay_; \W,04(PO,), has a theoretical inter-
calation voltage of 2.5 V, a volume change of 10%, an energy
above the hull of 99 meV/atom, and a gravimetric capacity of
125 mA h/g (Table 2). Electrochemical cycling with Li* and
Na" has been performed on the monoclinic polymorph of
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Cay_; sW,0;(PO,), due to its structural similarity to
previously studied polyanionic frameworks for LIBs (e.g.,
Fe,(WO,); and Fe,(MoO,);),”” with Li" showing greater
success as the working ion. Although Maddukuri et al. were
unable to fully deintercalate Li" in the initial cycles, they
maintained a capacity of 65 mA h/g for 25 cycles with a
Coulombic efficiency of 99%. Since the monoclinic and
orthorhombic polymorphs exhibit similar stability metrics
(formation energy of —2.378 eV/atom and —2.385 eV/atom,
respectively) and both consist of corner-sharing WO,
octahedra and PO, tetrahedra albeit with slightly different
tilt angles, their electrochemical performance is expected to be
similar. We perform Ca, Li, and Na intercalation on the
orthorhombic W,05(PO,), structure due to the lack of
computational data in the literature. Although the discharged
structure is the least stable with Ca®*, a concentration of 1.5
Ca®" per formula unit is possible without reaching the redox
limit of W* (Figure S2). The theoretical voltages with Ca*" vs
Li* are comparable, whereas the intercalation voltage with Na*
is almost 1 V lower. As a result, the sodiated cathode strongly
favors conversion by 2.7 V. This may explain the poor
electrochemical performance of monoclinic Na,W,0;(PO,),,
highlighting Ca®>" as a more favorable ion to study.

Climbing image NEB calculations confirm a remarkably low
migration barrier of 168 meV (Figure 1A). The fast Ca-ion

A

Y
wv
o

AE (meV)
=
o
o

w
o

0 1 2 3

Figure 1. (A) NEB energy profile for Ca,W,05(PO,), in the dilute
lattice limit (x < 0.125 with 1 Ca-ion per supercell structure). (B)
The tetrahedral overlap of nearest-neighbor atoms around Ca** (in
blue) along the migration pathway is illustrated below.

diffusion in W,04(PO,), may be attributed to the low
coordination change of Ca’* as it migrates (e.g,, coordination
of §, 6,4, 5). Furthermore, the consistent tetrahedral overlap of
the nearest-neighbor atoms around Ca*" interstitial sites along
the pathway is more conducive to good ion mobility (Figure
1B), in contrast to traveling through a 2plane of anions which
has been correlated with poor diffusion.”® Although W(S,ClL;),
is not evaluated in more depth, it shares the same coordination
landscape as W203(PO4)2 except for a consistent nearest-
neighbor overlap of 4 and 5, which may explain the ultralow
barriers in both candidates. It is also a 1D diffuser. Since
W,04(PO,), is the most promising in terms of capacity and
migration barrier, Ab Initio Molecular Dynamics (AIMD)
simulations are performed to verify the dimensionality of the
percolating pathway. This analysis reveals that Ca*" is likely to
travel in 1D (Figure S3), which is problematic if im?urities or
native antisite defects block the diffusion channel.”® Despite
the slight differences between the AIMD and NEB pathways
(most evident within the a-c plane), the activation energy of

159 + 30 meV calculated from molecular dynamics is
consistent with the NEB results (Figure S4).

We synthesize W,0,(PO,), with solid-state techniques and
use oxide precursors (WO;, P,O;). Details for this synthesis
can be found in the Methods section. XRD is performed to
characterize the phases present in the cathode material (Figure
SS). Extra peaks are observed alongside those corresponding to
W,0,(PO,), across several characterization attempts, and
further sintering is found to decrease the relative intensity of
these additional peaks, but it is unsuccessful at completely
removing them. Although we are unable to define the
secondary phases and the quality of the refinement is limited,
the dominant phase in the final product appears to be
W,0,(PO,), (Figure SS). The charge and discharge profiles of
the coin cells are measured against the AC anode and
customized electrolyte 0.5 M Ca(TFSI), in diglyme at 50 °C
with a current density of 2 mA/g. This setup and cell
components allow measurements in the voltage range of —2 to
1 V vs AC. The compound achieves a specific capacity of 32
mA h/g in the initial cycle and decreases to 25 mA h/g in
subsequent cycles (Figure 2). The average experimental

1.04

0.5

0.0+

_0‘5,

Voltage (V vs AC)
N
19,1
Voltage (V vs Ca2*/Ca)

0 10 20 30
Specific Capacity (mA h/g)

Figure 2. Charge and discharge profiles of W,05(PO,), against an
AC anode at 50 °C with a current density of 2 mA/g.

voltage of 2.44 V wvs Ca/Ca’>" is consistent with the
theoretically predicted voltage of 2.50 V. It is possible that
defects in the 1D diffusion channels are limiting the extent of
Ca intercalation in W,05(PO,),. We observe a drop in specific
capacity after the first cycle, as did Maddukuri et al. when they
electrochemically tested the monoclinic polymorph with Li.>’
Although the compound yields a lower capacity than
anticipated from computational analysis, it demonstrates the
effectiveness of identifying cathode candidates that can
electrochemically cycle Ca** using a high-throughput ap-
proach.

Monoclinic Cag_g7NbS; is predicted to exhibit an
intercalation voltage of 1.3 V, a 3% volume change upon
calciation, a maximum energy above the hull of 61 meV/atom,
and a gravimetric capacity of 46 mA h/g (Table 2). Monoclinic
and triclinic [Li,MgZn],NbS; have been previously synthe-
sized under high pressure conditions and tested as
cathodes.””®” The highest capacity retention was achieved
with cycling Li* in the monoclinic phase. Although Yamamoto
et al. were able to repeatedly intercalate and extract Li*, they
could not fully deintercalate Li* and observed irreversible Li
accumulation in the cathode over the course of 120 cycles.
Since DFT has not been performed to evaluate these materials
as cathodes in the literature, their electrode properties and ion
mobility are calculated in this work. In particular, we find that
Ca intercalation may be limited due to the poor phase stability
of the discharged state above 0.17 Ca** per formula unit
(Figure S6A). Of the three working ions examined computa-
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tionally (Ca*, Li*, Mg®"), only the magnesiated cathode has a
negative intercalation voltage of —0.6 V, which may explain its
poor electrochemical performance® (Figure S6B). Although
persulfide bonds are present in NbS; and it is possible for S~ to
be reduced, Bader charge analysis suggests that only Nb** is
redox-active."**

NEB calculations are performed with Ca*', Li*, Mg*" as the
mobile species. Energy barriers of 333, 82, and 283 meV,
respectively, are confirmed in the interlayer diffusion pathways
(Figure 3A). The flatter energy landscape may be attributed to

Figure 3. (A) NEB energy profiles for CaNbS;, LiNbS;, and
Mg, NbS,; in the dilute lattice limit (x < 0.04 with 1 ion per supercell
structure). (B) Left: Migration pathway of Ca®* (in blue) between
layers in Ca,NbS; from NEB calculations (x < 0.04 with 1 Ca-ion per
supercell structure). Right: Ca** in octahedral sites with a tetrahedral
nearest-neighbor overlap in the migration pathway.

the reduced site preference of the working ion that results from
the octahedral environments with tetrahedral nearest-neighbor
overlap (Figure 3B), which has also been identified in the
zircon family.”**”%*

Evaluating Material Design Rules. Although the
tetrahedral overlap and octahedral overlap by tetrahedra motifs
are present in the cathodes above, there are additional factors
that influence the overall mobility of Ca?*. Past work has
identified descriptors that may inform ion mobility in
intercalation electrode materials: reduced migration barriers
due to coordination preferences of the mobile s?l_)ecies,22
minimal coordination change of the working jon, > larger
volumes per anion in the host framework structure,” and
distorted, interlocking octahedral polyhedra that overlap by

tetrahedra.”®*” However, material design rules that influence
multivalent-ion mobility have not yet been evaluated at this
scale, across many structure types, and within a wide chemical
space. Though ML force-fields have become popular and more
accurate in predicting properties such as the formation energy
(e.g, M3GNet,”* CHGNet,”> MACE®), they tend to flatten
and smooth the electrostatic landscape, leading to a systematic
underestimation of ionic migration barriers.®® Indeed, the high
sensitivity of the minimum energy migration path to its local
environment poses a challenge to data-driven methodologies.
Furthermore, performing DFT calculations is time-consuming
and resource intensive, which has limited efforts to uncover
design principles for fast ion transport and quantify their
influence to accelerate the cathode screening process.

Upon analyzing 612 symmetrically unique ApproxNEB
pathways across 213 compounds, consisting of 5,508 relaxed
supercell structures across 182 structure groups and 48
elements, certain structural features are found to affect Ca-
ion mobility. We find it is generally true that materials with
higher volumes per anion (e.g, O7, S7) exhibit lower Ca
migration barriers (Figure S7). It is possible that materials with
low migration energies but higher densities of anions have
good electrostatic screening. The volume per S” is on average
slightly higher than the volume per O7; however, it should be
noted that there are 14 times more oxides than sulfides in this
data set, which may skew the statistics. Based on a
comprehensive coordination study of cations in the ICSD,”
Ca’" is known to prefer higher coordination values of 6 to 8.
The impact of the coordination landscape on Ca-ion mobility
is investigated in all 612 migration pathways and measured
with respect to the low barrier probability, which is defined as
the ratio of low barrier pathways to the total number of
pathways that satisfy a given coordination metric. We observe a
higher probability of low barrier pathways when Ca** has a
coordination of S or 6 in its metastable site and 7 or 8 in its
transition state site (Figure 4A). This supports the hypothesis
that the unpreferred coordination in the metastable site flattens
the energy landscape, as previously identified in the local
environment analysis of Li*, Mg*, Zn**, Ca**, and AI** in
Mn,0,, FePO,, NiO,, and 6-V,0.”> Furthermore, a more
favorable coordination in the transition state site promotes
good ion mobility. In agreement with previous studies,”*** a
correlation is observed between more uniform Ca coordination
along the migration pathway and lower energy barriers (Figure
4B), which can reduce the site preference for Ca*".

The migration pathway and energies of multivalent-ions in
cathode materials are strongly influenced by their local
environment, as seen in this work as well as in the
literature.”*>”* To investigate this further and gain insight
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on structural descriptors that affect ion mobility, we character-
ize the local environments of Ca** across 612 ApproxNEB
pathways spanning 213 compounds. Nearest-neighbor analysis
is performed with the crystal-near-neighbor (CrystalNN)
algorithm, selected due to its robustness and strong agreement
with coordination analysis reported in the literature.”® The
nearest-neighbors of adjacent Ca®' interstitial sites along a
given migration pathway are compared and the number of
nearest-neighbors in common, known as the nearest-neighbor
overlap, is counted. Given that ApproxNEB is performed with
7 evenly spaced images between migration end point structures
of varying path lengths in our data set, the nearest-neighbor
overlap is calculated between image structures with interstitial
sites that are at most 1.43 A apart. This interimage distance
threshold is calculated based on analysis of the tetrahedral
nearest-neighbor overlap in 21 zircons, NbS; and
W,05(PO,),. The most common nearest-neighbor overlap
motifs, which is defined as the unique set of overlap values
within a pathway, are 3—4—5 in 69 pathways, 3—4 in 62
pathways, 4—5 in 60 pathways, and 4 in 60 pathways. The
overlap patterns associated with the most pathways with
barriers <650 meV are 4, 3—4, and 4—S (Figure S). Generally,
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Figure 5. Motif of nearest-neighbor overlap of Ca’" between adjacent
image structures in ApproxXNEB pathways. Only motifs with at least
one barrier <650 meV are plotted.

the motifs with at least one low barrier migration pathway
consist of overlap numbers close in value (e.g., 3—S5, 4—5—6 vs
0—6, 4—9). Pathways with minor nearest-neighbor overlap
may exhibit flatter energy landscapes due to the slowly varying
local environment and corresponding site energies. For
example, ApproxNEB pathways with a consistent overlap of
2 are identified in MogO,; (mp-2669) and BaMo,(POy), (mp-
555338) with barriers of 189 and 687 meV, respectively.
Analysis of the site energy differences and nearest-neighbor
overlap of adjacent image structures within their respective
pathway reveals that a majority of low site energy differences is
found when tetrahedral nearest-neighbor overlap occurs
(Figure S8), suggesting that this motif is favorable for ion
mobility. Low barrier pathways in both candidates that are
explored further, W,05(PO,), and NbS;, also exhibit this
coordination pattern, and the latter shares a distinct motif of
interlocking, distorted octahedra with the zircon family.”**”%*
Several working ions (Na*, Ca®", Mg**, and Zn®") have been
found to have good ion mobility in the zircons, suggesting the
importance of investigating this specific motif and the
tetrahedral overlap in other systems with different mobile
species. All 41 energy barriers for pathways where Ca®"

migrates through a plane of anions are greater than 650
meV, which supports previous research on factors that may
slow multivalent-ion diffusion.”® This finding also correlates
with high migration barriers for Ca®* in olivine FePO, and
layered NiO,, where Ca’* is tetrahedrally coordinated at the
saddle point, as opposed to lower barriers in spinel Mn,O,
becallgsze2 Ca®" migrates through an intermediate octahedral
site.

We also quantify the influence of the structural features
described above on the energy landscape. Additional
featurizers from the Python package matminer®” are
implemented (e.g., ElectronAffinity, ElectronegativityDiff,
DensityFeatures, AGNIFingerprints, CrystalNNFingerprint,
BondOrientationalParameter) to produce ML models that
classify migration energy barriers as insufficient or sufficient for
electrochemical cycling (<650 meV for cycling nanosized
particles at a C/2 rate”?). A classification model is selected
over a regression-based algorithm, because pathways with poor
ion mobility dominate this data set of 612 ApproxNEB
pathway calculations across 213 materials: 88% of barriers are
>650 meV and 60% of barriers are >2,000 meV (Figure S9).
This would otherwise lead to poor migration energy
predictions because regression-based ML models aim to
minimize the mean squared error, which would skew toward
high migration barrier pathways. A classification-based
approach is more effective for this use case, as its algorithm
aligns with the objective of this work for migration barrier
screening. RF and XGB classification models are trained using
feature data generated from the 612 relaxed ApproxNEB
pathways. Accuracies of 92.70% and 92.31% are obtained by
predicting barrier classifications with the RF and XGB models,
respectively. Both perform well, given that acceptable models
have an accuracy >70%.

The features with the greatest Gini importance are largely
the same in both models. Relative changes in the Adaptive,
Generalizable, and Neighborhood-Informed (AGNI) finger-
print’® of Ca** and in the energy of the bond valence site’"
along a migration pathway generally carry the most weight

(Figure 6). The AGNI fingerprint Vik(n) for atom i along a
direction k captures information from the radial distribution
function within wide and narrow Gaussian windows, when
sampling /7 between 0.8 A and 16 A on a logarithmic grid (eq
2).”% The distance between atom i and its neighbor j that is

within a radius of 6.5 A is represented by r;, and "5 symbolizes

ijs
the scalar projection of this distance along the direction k. A
cutoff distance R, of 8 A is fed into the cosine damping
function, decreasing the influence of atoms far away from atom
i. As a numeric reference for these fingerprint values, examples
of low and high barrier migration pathways are provided
(Figure S10). The spacious channel in TLTeMo,(PO,),
results in a barrier of 156 meV, whereas the barrier is 9,211
meV when Ca’" squeezes through a trigonal plane of anions in
MnO,. For n = 0.80, the AGNI fingerprint is 0.00138 and
0.00196, while it is 23.557 and 32.457 when 7 = 16.0 in
Tl,TeMo,(PO;), and MnO,, respectively. The fingerprint
values increase by roughly 38—43% as the energy landscape
increasingly varies, which explains their high Gini importance
in the ML models.

rk (Y 1 nr,
Vik(l/]) = Z Lee ('7) 'E[cos?ll + IJ

j#i i

()
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Figure 6. Top 10 features and their Gini importance values in the (A)
RF model and (B) XGB model, which are generated with features
from relaxed ApproxNEB pathways with a barrier classification
threshold of 650 meV.

In addition, the empirical electrostatic valence interactions
seem to strongly influence both models. This further validates
the rich chemical and local environment information provided
by molecular fingerprints and heuristic methods, which have
been used for computational materials science ML’> and
electrolyte screening efforts,”” but not in tandem and for ion
transport in intercalation electrodes. The maximum site
volume difference, defined as (V. — V,uin)/ Vi Where V is
the volume enclosed by an atom’s corresponding Voronoi
polyhedron,®®”* and the coordination difference of Ca>" at the
metastable vs transition state site are also identified as
important descriptors in the RF and XGB models, respectively.
It should be noted that 7 of the 9 most promising candidates
exhibit 1D migration pathways (Table 2), as do structural
families such as the zircons which exhibit low barriers.”**”%*
Aside from the 1D channels in the zircons, the interlocking
octahedral motif is identified between layers in NbS;. This
motif possibly correlates with lower dimensional migration
pathways due to local environments that allow for significant
nearest-neighbor overlap between interstitial sites (e.g.,
channels produced by edge or face-sharing polyhedra vs
corner-sharing polyhedra).

To predict the classification of energy barriers without
performing DFT, another set of RF and XGB models is trained
and evaluated with feature data from input ApproxNEB
structures, which represent unrelaxed ApproxNEB pathways.
Since each pathway is initialized with the charge density using
the PathFinder algorithm as implemented in Rong et al’s
work,®® these unrelaxed structures are decent “guesses” of the
minimum energy pathway and yield useful information.
However, the most important features from these ML models
have unreliable physical meaning since the ApproxNEB
structures are not relaxed with DFT. Both the RF and XGB
models are generated with varying barrier cutoffs in increments
of 10% from 650 meV to classify pathways as low or high
energy. Their performance is determined based on their recall
and specificity to identify as many low barrier pathways and

discard the most high barrier pathways for screening purposes.
A threshold greater than 650 meV is acceptable, because it is
expected that ApproxNEB overestimates the migration ener
with its fewer degrees of freedom during relaxation.”
However, maintaining a threshold relatively close to 650
meV is important to identify materials with low enough ion
migration energies sufficient to support good ionic transport.
As the barrier classification threshold increases, the recall
slightly decreases while the specificity rapidly approaches 1 in
both models (Figure 7). Depending on the cutoff, one model
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Figure 7. Recall and specificity values for RF and XGB models with
varying migration barrier classification thresholds, which are
generated from unrelaxed ApproxNEB pathways.

may outperform the other. For instance, when classifying
barriers below 780 meV as acceptable, the RF model is more
equipped to correctly identify low barriers and screen out poor
candidates with a recall of 0.94 and specificity of 0.79
(compared to 0.93 and 0.69, respectively, with XGB).
However, with higher thresholds such as 1,170 meV, the
XGB model surpasses the RF model with a recall of 0.93 and
specificity of 0.83 (compared to 0.92 and 0.81, respectively,
with RF). The rate at which the specificity improves declines
beyond 1,170 meV, which is nearly double the barrier cutoff
for viable experimental testing. Both models perform similarly
with this classification threshold and exhibit the recall values of
0.92—0.93 and specificity values of 0.81—0.83.

We present models for high-throughput ion mobility
screening, which is the most time and resource-intensive step
in the cathode discovery pipeline. To demonstrate the
applicability of these models, the entire screening pipeline is
applied to the 2024 version of the Materials Project database,
which has an additional 26,900 inorganic crystalline materials
compared to the database from 2022. The same pipeline
criteria are applied, except for a stricter energy above the hull
cutoff of 0.1 eV/atom rather than 0.2 eV/atom for the host
material. After discarding candidates that do not have a redox-
active metal suitable for Ca intercalation, are neither oxides nor
sulfides, contain radioactive elements and/or extractable ions,
and lack an experimental ICSD tag, 2,124 materials remain.
Candidates that are confirmed to have high electrode cost
function values and/or complete ApproxNEB data from the
2022 pipeline are deprioritized. The pretrained graph neural
network-based force-field CHGNet® is applied to quickly
evaluate the electrode properties of the 758 previously
unevaluated candidates in lieu of DFT. Topotactic ion
insertion is achieved in 642 materials, and 106 candidates
with tier 1 electrode properties are identified. For these 106
materials, migration graphs are created to identify percolating
pathways, and minimum energy pathways are initialized with
the charge density. Feature data is generated with the resulting
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Table 3. Electrode Properties for Novel Candidates with ML-Predicted, Low Barrier, Percolating Pathways from the 2024

Materials Project Database®”

Composition MP- Prototype Intercalation
1D Structure Voltage (V)

Ca0-0.25 - 2.9 19
MoPCLO
mp-560214

Ca0-0.5 - 2.3 25
Co(ReO,),

mp-550479

Ca0-0.25 - 2.7 39
Fe;Te;CIO,,

mp-1200464

Ca0-0.25 - 3.4 0
EuFMoO,

mp-582540
Ca0—0.5SbSCl, - 3.1 7
mp-557809

Ca0-0.25 - 3.6 6
SbS(BrF,);

mp-555288

Ca0—1 NASICON 2.1 27
Ti,Mn(PO,)

mp-19383

Ca0-0.25Ba,FeO, - 2.3 1
mp-542120
Ca0—-0.255rCrO,
mp-510607
Ca0-0.25Ba,Co0,
mp-17478
Ca0—-0.5VPO,F
mp-1104878
Ca0-0.5W(ClO), - 2.7 87
mp-27937

Ca0—0.5Nb,NiSg - 1.6 1
mp-1192540

Ca0-0.5 - 1.7 21
Nb,Te,I,O

mp-558408

Ca0—0.5
V,Co(PO;),

mp-548753

Ca0—0.5TL,SbS, - 1.7 4
mp-8378

Ca0—0.25SbSO,F, - 3.7 44
mp-1197121

Ca0-0.5
Cez(WO4)3

mp-17686

monazite 2.4 56

Ba,TiO, 2.0 42

tavorite 3.4 15

lazulite 2.7 47

scheelite 2.0 77

Charged Stability
(meV/Atom)

Discharged Stability AVolume Gravimetric Capacity
(meV/Atom) (%) (mA h/g)

21 0 31

12 2 46

40 3 18

10 6 39

36 0 54

38 3 63

18 11 33
69 N 63
48 9 33
47 12 145
82 3 87
13 10 38

41 1 13

76 6 67

54 8 30
64 3 41

100 0 26

“Voltages are with respect to Ca/Ca’*". bThe electrodes are displayed in order of lowest to highest total cost function value, with the most favorable

candidate listed first.

input image structures on a local machine, and classification
predictions are obtained in less than an hour for these 106
novel candidates. Both the RF and XGB models are applied to
classify barriers with a cutoff of 1,170 meV. Our models
successfully highlight 18 novel cathode candidates with a high
probability of percolating low barrier pathways (Table 3).
Notably, the models highlight NASICON-structured Ti,Mn-
(PO,)s which has not previously been evaluated as a cathode
material. Although monazite SrCrO, has similar electrode
properties as tetragonal zircon ABO, chromates (e.g.,
intercalation voltage, volume change, gravimetric capacity),
SrCrO, has a lower conversion voltage and much better phase
stability for the same level of Ca intercalation in the zircons.””

Tavorite VPO,F has been explored as a high voltage Li and K
cathode,”” and it presents itself as a high capacity Ca cathode
candidate with a decent voltage of 3.4 V. High Li conduction
has been confirmed in scheelite oxides,”® which supports our
findings for good Ca-ion mobility in Ce,(WO,);. These results
suggest that the classification models can quickly detect low
barrier pathways with decent accuracy and accelerate the
screening pipeline. Structural similarities are found between
Ba,Co0O, and Ba,FeO,, resulting in a total of 17 unique
structure types. Although performing ApproxNEB or NEB can
more reliably validate the barriers for these materials from the
2024 database, there are additional indicators of low migration
barriers based on the following characteristics: unfavorable
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coordination for Ca** in the metastable site and preferred
coordination in the transition state site (e.g., coordination of 2
and 6, respectively, for Ba,FeO,), maximum Ca coordination
change of 1-2 in 33% of the candidates, consistently low
overlap motif (e.g, overlap of 1-2 in VPO,F, SbSO,F,
SbS(BrF,);, SrCrO,, V,Co(POs),), and tetrahedral overlap
motif (e.g, W(CIO),). Interestingly, 73% of the oxides have a
low volume per anion whereas a majority of the sulfides have a
high volume per anion, which tends to correlate with better
screening and mobility.

B CONCLUSIONS

A high-throughput computational pipeline is built to discover
novel Ca cathode candidates and structural motifs that support
good ion mobility. Cost functions are developed to method-
ically rank materials by their electrode properties and are
shown to effectively prioritize cathodes for minimum energy
pathway evaluation. ApproxNEB is performed for 242 systems,
resulting in the largest multivalent-ion mobility data set to our
knowledge, consisting of 5,508 relaxed supercell structures
across 182 structure groups and 48 elements. A promising
candidate with a low NEB barrier of 168 meV is synthesized
and experimentally tested, yielding a reversible capacity of 25
mA h/g. While encouraging, this lower than expected capacity
may be attributed to the 1D migration topology of the
material, suggesting that nanosizing could improve its
performance. With this migration data, material design rules
that govern Ca-ion mobility are further elucidated. Notably,
the tetrahedral overlap is frequently present in pathways with
low barriers, and the interlocking octahedral motif is identified
in NbS;, which exhibits remarkable ion mobility with several
working ions similar to the zircons.”**”** It may be of interest
to the scientific community to extend the search for systems
with the tetrahedral overlap in potential migration pathways
and evaluate barriers with other mobile species in these
structural families. Relevant features are generated to produce
ML models for ion mobility screening. Trained on ApproxNEB
data for 612 symmetrically unique pathways across 213
materials, the reported RF and XGB models successfully
predict barrier classifications with an accuracy of 92%. We find
the AGNI fingerprint’’ and bond valence site energy’' features
to heavily influence the models as the most relevant chemical
and structural descriptors for mobility analysis. To demon-
strate their effectiveness, the models are applied to the 2024
version of the Materials Project database, excluding the
materials previously examined, in an accelerated search for
novel Ca intercalation host materials using ML force-fields. As
a result, 18 new candidate Ca cathode candidates with the
potential for good Ca-ion mobility are identified.

In summary, a total of 27 novel and promising Ca cathodes
are flagged across the 2022 and 2024 iterations of the
screening pipeline, which may warrant further analysis with
DFT and experimental validation. It may be of interest to
evaluate the electrode properties of the highlighted candidates
with higher levels of Ca intercalation and apply ML force-fields
to quickly gauge their potential as cathode materials. Although
the constructed RF and XGB models are useful screening tools
for ion mobility with peak time and resource efficiency, they
may incorrectly classify up to 8% of actual low barrier
pathways. To improve these models, we stress the importance
of highly curated, systematic data sets and validation to ensure
robust training. We also propose the use of ML force-fields to
generate image structures that are closer to the true minimum

energy pathway, rather than relying on feature values from
structures initialized with the charge density. Furthermore,
since 78% of the best candidates with confirmed low barriers
exhibit percolating 1D diffusion pathways, it is suggested to
employ screening of percolation topology to better inform
macroscopic ionic conductivity. The high-throughput screen-
ing tools discussed above may be leveraged in other
applications, especially those with similar criteria for ion
mobility (e.g., conductors), to accelerate the search for high-
performance materials.

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02927.

Cost function graphs for electrode properties; demon-
stration of the tiered electrode ranking process;
Ca,W,0;(PO,), phase stability data and electrode
properties; Ca,W,0;(PO,), NEB vs AIMD pathway
comparison; Ca,W,0;(PO,), AIMD Arrhenius plot;
W,0,(PO,), XRD pattern; [Ca, Li, Mg],NbS; phase
stability data and electrode properties; ApproxNEB
barrier vs volume per anion data; nearest-neighbor
overlap and site energy difference data for ApproxNEB
image structures; ApproxNEB barrier distribution;
AGNI fingerprint differences between pathways (PDF)

B AUTHOR INFORMATION

Corresponding Author
Kristin A. Persson — Department of Materials Science and
Engineering, University of California, Berkeley, California
94704, United States; Materials Sciences Division, Lawrence
Berkeley National Laboratory, Berkeley, California 94720,
United States; Email: kapersson@Ibl.gov

Authors

Jiyoon Kim — Department of Materials Science and
Engineering, University of California, Berkeley, California
94704, United States; Materials Sciences Division, Lawrence
Berkeley National Laboratory, Berkeley, California 94720,
United States; ® orcid.org/0000-0002-0383-1198

Dogancan Sari — Department of Materials Science and
Engineering, University of California, Berkeley, California
94704, United States; Materials Sciences Division, Lawrence
Berkeley National Laboratory, Berkeley, California 94720,
United States

Qian Chen — Materials Sciences Division, Lawrence Berkeley
National Laboratory, Berkeley, California 94720, United
States; ® orcid.org/0009-0009-3557-0744

Gerbrand Ceder — Department of Materials Science and
Engineering, University of California, Berkeley, California
94704, United States; Materials Sciences Division, Lawrence
Berkeley National Laboratory, Berkeley, California 94720,
United States; ® orcid.org/0000-0001-9275-3605

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.chemmater.4c02927

Notes
The authors declare no competing financial interest.

https://doi.org/10.1021/acs.chemmater.4c02927
Chem. Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02927?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c02927/suppl_file/cm4c02927_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kristin+A.+Persson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:kapersson@lbl.gov
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiyoon+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0383-1198
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dogancan+Sari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qian+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0009-3557-0744
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gerbrand+Ceder"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9275-3605
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02927?ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c02927?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

B ACKNOWLEDGMENTS

This work was supported by the Volkswagen Group and the
National Science Foundation under Grant No. 2146752.
Materials data and software infrastructure support were
provided by the Materials Project, which is funded by the
U.S. Department of Energy, Office of Science, Office of Basic
Energy Sciences, Materials Sciences and Engineering Division,
under Contract No. DE-AC02-05-CH11231: Materials Project
Program KC23MP. This research used computational
resources provided by the National Energy Research Scientific
Computing Center, a U.S. Department of Energy Office of
Science User Facility operated under Contract No. DE-AC02-
05-CH11231. The work of D.S. was supported by a Fulbright
Program grant sponsored by the Bureau of Educational and
Cultural Affairs of the United States Department of State and
administered by the Institute of International Education.

B REFERENCES

(1) Yoro, K. O; Daramola, M. O. Advances in Carbon Capture;
Elsevier, 2020; pp. 3—28.

(2) Behabtu, H. A.; Messagie, M.; Coosemans, T.; Berecibar, M.;
Anlay Fante, K; Kebede, A. A,; Mierlo, J. V. A Review of Energy
Storage Technologies” Application Potentials in Renewable Energy
Sources Grid Integration. Sustainability 2020, 12, 10S11.

(3) Hannan, M.; Wali, S.; Ker, P.; Rahman, M. A,; Mansor, M.;
Ramachandaramurthy, V.; Muttaqi, K.;; Mahlia, T.; Dong, Z. Battery
energy-storage system: A review of technologies, optimization
objectives, constraints, approaches, and outstanding issues. J. Energy
Storage 2021, 42, 103023.

(4) Yang, S.; Zhang, F.; Ding, H.; He, P.; Zhou, H. Lithium Metal
Extraction from Seawater. Joule 2018, 2, 1648—1651.

(5) Heijlen, W.; Franceschi, G; Duhayon, C.; Van Nijen, K.
Assessing the adequacy of the global land-based mine development
pipeline in the light of future high-demand scenarios: The case of the
battery-metals nickel (Ni) and cobalt (Co). Resour. Policy 2021, 73,
102202.

(6) Wu, Y,; Zhao, Z; Hao, X; Xu, R; Li, L,; Ly, D.; Huang, X;
Zhao, Q.; Xu, Y.; Wu, Y. Cathode materials for calcium-ion batteries:
Current status and prospects. Carbon Neutralization 2023, 2, 551—
573.

(7) Matsui, M. Study on electrochemically deposited Mg metal. J.
Power Sources 2011, 196, 7048—7055.

(8) Gummow, R. J.; Vamvounis, G.; Kannan, M. B.; He, Y. Calcium-
Ton Batteries: Current State-of-the-Art and Future Perspectives. Adv.
Mater. 2018, 30, 1801702.

9) Wang, D.; Gao, X,; Chen, Y,; Jin, L,; Kuss, C,; Bruce, P. G.
Plating and stripping calcium in an organic electrolyte. Nat. Mater.
2018, 17, 16—20.

(10) Kim, S.; Yin, L.; Lee, M. H.; Parajuli, P.; Blanc, L.; Fister, T. T.;
Park, H.; Kwon, B. J; Ingram, B. J.; Zapol, P,; Klie, R. F.; Kang, K;
Nazar, L. F.; Lapidus, S. H.; Vaughey, J. T. High-Voltage Phosphate
Cathodes for Rechargeable Ca-Ion Batteries. ACS Energy Lett. 2020,
S, 3203—-3211.

(11) Jeon, B.; Heo, J. W.; Hyoung, J.; Kwak, H. H,; Lee, D. M,;
Hong, S. T. Reversible calcium-ion insertion in NaSICON-type
NaV2(PO4)3. Chem. Mater. 2020, 32, 8772—8780.

(12) Xu, Z.-L;; Park, J.; Wang, J.; Moon, H.; Yoon, G; Lim, J.; Ko,
Y.-J; Cho, S.-P.; Lee, S.-Y,; Kang, K. A new high-voltage calcium
intercalation host for ultra-stable and high-power calcium recharge-
able batteries. Nat. Commun. 2021, 12, 3369.

(13) Qiao, F; Wang, J.; Yu, R; Pi, Y,; Huang, M,; Cui, L.; Liu, Z,;
An, Q. K3V2(PO4)3/C as a New High-Voltage Cathode Material for
Calcium-Ion Batteries with a Water-In-Salt Electrolyte. Small Methods
2024, 8, 2300865.

(14) Li, R;; Lee, Y; Lin, H; Che, X;; Pu, X; Yi, Y.; Chen, F.; Yu, J.;
Chan, K. C; Park, K,; et al. Kx VPO 4 F (x~0): A New High-Voltage

and Low-Stain Cathode Material for Ultrastable Calcium Recharge-
able Batteries. Adv. Energy Mater. 2024, 14, 2302700.

(15) Liang, Y.; Dong, H.; Aurbach, D.; Yao, Y. Current status and
future directions of multivalent metal-ion batteries. Nat. Energy 2020,
S, 822—822.

(16) Bélle, F. T.; Mathiesen, N. R;; Nielsen, A. J.; Vegge, T.; Garcia-
Lastra, J. M,; Castelli, I. E. Autonomous Discovery of Materials for
Intercalation Electrodes. Batteries Supercaps 2020, 3, 488—498.

(17) Zhang, Z.; Zhang, X.;; Zhao, X; Yao, S.; Chen, A,; Zhou, Z.
Computational Screening of Layered Materials for Multivalent Ion
Batteries. ACS Omega 2019, 4, 7822—7828.

(18) Dompablo, M.-E.-A; Krich, C.; Nava-Avenda No, J.; Biskup,
N.; Palacin, M. R;; Bardé, F. A Joint Computational and Experimental
Evaluation of CaMn204 Polymorphs as Cathode Materials for Ca Ion
Batteries. Chem. Mater. 2016, 28, 6886—6893.

(19) Liu, M; Rong, Z.; Malik, R.; Canepa, P.; Jain, A;; Ceder, G;
Persson, K. A. Spinel compounds as multivalent battery cathodes: A
systematic evaluation based on ab initio calculations. Energy Environ.
Sci. 2015, 8, 964—974.

(20) Lu, W; Wang, J; Sai Gautam, G.; Canepa, P. Searching
Ternary Oxides and Chalcogenides as Positive Electrodes for Calcium
Batteries. Chem. Mater. 2021, 33, 5809—5821.

(21) Tekliye, D. B.; Kumar, A.; Weihang, X.; Mercy, T. D.; Canepa,
P.; Sai Gautam, G. Exploration of NaSICON Frameworks as Calcium-
Ion Battery Electrodes. Chem. Mater. 2022, 34, 10133—10143.

(22) Rong, Z.; Malik, R.; Canepa, P.; Sai Gautam, G.; Liu, M.; Jain,
A,; Persson, K; Ceder, G. Materials Design Rules for Multivalent Ion
Mobility in Intercalation Structures. Chem. Mater. 2015, 27, 6016—
6021.

(23) Chen, C.; Shi, F.; Xu, Z.-L. Advanced electrode materials for
nonaqueous calcium rechargeable batteries. J. Mater. Chem. A 2021, 9,
11908—11930.

(24) Rong, Z.; Xiao, P.; Liu, M.; Huang, W.; Hannah, D. C.; Scullin,
W.; Persson, K. A.; Ceder, G. Fast Mg2+ diffusion in Mo3(PO4)30
for Mg batteries. Chem. Commun. 2017, 53, 7998—8001.

(25) Jung, S. C; Han, Y.-K. Fast Magnesium Ion Transport in the
Bi/Mg3Bi2 Two-Phase Electrode. ]. Phys. Chem. C 2018, 122,
17643—17649.

(26) Rutt, A.; Sari, D.; Chen, Q.; Kim, J.; Ceder, G.; Persson, K. A.
Novel Structural Motif To Promote Mg-Ion Mobility: Investigating
ABO4 Zircons as Magnesium Intercalation Cathodes. ACS Appl.
Mater. Interfaces 2023, 15, 34983—34991.

(27) Kim, J.; Sari, D.; Chen, Q; Rutt, A,; Ceder, G.; Persson, K. A.
First-Principles and Experimental Investigation of ABO4 Zircons as
Calcium Intercalation Cathodes. Chem. Mater. 2024, 36, 4444—445S.

(28) Rutt, A.; Shen, J.-X.; Horton, M.; Kim, J.; Lin, J.; Persson, K. A.
Expanding the Material Search Space for Multivalent Cathodes. ACS
Appl. Mater. Interfaces 2022, 14, 44367—44376.

(29) Gunter, D.; Cholia, S.; Jain, A,; Kocher, M.; Persson, K;
Ramakrishnan, L.; Ong, S. P.; Ceder, G. Community Accessible
Datastore of High-Throughput Calculations: Experiences from the
Materials Project. In 2012 SC Companion: High Performance
Computing, Networking Storage and Analysis. IEEE, 2012, pp 1244—
1251.

(30) Aykol, M.; Dwaraknath, S. S; Sun, W.; Persson, K. A.
Thermodynamic limit for synthesis of metastable inorganic materials.
Sci. Adv. 2018, 4, No. eaaq0148.

(31) Shen, J. -X.; Horton, M.; Persson, K. A. A charge-density-based
general cation insertion algorithm for generating new Li-ion cathode
materials. Npj Comput. Mater. 2020, 6, 161.

(32) Ong, S. P; Richards, W. D.; Jain, A.; Hautier, G.; Kocher, M,;
Cholia, S.; Gunter, D.; Chevrier, V. L.; Persson, K. A,; Ceder, G.
Python Materials Genomics (pymatgen): A robust, open-source
python library for materials analysis. Comput. Mater. Sci. 2013, 68,
314-319.

(33) Sun, W.; Dacek, S. T.; Ong, S. P,; Hautier, G; Jain, A;
Richards, W. D.; Gamst, A. C.; Persson, K. A,; Ceder, G. The
thermodynamic scale of inorganic crystalline metastability. Sci. Adv.
2016, 2, No. 1600225.

https://doi.org/10.1021/acs.chemmater.4c02927
Chem. Mater. XXXX, XXX, XXX—XXX


https://doi.org/10.3390/su122410511
https://doi.org/10.3390/su122410511
https://doi.org/10.3390/su122410511
https://doi.org/10.1016/j.est.2021.103023
https://doi.org/10.1016/j.est.2021.103023
https://doi.org/10.1016/j.est.2021.103023
https://doi.org/10.1016/j.joule.2018.07.006
https://doi.org/10.1016/j.joule.2018.07.006
https://doi.org/10.1016/j.resourpol.2021.102202
https://doi.org/10.1016/j.resourpol.2021.102202
https://doi.org/10.1016/j.resourpol.2021.102202
https://doi.org/10.1002/cnl2.85
https://doi.org/10.1002/cnl2.85
https://doi.org/10.1016/j.jpowsour.2010.11.141
https://doi.org/10.1002/adma.201801702
https://doi.org/10.1002/adma.201801702
https://doi.org/10.1038/nmat5036
https://doi.org/10.1021/acsenergylett.0c01663?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c01663?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.0c01112?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.0c01112?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-021-23703-x
https://doi.org/10.1038/s41467-021-23703-x
https://doi.org/10.1038/s41467-021-23703-x
https://doi.org/10.1002/smtd.202300865
https://doi.org/10.1002/smtd.202300865
https://doi.org/10.1002/aenm.202302700
https://doi.org/10.1002/aenm.202302700
https://doi.org/10.1002/aenm.202302700
https://doi.org/10.1038/s41560-020-0676-8
https://doi.org/10.1038/s41560-020-0676-8
https://doi.org/10.1002/batt.201900152
https://doi.org/10.1002/batt.201900152
https://doi.org/10.1021/acsomega.9b00482?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.9b00482?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.6b02146?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.6b02146?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.6b02146?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4EE03389B
https://doi.org/10.1039/C4EE03389B
https://doi.org/10.1021/acs.chemmater.1c01992?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.1c01992?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.1c01992?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.2c02841?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.2c02841?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.5b02342?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.5b02342?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1TA00757B
https://doi.org/10.1039/D1TA00757B
https://doi.org/10.1039/C7CC02903A
https://doi.org/10.1039/C7CC02903A
https://doi.org/10.1021/acs.jpcc.8b02840?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b02840?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.3c05964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.3c05964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.4c00062?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.4c00062?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c11733?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/sciadv.aaq0148
https://doi.org/10.1038/s41524-020-00422-3
https://doi.org/10.1038/s41524-020-00422-3
https://doi.org/10.1038/s41524-020-00422-3
https://doi.org/10.1016/j.commatsci.2012.10.028
https://doi.org/10.1016/j.commatsci.2012.10.028
https://doi.org/10.1126/sciadv.1600225
https://doi.org/10.1126/sciadv.1600225
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c02927?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

(34) Shen, J.-X,; Li, H. H; Rutt, A.; Horton, M. K.; Persson, K. A.
Topological graph-based analysis of solid-state ion migration. npj
Comput. Mater 2023, 9, 99.

(35) Rong, Z.; Kitchaev, D.; Canepa, P.; Huang, W.; Ceder, G. An
efficient algorithm for finding the minimum energy path for cation
migration in ionic materials. J. Chem. Phys. 2016, 14S, 074112.

(36) Urban, A; Seo, D.-H.; Ceder, G. Computational understanding
of Li-ion batteries. npj Comput. Mater. 2016, 2, 16002.

(37) Wang, A,; Kingsbury, R.; McDermott, M.; Horton, M.; Jain, A.;
Ong, S. P; Dwaraknath, S.; Persson, K. A. A framework for
quantifying uncertainty in DFT energy corrections. Sci. Rep. 2021,
11, 15496.

(38) Hautier, G; Ong, S. P,; Jain, A;; Moore, C. J; Ceder, G.
Accuracy of density functional theory in predicting formation energies
of ternary oxides from binary oxides and its implication on phase
stability. Phys. Rev. B 2012, 85, 155208.

(39) Ong, S. P.; Wang, L,; Kang, B; Ceder, G. Li-Fe-P-O2 Phase
Diagram from First Principles Calculations. Chem. Mater. 2008, 20,
1798—1807.

(40) Pedregosa, F.; Varoquaux, G; Gramfort, A,; Michel, V;
Thirion, B.; Grisel, O.; Blondel, M.; Prettenhofer, P.; Weiss, R;
Dubourg, V,; et al. Scikit-learn: Machine Learning in Python. J. Mach.
Learn. Res. 2011, 12, 2825-2830.

(41) Hapfelmeier, A,; Ulm, K. A new variable selection approach
using Random Forests. Comput. Stat. Data Anal. 2013, 60, 50—69.

(42) Hannah, D. C; Sai Gautam, G.; Canepa, P.; Ceder, G. On the
Balance of Intercalation and Conversion Reactions in Battery
Cathodes. Adv. Energy Mater. 2018, 8 (20), 1800379.

(43) Arthur, T. S.; Zhang, R.; Ling, C.; Glans, P.-A.; Fan, X; Guo, J.;
Mizuno, F. Understanding the Electrochemical Mechanism of K-
aMnO?2 for Magnesium Battery Cathodes. ACS Appl. Mater. Interfaces
2014, 6, 7004—7008.

(44) Stievano, L.; de Meatza, I; Bitenc, J.; Cavallo, C.; Brutti, S.;
Navarra, M. A. Emerging calcium batteries. J. Power Sources 2021,
482, 22887S.

(45) Yu, H;; Su, Z.; Tian, H. Two-step Synthesis of LiVP207/C for
Use as Cathode Material in Lithium-Ion Batteries. Int. J. Electrochem.
Sci. 2018, 13, 4526—4534.

(46) Yang, J.; Wen, J.; Ye, J; Ma, S.; Li, R; Zeng, W.; Wang, J.; Pan,
F. Ab Initio Investigations on the Potential Application of Non-Toxic
MoOPO4 as an Electrode Material for Magnesium Batteries; SSRN,
2024. DOLI: .

(47) Wang, Y.; Wang, J.; Zhang, W.; Chao, F.; Li, J.; Kong, Q.; Qiao,
F; Zhang, L; Huang, M., An, Q. Promising VO2(B)/rGO
Heterojunction Cathode for Building High-Capacity and Long-
Lifespan Ca-Ion Batteries. Adv. Funct. Mater. 2024, 34, 2314761.

(48) Pei, C; Xiong, F.; Sheng, J.; Yin, Y.; Tan, S.; Wang, D.; Han,
C,; An, Q; Mai, L. VO2 Nanoflakes as the Cathode Material of
Hybrid Magnesium-Lithium-Ion Batteries with High Energy Density.
ACS Appl. Mater. Interfaces 2017, 9, 17060—17066.

(49) Prabakar, S.; Ikhe, A. B.; Park, W.; Ahn, D.; Sohn, K; Pyo, M.
Ultra-High Capacity and Cyclability of f-phase Ca0.14V20S5 as a
Promising Cathode in Calcium-Ion Batteries. Adv. Funct. Mater. 2023,
33, 2301399.

(50) Zhang, W.; Zuo, C; Tang, C.; Tang, W.; Lan, B.; Fu, X; Dong,
S.; Luo, P. The Current Developments and Perspectives of V205 as
Cathode for Rechargeable Aqueous Zinc-Ion Batteries. Energy
Technol. 2021, 9, 2000789.

(51) Jain, A;; Ong, S. P.; Hautier, G.; Chen, W.; Richards, W. D.;
Dacek, S.; Cholia, S.; Gunter, D.; Skinner, D.; Ceder, G.; et al.
Commentary: The Materials Project: A materials genome approach to
accelerating materials innovation. APL Mater. 2013, 1, 4812323.

(52) Sari, D.; Rutt, A;; Kim, J.; Chen, Q.; Hahn, N. T.; Kim, H.;
Persson, K. A.; Ceder, G. Alkali-Ion-Assisted Activation of e-VOPO4
as a Cathode Material for Mg-Ion Batteries. Adv. Sci. 2024, 11,
2307838.

(53) Lin, Y.-C.; Hidalgo, M. F. V.; Chu, L-H,; Chernova, N. A;
Whittingham, M. S.; Ong, S. P. Comparison of the polymorphs of

VOPO4 as multi-electron cathodes for rechargeable alkali-ion
batteries. J. Mater. Chem. A 2017, S, 17421—17431.

(54) Siu, C; Seymour, I. D.; Britto, S.; Zhang, H.; Rana, J.; Feng, J.;
Omenya, F. O.; Zhou, H.; Chernova, N. A;; Zhou, G.; Grey, C. P;
Piper, L. F. J.; Whittingham, M. S. Enabling multi-electron reaction of
€-VOPO4 to reach theoretical capacity for lithium-ion batteries.
Chem. Commun. 2018, 54, 7802—7805.

(55) Wang, J.; Tan, S.; Xiong, F; Yu, R; Wu, P,; Cui, L; An, Q.
VOPO4 -2H20 as a new cathode material for rechargeable Ca-ion
batteries. Chem. Commun. 2020, 56, 3805—3808.

(56) Zhao, D.; Pu, X; Tang, S.; Ding, M.; Zeng, Y.; Cao, Y.; Chen,
Z. 5-VOPO4 as a high-voltage cathode material for aqueous zinc-ion
batteries. Chem. Sci. 2023, 14, 8206—8213.

(57) Maddukuri, S.; Upadhyayula, V. V. Electrochemical Lithium
and Sodium Insertion Studies on Tungsten Oxyphosphate. Chemis-
trySelect 2017, 2, 9186—9192.

(58) Malik, R; Burch, D.; Bazant, M.; Ceder, G. Particle Size
Dependence of the Ionic Diffusivity. Nano Lett. 2010, 10, 4123—4127.

(59) Yamamoto, T.; Kikkawa, S.; Koizumi, M. Lithium Secondary
Battery Using Monoclinic NbS3 Prepared under High Pressure. J.
Electrochem. Soc. 1986, 133, 1558—1561.

(60) Yuan, W. Insertion of bivalent cations into monoclinic NbS3
prepared under high pressure and their secondary batteries. Solid State
Ionics 1995, 76, 253—258.

(61) Tang, W.; Sanville, E; Henkelman, G. A grid-based Bader
analysis algorithm without lattice bias. J. Phys.: Condens. Matter 2009,
21, 084204.

(62) Yu, M,; Trinkle, D. R. Accurate and efficient algorithm for
Bader charge integration. . Chem. Phys. 2011, 134, 3553716.

(63) Chen, Q.; Sari, D.; Rutt, A.; Kim, J.; Ceder, G.; Persson, K. A.
Zircon Structure as a Prototype Host for Fast Monovalent and
Divalent Ionic Conduction. Chem. Mater. 2023, 35, 6313—6322.

(64) Chen, C; Ong, S. P. A universal graph deep learning
interatomic potential for the periodic table. Nat. Comput. Sci. 2022,
2, 718—728.

(65) Deng, B.; Zhong, P.; Jun, K; Riebesell, J.; Han, K;; Bartel, C. J;
Ceder, G. CHGNet as a pretrained universal neural network potential
for charge-informed atomistic modelling. Nat. Mach. Intell. 2023, S,
1031—1041.

(66) Batatia, L; Benner, P.; Chiang, Y.; Elena, A. M.; Kovics, D. P.;
Riebesell, J.; Advincula, X. R;; Asta, M.; Avaylon, M.; Baldwin, W.
J.et al. A foundation model for atomistic materials chemistry. arXiv,
2023.

(67) Brown, I. D. What factors determine cation coordination
numbers? Acta Crystallogr. Sect. B: Struct. Sci. 1988, 44, 545—553.

(68) Pan, H.; Ganose, A. M.; Horton, M.; Aykol, M.; Persson, K. A,;
Zimmermann, N. E; Jain, A. Benchmarking Coordination Number
Prediction Algorithms on Inorganic Crystal Structures. Inorg. Chem.
2021, 60, 1590—1603.

(69) Ward, L.; et al. Matminer: An open source toolkit for materials
data mining. Comput. Mater. Sci. 2018, 152, 60—69.

(70) Botu, V.; Ramprasad, R. Learning scheme to predict atomic
forces and accelerate materials simulations. Phys. Rev. B 20185, 92,
094306.

(71) Brown, L. D. Bond Valences; Springer: Heidelberg, Germany,
2013; Vol. 158, pp. 11—58.

(72) Reveil, M,; Clancy, P. Classification of spatially resolved
molecular fingerprints for machine learning applications and develop-
ment of a codebase for their implementation. Mol Syst. Des. Eng.
2018, 3, 431—441.

(73) He, B;; Chi, S.; Ye, A;; Mi, P.; Zhang, L.; Pu, B.,; Zou, Z; Ran,
Y.; Zhao, Q.; Wang, D.; et al. High-throughput screening platform for
solid electrolytes combining hierarchical ion-transport prediction
algorithms. Sci. Data 2020, 7, 151.

(74) O’Keeffe, M. A proposed rigorous definition of coordination
number. Acta Crystallogr.,, Sect. A: Found. Adv. 1979, 3S, 772—775.

(75) Fedotov, S.; Khasanova, N.; Samarin, A.; Drozhzhin, O.; Batuk,
D.; Karakulina, O.; Hadermann, J; Abakumov, A.; Antipov, E.

https://doi.org/10.1021/acs.chemmater.4c02927
Chem. Mater. XXXX, XXX, XXX—XXX


https://doi.org/10.1038/s41524-023-01051-2
https://doi.org/10.1063/1.4960790
https://doi.org/10.1063/1.4960790
https://doi.org/10.1063/1.4960790
https://doi.org/10.1038/npjcompumats.2016.2
https://doi.org/10.1038/npjcompumats.2016.2
https://doi.org/10.1038/s41598-021-94550-5
https://doi.org/10.1038/s41598-021-94550-5
https://doi.org/10.1103/PhysRevB.85.155208
https://doi.org/10.1103/PhysRevB.85.155208
https://doi.org/10.1103/PhysRevB.85.155208
https://doi.org/10.1021/cm702327g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm702327g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.csda.2012.09.020
https://doi.org/10.1016/j.csda.2012.09.020
https://doi.org/10.1002/aenm.201800379
https://doi.org/10.1002/aenm.201800379
https://doi.org/10.1002/aenm.201800379
https://doi.org/10.1021/am5015327?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am5015327?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jpowsour.2020.228875
https://doi.org/10.20964/2018.05.45
https://doi.org/10.20964/2018.05.45
https://doi.org/10.1002/adfm.202314761
https://doi.org/10.1002/adfm.202314761
https://doi.org/10.1002/adfm.202314761
https://doi.org/10.1021/acsami.7b02480?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b02480?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.202301399
https://doi.org/10.1002/adfm.202301399
https://doi.org/10.1002/ente.202000789
https://doi.org/10.1002/ente.202000789
https://doi.org/10.1063/1.4812323
https://doi.org/10.1063/1.4812323
https://doi.org/10.1002/advs.202307838
https://doi.org/10.1002/advs.202307838
https://doi.org/10.1039/C7TA04558A
https://doi.org/10.1039/C7TA04558A
https://doi.org/10.1039/C7TA04558A
https://doi.org/10.1039/C8CC02386G
https://doi.org/10.1039/C8CC02386G
https://doi.org/10.1039/D0CC00772B
https://doi.org/10.1039/D0CC00772B
https://doi.org/10.1039/D3SC02382F
https://doi.org/10.1039/D3SC02382F
https://doi.org/10.1002/slct.201701262
https://doi.org/10.1002/slct.201701262
https://doi.org/10.1021/nl1023595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl1023595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1149/1.2108968
https://doi.org/10.1149/1.2108968
https://doi.org/10.1016/0167-2738(95)00002-N
https://doi.org/10.1016/0167-2738(95)00002-N
https://doi.org/10.1088/0953-8984/21/8/084204
https://doi.org/10.1088/0953-8984/21/8/084204
https://doi.org/10.1063/1.3553716
https://doi.org/10.1063/1.3553716
https://doi.org/10.1021/acs.chemmater.3c00902?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.3c00902?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s43588-022-00349-3
https://doi.org/10.1038/s43588-022-00349-3
https://doi.org/10.1038/s42256-023-00716-3
https://doi.org/10.1038/s42256-023-00716-3
https://doi.org/10.1107/S0108768188007712
https://doi.org/10.1107/S0108768188007712
https://doi.org/10.1021/acs.inorgchem.0c02996?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c02996?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.commatsci.2018.05.018
https://doi.org/10.1016/j.commatsci.2018.05.018
https://doi.org/10.1103/PhysRevB.92.094306
https://doi.org/10.1103/PhysRevB.92.094306
https://doi.org/10.1039/C8ME00003D
https://doi.org/10.1039/C8ME00003D
https://doi.org/10.1039/C8ME00003D
https://doi.org/10.1038/s41597-020-0474-y
https://doi.org/10.1038/s41597-020-0474-y
https://doi.org/10.1038/s41597-020-0474-y
https://doi.org/10.1107/S0567739479001765
https://doi.org/10.1107/S0567739479001765
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c02927?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials pubs.acs.org/cm

AVPO4F (A = Li, K): A 4 V Cathode Material for High-Power
Rechargeable Batteries. Chem. Mater. 2016, 28, 411—415.

(76) Hayashi, M.; Sakaguchi, H.; Takai, S.; Esaka, T. Lithium ion
conduction in scheelite-type oxides and analysis of lithium ion motion
by neutron radiography. Solid State Ionics 2001, 140, 71—76.

https://doi.org/10.1021/acs.chemmater.4c02927
Chem. Mater. XXXX, XXX, XXX—XXX


https://doi.org/10.1021/acs.chemmater.5b04065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.5b04065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0167-2738(01)00704-4
https://doi.org/10.1016/S0167-2738(01)00704-4
https://doi.org/10.1016/S0167-2738(01)00704-4
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c02927?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

