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Abstract

Searching for High-Performance Magnesium Cathodes
using High-Throughput Computational Methods

by
Ann Rutt
Doctor of Philosophy in Engineering - Materials Science and Engineering
University of California, Berkeley

Professor Kristin A. Persson, Chair

There is an increasing need for sustainable energy storage solutions as fossil fuels are
replaced by renewable energy sources. Multivalent batteries, and specifically Mg batteries, are
one energy storage technology that researchers continue to develop with hopes to surpass the
performance of Li-ion batteries. However, the limited energy density and transport properties of
Mg cathodes remain as critical challenges preventing the realization of high-performance
multivalent batteries. While spinel MgxTi2S4 and layered Mg, TiS: represented significant
advancements in Mg cathodes, with improved gravimetric capacities compared to the original
prototype Mg cathode, Chevrel MgMosSs, their performance is limited by their low voltages
and poor solid-state ionic mobility. The absence of high-performance Mg cathodes motivates the
need to develop new materials discovery approaches and expand material design strategies to
improve multivalent ion solid-state mobility and further advance multivalent batteries.

A computational screening approach to identify high-performance multivalent
intercalation cathodes among materials that do not contain the working ion of interest has been
developed, which greatly expands the search space that can be considered for materials
discovery. This approach has been applied to magnesium cathodes as a proof of concept and four
resulting candidate materials are discussed in further detail: NASICON V»(POs)3, birnessite
NaMn4Os, tavorite MnPO4F, and spinel MnO;. This methodology includes the automated
evaluation of solid-state mobility in high-throughput which enables filtering candidate cathode
materials by their intrinsic transport properties such as tavorite MnPO4F and spinel MnO», where
high migration barriers were predicted. In examining the ion migration environment and
associated Mg?* migration energy in these four materials, local energy maxima are found to
correspond with pathway positions of lower coordination where Mg?" passes through a plane of
anion atoms. While previous works have established the influence of local coordination on
multivalent ion mobility, these results suggest that considering both the type of local bonding
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environment as well as the available free volume for the mobile ion along its migration pathway
can be significant for improving solid-state mobility.

Two novel Mg cathode candidates were identified from the preliminary results in
developing this novel computational screening approach: e-VOPO, and zircon EuCrO4. These
materials were experimentally pursued to characterize their electrochemical properties and
evaluate their viability as Mg cathodes. While Mg intercalation was experimentally verified in &-
VOPO4 and three zircon materials (YVOs, EuVOy4, and EuCrOs), the measured gravimetric
capacities were notably lower than expected. The properties of these materials from this initial
experimental work are not yet sufficient to serve as high-performance Mg cathodes.

The computational investigation of ABO4 zircon materials (A =Y, Euand B =V, Cr) as
Mg intercalation cathodes identified remarkably good Mg-ion transport properties (migration
barriers <250 meV) across multiple chemistries in this structural family. These properties were
attributed to their unique structural motif of overlapping polyhedra along the diffusion pathway
in zircons which appears instrumental for promoting good Mg-ion mobility. This motif results in
a favorable “6-5-4 change in coordination that avoids unfavorable sites with lower coordination
along the diffusion pathway. Diffusion pathways composed of polyhedra with overlapping
volumes offers a promising new structural design metric for future Mg cathode development.

The introduced novel cathode computational screening approach is a significant
advancement in expanding the diversity of materials considered for materials discovery and
accounting for intrinsic solid-state mobility properties. Additional investigations into e-VOPO4
and ABOq zircons as Mg intercalation cathodes illustrate the value of this approach in identifying
novel cathode materials. However further study and optimization will be required to overcome
the limited experimental electrochemical performance in these materials. This highlights
limitations in the introduced screening methodology which only considers phase stability, energy
density properties, and transport properties intrinsic to the host crystal structure at the Angstrom
scale. Despite its limitations, further study of materials evaluated by this screening approach
yielded valuable insights into strategies for improving multivalent ion transport. Building upon
these findings, such as the role of site volume and overlapping polyhedra along the diffusion
pathway, may inform further advancements in promoting multivalent ion transport and the
discovery of high-performance Mg cathodes.
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1. Introduction!

1.1. Motivating research in Mg batteries as a “Beyond Li-ion” energy storage technology

Multivalent batteries are one of several emerging “beyond Li-ion” battery energy storage
technologies that aim to enable large-scale renewable energy [1—4]. While Li-ion batteries are
already being adopted in fully electric vehicles, the widespread displacement of fossil fuels
requires further reductions to cost and increased energy densities of automotive batteries [5].
Manufacturing improvements have significantly reduced the cost of Li-ion battery modules to
less than $200/kWh today, but prices must further drop to $100/kWh to reach parity with
gasoline cars [6]. Current Li-ion batteries also fall short of the 350 Wh/kg and 750 Wh/L cell
level energy density targets in order to achieve a 300 mile driving range for an electric vehicle,
which were set by the U.S. Department of Energy and U.S. Advanced Battery Consortium [5].
While further development is needed, improving multivalent batteries offers an avenue to
surpass the performance of Li-ion batteries and meet the needs of more demanding energy
storage applications, such as electric vehicles.

Although it is difficult to compete with the gravimetric energy density of lithium active
materials, as lithium is one of the lightest elements in the periodic table, multivalent chemistries
have an advantage with respect to volumetric energy density. Each multivalent ion carries
multiple charges (M"" where n > 1), yielding larger capacity when the same number of working
ions is stored in a given electrode volume compared with monovalent ions (M!*) such as lithium.
The core promise of higher energy density with multivalent batteries is tied to the possibility of
utilizing multivalent metal anodes. Whereas conventional Li-ion batteries generally adopt lower
energy density graphite anodes to avoid cell shorting caused by the dendritic growth of lithium
metal, multivalent metals are less prone to dendrite formation. Thus, metal anodes can be used in
multivalent batteries and avoid this compromise between energy density and safety. While
multivalent batteries with metal anodes are attractive as a high volumetric energy density
alternative to Li-ion batteries, research to establish practical battery chemistries that realize the
full theoretical potential of multivalent batteries is ongoing.

Of the multivalent battery chemistries (Mg?*, Ca®*, Zn**, AI’*, etc.), the most progress
has been made with magnesium batteries since the first lab scale prototype magnesium cell was
reported in 2000 [7,8]. However, wider adoption of magnesium batteries has been restricted by
their limited performance due to the properties of available Mg intercalation cathodes. Research
efforts in Mg cathodes focus on identifying materials with improved energy density and rate
capability properties for high-performance batteries. To provide a quantitative estimate, one cell-
level analysis outlined cathode active material properties of 3.1 V (vs. Mg/Mg?") and 165 mAh/g
as a possible combination that would approach the 750 Wh/L cell level volumetric energy
density target for electric vehicles [5]. For sufficient working ion solid-state mobility to permit
C/2 battery cycling rate capability at room temperature, it has also been estimated that the
migration barriers must be below 525 meV for micron-sized or below 650 meV for nano-sized
active material particles [9]. While progress has been made, the best available Mg cathodes still
exhibit inferior voltages compared to state-of-the-art Li-ion cathodes, and poor solid-state

! Portions of this chapter are adapted from References [5,10,114].



2

mobility, which results in insufficient rate capability [10]. The identification of high-performance
Mg cathodes is an issue that must be overcome in order to realize a Mg battery chemistry that
can outperform Li-ion batteries and warrant commercialization [4,5,8].

1.2. Advancements in Mg cathodes still fall short of performance targets

There have been a number of extensive reviews already written on Mg cathodes [5,8,11], so the
discussion here is limited and only highlights a few select Mg intercalation cathode materials.
Each of these Mg cathodes has experimental evidence demonstrating reversible Mg intercalation
and repeated cycling in full cells using magnesium metal anodes and non-aqueous liquid organic
electrolytes. In summary, spinel MgxTi2S4 [12,13] and layered MgxTiS> [12,14], which were
both reported in 2016, represent the most promising advancements in Mg cathodes compared to
the original Mg cathode, Chevrel MgiMosSs [15]. Quantitative metrics for energy density and
solid-state mobility are summarized in Table 1. Both materials show improved capacities
compared to 100 mAh/g for Chevrel MgxMosSs and begin to approach the previously established
target of 165 mAh/g for electric vehicles [5]. However, both the spinel Mg, Ti>S4 and the layered
Mg, TiS: cathodes share two limitations that must be overcome in order to realize high-
performance magnesium batteries: 1) low voltages (1.2 V vs. Mg/Mg?* vs. the 3.1 V target [5])
and 2) poor solid-state mobility (requiring elevated cycling temperatures of 60°C and
corresponding higher Mg?* migration barriers) [10].

Cell Voltage  Specific Capacity Fraction of Theoretical Migration Barrier

(V) (mAh/g) Capacity (%) (meV)
Cluli G ~3.4-4.1 ~140-300 55-97% ~200-550
Li-ion Cathodes [16] o ’
Chevrel 100

1.1 789 270
MgxMoeSs [15,17] (C/8 rate, 25°C) %
Layered 140

1.2 489 1160
Mg,TiS; [12,14] (C/10 rate, 60°C) %
Spinel 160

1.2 799 550-615
MgTi,S, [13,18] (C/10 rate, 60°C) %
Mg Cathode Electric

3.1 = 1009 < 525-650
Vehicle Target [5,19] 135 (25 %

Table 1. A comparison of experimental energy density and theoretical transport properties of current available Mg
cathodes with Li-ion cathodes and the targeted performance for electric vehicles. While from a capacity standpoint,
current available Mg cathodes are close to the 165 mAh/g target, their voltages are much lower than the 3.1 V target
at 1.1-1.2 V. Notably, while the capacities of layered MgxTiS2 and spinel MgxTi2S4 are improved compared to
Chevrel MgxMosSs, their migration barriers are much higher and require elevated testing temperature of 60°C.

Chevrel MgxMosSs and MgxMosSsSez2. The Chevrel phase (MgxMosTs, where T =S,
Se, or their combination), which consists of a Mos octahedral cluster inside a Tg cube, was the
first prototype Mg cathode for room temperature cycling with a theoretical capacity of 129
mAh/g at 1.1V [20,21]. The first functional Mg metal battery used a Chevrel Mg,:MoeSg (0 <x <
2) cathode [20] but only 75-80% of the Mg could be extracted which was attributed to the
limited Mg mobility in a fraction of the working ion sites resulting from the ring-trapping
mechanism specific to the Chevrel structure [22]. Theoretical studies showed that substitution of



S with Se increases the lattice size and distorts the geometry of the structure to disrupt the ring-
trapping mechanism [23,24]. Further exploration into anion substitution for this material class
found slightly improved electrochemical performance in Chevrel MgxMosSeSe> with an initial
capacity of 110 mAh/g at 1.1 V vs. Mg/Mg?*" and good capacity retention for 100 cycles at room
temperature [22]. The computed Mg?* migration barriers in MosSes (180 meV) are lower than in
MosSs (270 meV) [25] consistent with the better experimental performance of MgiMogSsSe
over that of MgMosSs in Mg cells and observed room temperature cycling of Chevrels [22].

Layered MgTiS: and Mg, TiSe:. Reversible Mg intercalation has been demonstrated in
both layered MgxTiS> [26] and layered Mg TiSe> [27] (0 <x < 0.5), with average voltages of 1.2
V (TiS2) and 0.9 V (TiSez) vs. Mg/Mg?>" and gravimetric capacities of 115 mAh/g (TiS;) and
110 mAh/g (TiSez). It should also be noted that although 85% of the theoretical capacity for
layered TiSe> (130 mAh/g) could be obtained by cycling at room temperature, only 48% of the
theoretical capacity of layered TiS» (239 mAh g!) could be extracted even at 60°C. Good
capacity retention was experimentally demonstrated for layered TiS: for 40 cycles using a C/10
rate at 60°C [26]. However, layered TiSe> shows better electrochemical performance at room
temperature than layered TiS; [11]. These experimental observations are supported by the
calculated Mg?" migration barriers of >1060 meV in layered TiS: [28,29] and 650 meV for
layered TiSe> [30].

Spinel Mg, Ti,S4. Multiple spinels (MgxB2X4, where 0 <x < 1, B is a transition metal,
and X = O, S) have been studied as Mg cathodes [18,31]. The best electrochemical performance
has been reported for Mg« Ti»S4 at 60°C with an average voltage of 1.1 V (vs. Mg/Mg>") and
capacity of 190 mAh/g, which approaches 80% of the theoretical value (239 mAh/g) [32,33].
This was achieved with cycling at a rate of C/5 between 0.5-1.8 V while longer term cycling,
which was performed at a C/10 rate, demonstrated reversible capacities between 160-140 mAh/g
for 40 cycles. Notably, cycling at an elevated temperature of 60°C improved the electrochemical
performance of spinel MgxTi>S4 [11] which is consistent with the higher Mg?" migration barrier
predicted for spinel Ti2S4 between 550-615 meV [32,34].

1.3. Energy density and transport performance trade-off challenges in Mg cathodes

The challenge of identifying multivalent intercalation cathodes with good solid-state
mobility correlates directly to their potential for higher capacity [5]. While the higher valence of
multivalent ions can lead to a higher energy density, there is also a trade-off associated with
poorer transport due to the stronger Coulombic interactions between the mobile multivalent ion
and surrounding cathode host lattice. Some strategies to improve multivalent ion transport, such
as substituting larger and more polarizable anions in the host material to lower migration barriers
(e.g., selenides have better screening properties over sulfides, sulfides have better screening
properties over oxides) also result in lower cathode voltages because anions with higher
polarizability are also more easily oxidized [5,35]. While numerous factors at various length
scales can contribute to poor transport, high migration barriers for multivalent ion transport
within the crystal structure at the Angstrom scale must be addressed first.

Although Li-ion cathodes are typically synthesized in the discharged state where lithium is
contained in the material, the success of similar strategies for multivalent cathodes have been
called into question [19]. Previous work [19] has shown that multivalent ion mobility correlates



with the local coordination topology along the diffusion path, favoring flatter energetic
landscapes with no strong binding sites for the multivalent ion. For example, materials which
contain Mg in their as-synthesized states tend to exhibit relatively strong Mg binding sites, and
hence poorer mobility. In fact, the most successful Mg cathodes have originated from
compounds synthesized in a form without Mg. In the case of Chevrel Mg<MosSs, the copper-
containing CuMo3S4 is synthesized and the copper then chemically removed [7]. Similarly, for
spinel Mg Ti,S4, CuTi2S4 is synthesized and then the copper removed by oxidation [13]. Layered
Mg, TiS; can be synthesized free of any intermediate compound as TiS; [14]. A successful Mg
cathode which has been synthesized in the discharged state (where the Mg ion is contained in the
structure) has yet to be reported [5]. Hence, one may extrapolate that identifying new multivalent
cathodes among materials that already contain the multivalent ion of interest would yield scarce
results and new materials discovery approaches are needed [10].

1.4. Research goals: searching for high-performance magnesium cathodes

Two research goals were pursued in this dissertation. The first goal is focused on the
materials discovery of high-performance Mg cathodes with sufficient energy density and Mg
mobility to make Mg batteries competitive for elective vehicles. The second goal is the scientific
objective of further refining and expanding material design rules to promote better Mg-ion
transport. The second chapter introduces a novel high-throughput computational screening
approach which uses density functional theory calculations to assess intercalation cathode
material properties. A novel component of this approach is the use of tools that expand
evaluation capabilities to materials where the working ion site is not previously known, which
allows access to a much more diverse materials search space. Another significant advancement
in this approach is including the high-throughput evaluation of intrinsic transport properties for
any inorganic crystalline material. This methodology was demonstrated by applying it to search
for high-performance Mg cathodes. The subsequent chapters focus on deeper investigations into
two new Mg cathode candidates identified with this screening methodology. One promising
candidate due to its energy density properties, e-VOPOs, was experimentally validated and
illustrates the value of the introduced cathode computational screening approach. The screening
approach also identified promising Mg-ion transport in a family of materials, ABO4 zircons,
which had not previously been considered as Mg intercalation cathodes. Studying the diffusion
properties of these materials yielded valuable insights into a new structural design metric to
improve Mg-ion transport. The final chapter summarizes significant conclusions in this body of
work and outlines potential avenues for additional progress in cathode computational screenings.



2. High-throughput Screening Approach for Mg Cathodes?

2.1. Difficulties evaluating ionic mobility in cathode computational screenings

Computational methods that use density functional theory (DFT) to evaluate cathode
properties of interest such as phase stability, voltage, capacity, and ionic diffusivity have been
well established [36—-38]. In the past 10-15 years, researchers began combining these methods in
high-throughput computational screenings to evaluate various materials as cathodes which are
enumerated in Table 2. For example in 2011, 277 mixed polyanionic compounds of the
sidorenkite structure type were computationally screened as lithium and sodium cathodes where
phase stability, voltage, and capacity properties were reported [39]. Follow-up work focused on
carbonophosphates LisMPO4CO3 (M = transition metal) as a novel family of Li-ion cathode
materials which also included the investigation of lithium mobility in one compound,
LixMn(PO4)(CO3), at various lithium concentrations (x = 1, 2, 3) [40]. There has also been
interest in computationally screening sulfide and oxide spinels as multivalent cathodes where
properties such as phase stability, voltage, and capacity were evaluated for a total of 56
compositions [18,31]. These properties were used to down select a smaller subset of 7 spinel
hosts for investigating cation mobility. The computational exploration of six perovskites as Ca
cathodes resulted in evaluating the Ca mobility in one composition identified as the most
promising perovskite compound [41]. A high-throughput computational screening methodology
for layered materials has also been reported for sodium and multivalent cathodes which included
the calculation of migration barriers for 42 down selected layered materials [42,43]. A recent
screening of polyanionic materials as K-ion cathodes used computational methods to down select
candidate materials based on composition, stability, capacity, and voltage, at which point, 4
compounds were selected for experimental investigation [44]. Potassium mobility was
computationally investigated for one compound.

Cathode Computational Screening Publication Year Toéle:::zLals Mate::::‘ E\;’EaéuatEd
Li, Na: Sidorenkite family [39,40] 2011-2012 277 1
Multivalent: Spinels [18,31] 2015-2016 56 22
Ca: Perovskites [41] 2016 6 1
Na, Multivalent: Layered structures [42,43] 2018-2019 288 42
K: Polyanionic materials [44] 2021 74 1

Table 2. A summary of previous cathode computational screenings. Two notable observations include that these
studies are each limited to a single structural family and that NEB calculations to evaluate transport properties are
reserved for a smaller subset of the most promising candidates from the screening.

Across these efforts there has been a fundamental limitation insomuch that only one
structural family, where the diffusion pathway and intercalation sites are already known, is
considered. Recent work includes consideration of a wider range of structure types for Li-ion
cathodes [45] and Mg-ion cathodes [46], however these materials all contained the working ion
of interest where the intercalation sites are known.

2 This chapter is closely adapted from Reference [10].



Cathode computational screenings that consider ionic mobility have typically used
Nudged Elastic Band (NEB) calculations in conjunction with DFT to estimate the migration
barrier [18,31,42,43,45,47]. NEB calculations are notoriously challenging due to the domain
expertise required to inform the calculation inputs, their high computational cost, and numerical
sensitivity that requires careful inspection of the calculation outputs. These challenges are
evidenced by the number of cathode computational screenings that reserve performing NEB
calculations for the single, most promising candidate [40,41,45], exclude ionic mobility
entirely [38,39], or opted to pursue experimental electrochemical testing before performing a
NEB calculation [44].

Given the challenges with NEB calculations, there have been several studies dedicated to
acceleration efforts. The most common strategy to lower computational cost is usually to reduce
the number of image relaxations along the predicted pathway. For example, some algorithms
start with a lower image resolution that is iteratively increased such as in ANEBA [48] and
AutoNEB [49]. In R-NEB, redundant image relaxations are avoided by using the system’s
reflection symmetry [50]. Machine learning has also been applied to approximate potential
energy surfaces to more efficiently find the minimum energy pathway [51-53]. Compared to
these approaches which rely on iterative interconnected image relaxations, ApproxNEB [54] is
unique in that it evaluates images as single point calculations after an improved path
initialization based on the material charge density.

An automated computational infrastructure for discovering intercalation electrodes has
been previously reported [46], however these efforts have focused exclusively on evaluating
materials in the discharged state where the intercalation sites are already known. Given the solid-
state mobility challenges with multivalent ions, new strategies are needed to discover high-
performance multivalent cathodes. In this chapter we report a new comprehensive computational
framework for identifying novel multivalent cathode materials in compounds that do not a priori
contain the working ion, e.g., are most stable in their charged state. This framework uses for the
first time a combined methodology of the insertion algorithm [55] and the ApproxNEB
algorithm [54] to screen by solid-state mobility properties in an automated high-throughput
manner. We demonstrate our approach to computationally screen thousands of materials from
the Materials Project database [56,57] in order to evaluate promising Mg cathodes.



2.2. A novel screening methodology to evaluate ionic mobility in high-throughput

The presented computational approach for evaluating materials free of magnesium as Mg
cathodes can be described in four screening tiers. The criteria for each tier were ordered by a
combination of robustness and computational cost. Less computationally demanding methods,
which still correlate well to experimental results, were used first in earlier tiers in order to limit
applying more expensive methods to a smaller number of candidate materials. Each tier focused
on a different set of material properties, which are depicted in Figure 1, which will be described
in more detail:

Relative stability and composition
Reducible specie oxidation state
Insertion site finding

Multivalent ion solid-state mobility

b=

69,640 (Materials Project) — 29,829

elative Stability (unintercalated) and Compositio

29,829 — 16,582
~ Reducible Specie Oxidation State

Increasing
Computational

Cost 2:361 of 16,582

Nsertion Site Findin®

Figure 1. A funnel graphic summarizing the screening process for finding promising multivalent cathodes among
materials in the deintercalated state. The screening process has been divided into four stages in order of increasing
computational cost. The number of materials considered in each tier have been included for the described work on
Mg cathodes to clarify the screening process and its limitations. However, we note that the exact numbers will
change if the methodology is applied today as the number of materials in the Materials Project has almost doubled.

Relative Stability and Composition. The Materials Project, a database of DFT
calculations of inorganic crystals and molecules, was used to source candidate materials [56,57].
Examination of Mg-free (“empty”) hosts presents a vast space of many tens of thousands of
possible materials compared to a much smaller number when limited to materials that already
contain magnesium. Two properties, relative stability and composition, were used to narrow
down this search space. Relative stability compared to other materials composed of the same
elements was captured by the quantity, energy per atom above the convex hull, which encloses
the most stable phases within the relevant chemical space [58,59]. This “energy above hull” is 0
eV/atom for a material that is predicted to be thermodynamically stable at 0 K. A cut-off value of
< 0.2 eV/atom was used to select compounds that are likely to be synthesizable based on
previous work that established sensible cut-off values [60,61]. Composition constraints were also
applied that required the candidate material: 1) to contain at least one redox active element (Ti,



V, Cr, Mn, Fe, Co, Ni, Cu, Nb, Mo, Ru, Ag, W, Re, Sb, Bi), 2) to contain either oxygen or
sulfur, and 3) excludes radioactive elements (elements with an atomic number between 84 and
104). Using these criteria, the Materials Project database (version 2018.11), which contained
69,640 inorganic crystals at the time that this work was started, was reduced to 29,829 candidate
materials of interest.

Reducible Specie Oxidation State. Given the intention to insert magnesium into empty
candidate host materials, viable candidates need to encompass a reducible specie that can accept
electrons upon Mg insertion. The next screening tier is focused on finding materials with a high
enough oxidation state to permit reduction. There are two algorithms within pymatgen [62] that
are able to suggest likely oxidation states of a given material. One uses a bond valence
method [63] to determine oxidation states and the other predicts appropriate oxidation states
based on the material’s chemical formula using a data mining approach. Candidate materials
were discarded at this tier if they did not contain any of the following reducible species: Ti*,
VARSE CpAsh6t MndtAtStonT FedtAtstor Co¥tahst Nist4t, Cu2t3*4, Nb5*, Mo*H5+6+,
RuHOH768% 1 Ag2h:3 W6+ Re’*, Sb>*, Bi*"*. Both methods were applied to evaluate oxidation
states and in the case of disagreeing results, the bond valence method was preferred. Screening
by reducible specie oxidation state narrowed the candidates of interest from 29,829 to 16,582
materials.

Insertion Site Finding. The next tier of screening candidate materials considers the
identification of working ion insertion sites. Recently, Shen et al. reported a new approach for
identifying the location of insertion sites in any given crystal structure which will be referred to
as the “insertion algorithm” [55]. The insertion algorithm uses the calculated charge density of
the material to identify charge density minima which were shown to correlate strongly with
viable insertion sites in known electrode materials. For each possible insertion site, the working
ion of interest (such as Mg in this case) is inserted with one working ion per unit cell. A DFT
relaxation is then performed to refine the site location and evaluate the change in lattice and
crystal structure to assess the possibility of viable insertion (whether the host structure is retained
after insertion). As this tier requires multiple DFT calculations per material, it was not viable to
apply the insertion algorithm to all 16,582 candidate materials at the time this preliminary work
was performed. To demonstrate the screening workflow, the insertion algorithm was initially
applied to a random selection of 2,361 materials. Given the investigation of empty cathodes that
are more stable in their charged state, the insertion algorithm was set to explore the possibility of
a single working ion per unit cell, as a first, necessary requirement. Further successive working
ion insertions can be repeated until there is significant host structural change or the minimum
redox state of the compound is reached, thus determining the maximum intercalation level.

Of the 2,361 materials where the insertion algorithm was applied, 1,767 were discarded
because the host structure changed significantly upon insertion. Additional properties useful for
screening become computable after completing the insertion algorithm for a material. These
properties include the voltage and relative stability (energy above hull) of the partially/fully
magnesiated compound. The remaining 594 candidate materials were prioritized for the last tier
of evaluating Mg?" solid-state mobility using the following criteria: 1) average voltage > 1.5V,
2) energy per atom above the convex hull of the charged (unmagnesiated) material < 0.05
eV/atom, and 3) energy per atom above the convex hull of the discharged (magnesiated) material



< 0.1 eV/atom. After applying these criteria, the number of candidates was further reduced by
using the structure matching capabilities in pymatgen [62] to select one material that would be
representative of each unique structure type. As a result, 78 materials were selected for the next
tier.

Applying the insertion algorithm to a host material produces a list of valid insertion sites
for the working ion. These sites can be used to form a migration graph representing an
interconnected network of Mg sites in the material as introduced in previous work [64]. Sets of
neighboring Mg sites can be extracted from this migration graph which correspond to a segment
of a possible Mg?* migration pathway in the material. Images representing the Mg?* in various
positions along these pathway segments can be generated and paired with DFT calculations in
order to evaluate the energetics along the pathway segment. This information provides a key
input for evaluating Mg?" solid-state mobility in a given material.

Multivalent Ion Solid-State Mobility. The last screening tier estimates the minimum
energy barrier required for Mg?" to migrate through the material and corresponds to the most
computationally expensive tier. An upper limit migration barrier of 650 meV would remove
materials which exhibit sluggish intrinsic ionic mobility and provide a possibility for good rate
capability that might allow for a C/2 cycling rate with nanosized particles [19]. Given the
evaluation of Mg-free compounds, only mobility in the charged (deintercalated) state at the
dilute lattice limit was considered. Supercells were generated using pymatgen [62] to avoid
fictious self-interaction effects from a neighboring Mg?* due to periodic boundary conditions.
Finally, the ApproxNEB algorithm [54] implemented through the python package, Atomate [65],
was used to evaluate the migration barrier for a given pathway segment.

The ApproxNEB algorithm was selected over the traditional NEB scheme due to its
lower computational cost and robustness which makes it more appropriate for high-throughput
applications [54]. Initial benchmarking work to compare the ApproxNEB algorithm to NEB for 3
known Mg and Ca cathode systems found that ApproxNEB required ~5% of the computational
resources compared to NEB (determined by considering the product of the number of nodes and
wall time for running all calculations) and predicted energetic barriers within 150 meV of the
NEB calculated values. This benchmarking data is provided in the Appendix 7.1. Implemented in
Atomate, the ApproxNEB algorithm performs a series of relaxations for host, end point, and
image structures for the specified migration events in a material. Additional ApproxNEB
calculation details are included in Appendix 7.3. The key difference between NEB and
ApproxNEB is in how the image relaxations are handled. With ApproxNEB, the images are
relaxed independently of each other, and a coherent mobile ion path is maintained by fixing the
positions of 2 atoms (the mobile working ion and the atom furthest away) in each image
relaxation. Given the constraints of the ApproxNEB image relaxations, this method is likely to
provide a slight overestimation of the energy barrier as compared to NEB. The energies
produced by the ApproxNEB algorithm were mapped back onto the connections in the migration
graph for a material. Pathway segments with incomplete points where calculations failed to reach
sufficient convergence were excluded. The migration graph populated with the available energy
information was used to locate the migration pathway through a material with the lowest barrier.
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2.3. Material candidates to illustrate and validate screening approach

From the initial data set generated by the described screening process, 14 candidate
materials were found to exhibit viable pathways for Mg?* migration (ApproxNEB estimated
barriers < 800meV). A few of these materials were identified as novel and pursued
electrochemically. Further investigations into two of these novel materials, e-VOPO4 (mp-
556459) and zircon EuCrO4 (mp-22586), are described later in Chapters 3 and 4. In the
remainder of this chapter, four materials as discussed in detail as a representative set to showcase
the diversity of crystal structures, energy content, site topology and percolation pathways that
can be assessed with this novel screening methodology. These four materials: V2(POas)3 (mp-
26962), NaMn4Og (mp-1016155), MnPO4F (mp-25426), and MnO» (mp-25275) which are
depicted in Figure 2, are highlighted here as candidate Mg cathodes to illustrate the value of this
screening approach. Table 3 summarizes the following properties of these cathodes: voltage,
capacity (upon a single Mg insertion), charge (deintercalated) stability, discharge (intercalated)
stability, and the estimated ApproxNEB energetic barrier for Mg?* migration. Figure 3 shows the
migration energy landscape determined with the ApproxNEB algorithm for Mg?* along the best
percolating path identified.

Charge Discharge Energetic Barrier

(dilute lattice limit)

Material Voltage Capacity (Deintercalated) (Intercalated)
Stability Stability

Monoclinic NASICON
Mg x<0.5)V2(POa)3 3.3V 67 mAh/g 23 meV/atom 0 meV/atom 671 meV
mp-26962
Sodiated Birnessite
Mgx<1y)NaMn4Os 2.2V 136 mAh/g 19 meV/atom 82 meV/atom 200 meV
mp-1016155
Tavorite
Mg x<0.5MnPO4F 3.7V 148 mAh/g 42 meV/atom 62 meV/atom 1015 meV
mp-25426
Spinel
MEgx<0.5MnO; 29V 144 mAh/g 51 meV/atom 45 meV/atom 711 meV
mp-25275
Table 3. A summary of electrode properties of the four Mg cathodes that will be described in more detail. The
voltage reported is a theoretical voltage (V) calculated from the energy difference of the intercalation reaction
(AG,,, = —nFV). The theoretical capacity (Q) was calculated based on the atomic mass of the intercalated material
(M) with Q = nF /M based on the composition listed in the first column of Table 3. F is Faraday’s constant and n
represents the number of electrons transferred (for Mg, n=2). Stability values (energy per atom above the convex
hull) were calculated using the MP2020Compatibility scheme [66] and Materials Project database phase diagrams
using pymatgen [62] The lowest energetic barrier for Mg?" migrating along a percolating pathway calculated with
ApproxNEB at the dilute lattice limit (single Mg in host material supercell) is listed.
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Figure 2. Unit cell crystal structures of each highlighted material in their unintercalated form are shown, including
identifiers from the Materials Project: a) monoclinic NASICON V2(PO4)s from mp-26962, b) sodiated birnessite
NaMn4Os from mp-1016155, ¢) tavorite MnPO4F from mp-25426, d) spinel MnOz from mp-25275.

a) Monoclinic NASICON V,(PO,); b) Sodiated Birnessite NaMn,Og
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Figure 3. Plots of the energy landscape of Mg?" migration along a percolating path for the 4 candidate materials. The
percolating path starts from a given Mg site in a unit cell to the equivalent site in a neighboring unit cell and the
energy evolution along the path is predicted with ApproxNEB at the dilute lattice limit (single Mg in host material
supercell). Pathways were reduced to symmetrically distinct hops which were calculated separately and then mapped
back to the pathway for computational efficiency by avoiding redundant calculations. Lines connecting adjacent
points are provided as a guide to the eye. a) Monoclinic NASICON V2(POa); (mp-26962) has an energetic barrier of
671 meV along a total path distance of 13.2 A. b) Sodiated Birnessite NaMn4Os (mp-1016155) has an energetic
barrier of 200 meV along a total path distance of 6.8 A. ¢) Tavorite MnPO4F (mp-25426) has an energetic barrier of
1015 meV along a total path distance of 7.8 A. d) Spinel MnO> (mp-25275) has an energetic barrier of 711 meV
along a total path distance of 7.4 A.
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V2(PO4)3 (mp-26962) is a monoclinic NASICON that can be obtained experimentally
from its lithiated version, Li3V2(POs)3. This material has been studied as a Mg cathode where
XAS spectra showed a change in vanadium oxidation state upon Mg intercalation [67], however
definitive evidence of reversible Mg intercalation with repeated cycling has yet to be
reported [8]. The voltage predicted by the screening process (3.3 V) compares well with the
experimentally measured value of ~3.0 V vs. Mg/Mg?*. Due to the single Mg insertion explored
here, the calculated capacity corresponds to a lower limit magnesiation level of Mgx<0.5)V2(PO4)3
and hence is below the experimentally reported capacity of ~197 mAh/g for Mgx<1.5)V2(PO4)s.
Sufficient Mg?* mobility for acceptable rate capability appears possible with an ApproxNEB
predicted migration barrier of 671 meV. While this value is greater than the 650 meV threshold,
as stated previously, ApproxNEB is known for overestimating the energy barrier; hence it is
likely the true activation energy for dilute Mg?" migration is lower. The results of this screening
recommends further investigation of V2(POs); as a Mg cathode, particularly highlighting the
need for testing in electrolytes that are stable at sufficiently high voltages.

NaMn4QOs (mp-1016155) is a sodiated version of birnessite, §-MnQO>, which is the
layered polymorph of MnO:. Birnessite is typically hydrated with water molecules between
layers of MnOg octahedra and has been studied in the literature as a Mg cathode [8,68,69]. More
success has been found using aqueous electrolytes where there is a reversible transformation
from §-MnO> to A-MnO- upon discharge [68]. The inclusion of crystalline water increases the
interlayer spacing [70] which could be favorable for ion mobility, however involving water
presents a challenge for using birnessite in high-energy-density Mg batteries given the
incompatibility of water with magnesium metal anodes. However, pillaring the structure with
sodium ions instead of water molecules avoids these compatibility issues and may help explain
the good Mg?" mobility predicted by a low ApproxNEB migration barrier of 200 meV. Alkali-
ion pillaring has been examined as a strategy to improve electrochemical performance in
vanadium oxides as Li-ion cathodes by stabilizing the structure and improving ion mobility [71—
73]. More detailed studies would be required to understand the role of sodium and possible
avenues for facilitating multivalent ion mobility such as in NASICONs where sodium reordering
upon calcium transport has been demonstrated [74—76]. Replacing water with sodium in the
birnessite structure could offer an avenue for using the layered §-MnO: polymorph as a cathode
with magnesium metal anodes. While the synthesis of various sodiated versions of birnessite
have been reported [77], electrochemical investigation has been limited to consideration as a Na
cathode [70,78,79].

MnPO4F (mp-25426) belongs to the tavorite structure family. This class of materials has
been studied as Li-ion cathodes and includes examples such as LiVPO4F [80], LiFePO4F [81],
and LiFeSO4F [82]. Theoretical work on FeSO4F [83] and VPO4F [84] as Mg cathodes has been
reported and found promising properties. However, no Mg?* electrochemical experimental work
has yet been published on these materials [8]. With voltages of 2.5 V for FeSO4F and 2.6 V for
VPOG4F, perhaps difficulties in identifying higher voltage magnesium electrolytes present a
roadblock. With a predicted voltage of 3.7 V for MnPO4F, the lack of suitable electrolytes is also
a limitation that must be overcome before this material can be pursued experimentally. While
reasonable Mg?* migration barriers have been identified for other tavorites (360 meV for FeSO4F
and 704 meV for VPO4F), the dilute lattice limit ApproxNEB barrier of 1015 meV for MnPO4F
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is prohibitively high. Although MnPOJF is an attractive cathode candidate from an energy
density perspective, its poor solid-state Mg?* mobility would result in poor rate capability.

MnO; (mp-25275) is the spinel polymorph or A phase of MnO». Given that spinel
LiMn,0s is a well-studied, commercialized lithium-ion cathode [85], there has been significant
interest in studying spinels as Mg cathodes [19,31,86]. While promising from an energy density
standpoint with a voltage of 2.9 V vs. Mg/Mg?* and theoretical capacity of 144 mAh/g, it has
been challenging to experimentally realize a high capacity with repeated cycling because of
sluggish Mg?* solid-state mobility [8]. High Mg?* migration barriers of ~800 meV for the dilute
lattice limit (charged/deintercalated state) calculated with NEB have been reported for spinel
MgMn,04 [19,31] which is consistent with the high (> 650 meV) migration barrier of 711 meV
predicted by ApproxNEB in this screening method. This A-MnQO; spinel example demonstrates
the value of the fourth screening tier where ApproxNEB is used to estimate migration barriers to
identify materials where Mg?* solid-state mobility will be a challenge.

2.4. Preliminary insights into the role of site volume & low coordination points

The migration pathways and relaxed ApproxNEB image structures were examined in
more detail for the 4 highlighted Mg cathode candidates: NASICON V2(POs)3 (mp-26962),
birnessite NaMn4Og (mp-1016155), tavorite MnPO4F (mp-25426), and spinel MnO; (mp-25275).
In addition to mapping the energy difference along the pathway, the volume associated with the
mobile Mg?" calculated using the Voronoi algorithm through pymatgen is included [62,87-89].
The graph area is colored to reflect the coordination of the Mg?" at various positions along the
path based on the relaxed ApproxNEB images, where the coordination number was analyzed
using the CrystaINN algorithm in pymatgen [62,87]. Images of the mobile Mg?* in the host
crystal structure made using the VESTA software at significant points along the migration path
are marked by letters and displayed with these plots in Figure 4.
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Figure 4. The evolving environment and associated Mg?* migration energy as a function of pathway coordinate in a)
sodiated birnessite NaMn4Os, b) spinel MnOz, c¢) tavorite MnPO4F, and d) NASICON V2(PO4)s. For each material,
i) depicts a graph of the energy barrier (solid black line with circles), Mg site volume (dashed blue line with
squares), and Mg?" coordination (colored graph area) based on ApproxNEB and ii) shows images of the Mg?" at
various positions along the migration pathway (labeled by letters).

A common feature in the pathways examined is the occurrence of high-energy
(bottleneck) ion positions where the energy difference is highest (e.g. Figure 4a position B for
sodiated birnessite NaMn4Osg, Figure 4b position B for spinel MnO», Figure 4c position B & D
for tavorite MnPO4F, Figure 4d position B & D for NASICON V»(PO4)3) as the mobile Mg?*
passes through a plane of anions. In the case where the Mg?* is moving from a tetrahedral to an
octahedral site where the tetrahedra and octahedra are face sharing, this highest-energy point
corresponds to the Mg?" squeezing through the triangle of anions composing the shared face.
This finding is in line with previous work on spinels where the area of the anion triangle was
expanded by substituting larger and more polarizable anion atoms in order to lower the energetic
penalty for migration [90]. One counterintuitive finding, however, is that these bottleneck
migration ion events do not correspond with the lowest volume sites along the migration path. In
the identified pathways of these four materials, these lowest volume sites occur when Mg?* is in
a 6-fold site of favored coordination, indicating a site with particularly favorable Mg-anion
coordination and correspondingly tight bond lengths. This suggests that volume alone may not be
a meaningful descriptor and more significant conclusions can be made by comparing volume
across sites with similar local bonding environments.
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The identified pathways for sodiated birnessite NaMn4Og and spinel MnO; are both
composed of face-sharing tetrahedra (tet) and octahedra (oct). While these two materials exhibit
similar tet-oct-tet coordination changes, sodiated birnessite NaMn4Og exhibits a much lower
Mg** ApproxNEB migration barrier (200meV) compared to spinel MnO; (711meV). One
possible explanation is that the sodium in birnessite expands the interlayer spacing, reduces the
electrostatic interaction between Mg?* and the oxygen layers, and increases the available volume
along the pathway compared to spinel MnO,. Therefore, the energy penalty for Mg?* migration
is lowered because the Coulombic interactions between the mobile ion and host structure are
weaker.

Examining the high energy positions in tavorite MnPO4F illustrates the influence of anion
composition when considering Mg?* passing through planes of anions. In Figure 4c¢, the higher-
energy bottleneck position D corresponds to the mobile Mg?* passing through a plane of 4
oxygen atoms. The Mg?* moves through a plane comprising of 2 oxygens and one fluorine at the
lower energy bottleneck position B. At D, the Mg?* ion passes through the oxygen plane off
center while at position B, the Mg?* ion is in the center of the anion triangle. Therefore, it is
likely this position discrepancy contributes to the higher energy of point D, but it is also possible
that substituting fluorine for one oxygen in the anion plane reduces the energetic penalty.

Of the 6 identified bottleneck positions where the mobile Mg?" ion passes through an
anion plane and experiences a lower coordination in these 4 materials, only one case, point B of
Figure 4d for NASICON V,(PO4)3, does not correspond to a local energy maximum. We
hypothesize that the relatively larger available volume for the mobile Mg?" in NASICON
V2(PO4)s is responsible for the improved migration energetics, even when moving through anion
planes. Both NASICON V,(PO4); and sodiated birnessite NaMn4Og exhibit large volume Mg
sites (> 13 A?) as compared to spinel MnO, and tavorite MnPO4F (< 12 A?%). The Mg sites
exhibit larger volumes (> 13 A®) and relatively low energy differences (< 350 meV) when
considering the NASICON V»(PO4); oct-tet transition (Figure 4d A->B->C) and the sodiated
birnessite NaMn4Os tet-oct transition (Figure 4a A>B->C). Thus, the tetrahedra and octahedra
volumes are large enough to avoid a substantial energy penalty when the Mg?* squeezes through
the shared anion face. This suggests that perhaps there is a minimum anion triangle area where a
costly energy penalty for Mg?" migration can be avoided.

From the reported work on Mg cathodes, four materials: NASICON V2(POs)3 (mp-
26962), birnessite NaMn4Og (mp-1016155), tavorite MnPO4F (mp-25426), and spinel MnO»
(mp-25275) were identified as possible Mg cathodes and discussed in more detail. Experimental
reports on NASICON V,(PO4); and spinel MnO, validate the evaluation of these materials with
the developed computational screening framework. NASICON V»(PO4); and birnessite
NaMn4Og were identified as promising Mg cathodes that warrant further experimental
investigation. Among these examples, different Mg?* migration barriers were observed in
birnessite NaMn4Og and spinel MnO- despite having similar changes in coordination along the
pathway. Local energy maxima were found to correlate with site topology (such as passing
through an anion plane or point of lower coordination) rather than the lowest site volume along
the path. However, when comparing only the anion plane sites, materials which exhibit a larger
area between anions (such as NASICON V»(PO4); and birnessite NaMn4Og) were found to
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reduce the energy penalty for Mg?" migration. Therefore, the available free volume for a given
type of local bonding environment of a mobile ion site in the host structure was proposed as
another influential factor for improving solid-state mobility.

2.5. Mg cathode data set with phase stability, energy density, & transport properties

In establishing this computational screening methodology, only an initial subset of
candidate Mg cathode materials were considered. Given available resources at the time, the
insertion workflow was only applied to 2,361 host materials and ultimately 78 unique structures
were evaluated with the ApproxNEB workflow. After this preliminary work, additional materials
were evaluated with this screening approach resulting in a larger Mg cathode data set. 5,853
empty host materials of the 16,682 materials previously down selected based on their reducible
species oxidation state were prioritized for Mg insertions based on excluding candidates which
contained an extractable ion (H, Li, Na, K, Rb, Cs, Mg, Ca, Cs, Ag, Cu). Of these 5,863
attempted Mg insertion workflows, 83% resulted in at least one viable Mg site. This ultimately
resulted in 4,872 Mg cathodes from which 229 ApproxNEB workflows were attempted. There
were 193 unique structure types in these 229 candidates. All ApproxNEB images calculations
successfully completed for 97 electrodes, which contained 85 unique structure types. This dataset
of Mg cathodes with phase stability, energy density, and transport properties is available through
MPContribs on the Materials Project [56,57] under the title “Mg Cathode Screening 2022.”
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3. An illustrative example of further investigating e-Mg,VOPO4>

3.1. Background and previous work on VOPQOy4 polymorphs as cathodes

There are seven distinct polymorphs of VOPOs: o1 (P4/n), o (P4/n), B (Pnma), 6
(P42/mbc), € (Cc), w (P42/mmc) and y (Pbam). The ay, B, €, polymorphs are the most thoroughly
studied because they are the only stable polymorphs [91,92]. VOPO4 polymorphs have been
previously studied in the literature with an emphasis on their electrochemical properties as
lithium and sodium cathodes [91-93]. Standard properties calculated by DFT are available for
these VOPO4 polymorphs in the Materials Project [56,57] using the following identifiers: mp-
559299 for ay, mp-25265 for B, and mp-556459 for €. The ai polymorph is a layered structure
composed of VOs—PO4 units. The  and € polymorphs are structurally similar as both are
compared of 3D network of VOs—PO4 units. B-VOPO4 is more stable than e-VOPO4, however
both polymorphs can be experimentally accessed based on the synthesis conditions [92]. The &-
VOPO4; structure also has two possible monoclinic space groups. The Cc space group considered
here is more stable than the P21/n space group according to DFT calculations [92]. While the o
polymorph has been previously studied as a Mg cathode [94,95], to our knowledge, e-VOPO4
has not previously been considered as a Mg intercalation cathode.

3.2. Additional insertion and NEB calculations to computationally investigate e-MgxVOPO4

e-VOPO4 (mp-556459) was identified as a promising Mg cathode candidate through the
previously introduced novel computational screening methodology for multivalent cathodes [10].
The following properties were calculated with DFT calculations through this screening
methodology with additional details provided in Appendix 7.2. Phase stability of e-VOPO4 was 3
meV/atom and 25 meV/atom for e-Mgo.sVOPO4 based on the energy per atom above the convex
hull calculated using phase diagrams from the Materials Project [56,57] and the MP2020
Compatibility scheme [66]. A voltage of 2.7 V and capacity of 166 mAh/g was predicted for &-
VOPO; < £-MgosVOPOs4. The Mg?" migration barrier at the dilute lattice limit was estimated to
be 883 meV using ApproxNEB [54] and the corresponding energy profile is shown in Figure 5.
The pathway identified by ApproxNEB is composed of ~4.3 A hops between equivalent sites in
a 1-dimensional channel that is in the same cavity as a pathway previously reported for lithium
composed of “Lil” sites [96]. The investigated diffusion pathway in e-MgxVOPO; is depicted in
Figure 6.

* Portions of this chapter are adapted from Reference [97].
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Figure 5. A comparison of the energy profile and Mg?* migration barriers predicted by the Mg cathode screening
approach with the ApproxNEB workflow (black circles, dashed lines) and traditional DFT-NEB (red squares, solid
lines) for e-MgxVOPO4 at the dilute lattice limit (single Mg-ion in supercell). The total path distance is ~4.3 A.

Figure 6. Supercell structures of e-MgxVOPOA4 illustrating the pathway investigated which is a 1-dimensional
channel oriented along the c-axis. Mg atoms (in orange) are placed to show the connection between equivalent sites
which have a distance of ~4.3 A.

After identifying e-MgxVOPO4 as a possible Mg cathode of interest, additional insertion
algorithm workflow calculations [55], which are described in Appendix 7.2, were performed to
determine the phase stability and voltage profile at higher magnesium concentrations. The phase
stability of e-MgVOPO4 was 14 meV/atom indicating this intercalation level is still viable.
However, higher Mg concentrations are unlikely given the phase stability of e-Mgi sVOPO4 was
found to be prohibitively metastable at 164 meV/atom. Therefore, only calculations for &-
Mgy<1VOPO; are included. DFT calculations predicted a voltage of 2.6 V for e-MgosVOPO4 <
e-MgVOPO4 which would correspond to an additional 166 mAh/g of capacity. Overall, an
average voltage of 2.7 V and gravimetric capacity of 331 mAh/g was predicted for e-VOPO4 <
e-MgVOPOs. The full voltage profile predicted by DFT is shown in Figure 7.
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Voltage Profile of £-Mg,VOPO,
x=0 x=0.5 x=1

0.0 0 50 100 150 200 250 300

Capacity, mAh/g
Figure 7. Theoretical voltage profile based on DFT calculations for e-MgxVOPO4. Two phase regions are identified
between e-VOPO4 < e-Mgo.sVOPO4 and e-MgosVOPO4 < e-MgVOPO4 for an overall average voltage of 2.7 and
gravimetric capacity of 331 mAh/g.

NEB calculations were performed (also at the dilute lattice limit) to better characterize
the ion mobility properties. 2x2x2 supercells resulting in a total of 113 atoms (1 Mg per 16
VOPO, formula units) were used. After the first NEB calculation, the intermediate local energy
minima image was relaxed as an end point to break-up the pathway into two segments for a more
refined Climbing Image NEB (CI-NEB) calculation. Additional calculation details are outlined
in Appendix 7.4. As expected, the Mg?" migration barrier of 883 meV for the dilute lattice
limited (single working ion in the supercell) predicted by ApproxNEB is an overestimate
compared to more refined methods such as NEB which is shown in Figure 5. The NEB
calculation found the Mg?* migration barrier to be 694 meV which was further refined to 687
meV with CI-NEB. Given e-VOPO4 has been previously investigated as cathode with lithium
and sodium, CI-NEB calculations with Li and Na are also included for comparison with Mg in
Figure 8. Using the method for estimating diffusivity by Rong et al. [54], a barrier of 687 meV
would result in D ~ 3 x 10713 cms?/s. This diffusivity would be sufficient for at least a C/8 cycling
rate at room temperature with 100 nm sized particles.

CI-NEB in e-VOPO,4

—o— Li, 288 meV
—+ Na, 456 meV
—#— Mg, 687 meV

700
600 1
500 1
400 1
300
2001
1001

-

AE, meV

0O 20 40 60 80 100
Path Distance, %

Figure 8. CI-NEB results for e-VOPO4 at the dilute lattice limit (single working ion in supercell) for Li (green
circles), Na (blue diamonds), and Mg (red squares). The total path distance is ~4.3 A.
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3.3. Attractive energy density properties in e-Mg,VOPOQO,

The energy density properties of e-MgxVOPOQOy are attractive with a theoretically
predicted voltage of 2.7 V vs. Mg/Mg?* and 331 mAh/g. The higher voltage is a notable
improvement over the sulfide magnesium cathodes discussed in the introduction, although
perhaps not surprising given that e-Mg,VOPOs4 is an oxide. Although with a Mg?" migration
barrier of 687 meV, the intrinsic transport properties of e-MgxVOPOy4 are not as promising as the
original Chevrel Mg:MosSs cathode, which demonstrated stable and reversible room temperature
cycling [7,15]. Initial experimental investigations into hydrothermally synthesized e-VOPO4
verified reversible Mg intercalation and found the best electrochemical performance after initial
pre-cycling with Na [97]. An initial capacity of 90 mAh/g and average voltage of -0.1 V vs.
activated carbon (~2.3V vs Mg?*/Mg) was experimentally measured [97]. While these energy
density properties are a significant advancement over Chevrel MgxMoeSs, they can be further
improved to optimize the performance of e-MgxVOPOs. For example, processing improvements
to achieve uniform particle sizes below 100 nms may be critical to improving cell rate capability
given the higher migration barrier of 687 meV for e-Mg,VOPOs. While there are limitations in
this initial experimental investigation, the identification of e-MgxVOPOjs as a higher voltage Mg
cathode is an exciting finding that illustrates the value of the introduced novel computational
cathode screening approach.
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4. Strategies to Improve Transport Informed by ABOs Zircons*

4.1. Established material design rules for better multivalent ion mobility

Given the transport challenges inherent to more polarizing multivalent ions (compared to
Li"), recent efforts have been dedicated to understanding and improving the solid-state mobility
of multivalent ions, especially in oxide hosts. Common material design strategies [5] include: 1)
using materials with larger anions, which allow for better screening, in the host framework (e.g.,
opting for sulfides or selenides over oxides) and 2) leveraging the coordination preference of a
specific cation to improve transport. For example, Mg?" has a strong preference for octahedral
local bonding environments [98,99], which usually results in poor mobility and difficult
extraction of Mg?* from octahedral sites.

High energy sites along the diffusion pathway in a material can also correspond to the
mobile cation passing through points of lower coordination. These lower coordination points
may represent a position where the mobile cation passes through a plane of neighboring
anions [10]. For example, in the structural motif where a diffusion pathway is composed of edge-
sharing octahedra as illustrated in Figure 9a, the lowest coordination occurs when the mobile
cation passes through a triangular plane of 3 anions. This triangular plane is the shared face
between the octahedral and intermediate tetrahedral site and corresponds to the highest energy
point along the migration pathway in several materials with this edge-sharing octahedral
motif [19]. Materials with larger anions of the same charge are better at screening unfavorable
electrostatic interactions at these bottlenecks which usually results in improved transport
properties. While understanding of the connection between various materials properties and
multivalent ion transport is evolving, identifying materials with better transport properties based
on these principles remains a challenge.

(@) (b)

Edge-Sharing Octahedra Overlapping Distorted Octahedra

X v
6-3-4 6-5-4
Change in Coordination Change in Coordination

Figure 9. A visual representation of the characteristic structural motifs along diffusion pathways where the grey
circles represent anions. Neighboring octahedral sites are colored different shades of blue while the intermediate
tetrahedral sites are colored yellow. The darker grey colored circles indicate which anions are shared by both
octahedra. (a) shows the edge-sharing octahedral motif found in previously studied cathodes (e.g., spinels, layered
structures, olivines) where there is no shared volume with the intermediate tetrahedral site. (b) shows the
overlapping distorted octahedral motif characteristic of zircons where volume is shared with the intermediate
tetrahedral site.

* This chapter is closely adapted from Reference [114].
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4.2. Screening approach identifies promising transport properties in ABO4 Zircons

Our work introducing a computational screening approach to identify high-performance
multivalent intercalation cathodes [10] has proved instrumental in evaluating solid-state mobility
in a wider variety of structure types. A new family of materials with the ABO4 zircon-type
structure (with tetragonal space group 141/amd) was identified using this methodology,
specifically for their predicted high Mg?" mobility. Our subsequent investigation of these
materials as Mg cathodes are reported in this chapter. The ABO4 zircon structure is composed of
edge-sharing alternating AOg dodecahedrons and BO4 tetrahedrons which is illustrated in Figure
10, a depiction of the unit cell structure of zircon YVOs. In the AOg dodecahedron, the A atom is
8-coordinated, while in the BO4 tetrahedron, the B atom is 4-coordinated. These structures also
exhibit interstitial sites of distorted octahedra and tetrahedrons which form one-dimensional
channels [100], which are represented in Figure 9b.

Figure 10. A unit cell structure of YVO4 showing the ABO4 zircon-type structure (with tetragonal space group
[41/amd) composed of edge-sharing alternating AOs dodecahedrons and BO4 tetrahedrons.

As illustrated in Figure 9, zircons present a unique structural motif compared to many
previously studied cathodes (e.g., spinels, layered structures, olivines) with edge-sharing
octahedral sites [19]. A key difference is that the tetrahedral and distorted octahedral interstitial
sites of the zircon structure are overlapping in volume, in contrast to the absence of shared
volume in materials with edge-sharing octahedral interstitial sites, which are connected by face-
sharing tetrahedral sites. The prototype zircon is ZrSiOs, a naturally occurring mineral [101],
spanning a wide range of chemistries. This work focuses on a smaller subset of zircons (A =Y,
Eu and B =V, Cr) which contain a redox-active cation and can be synthesized through
previously reported methods [102].

The four zircon materials which are the focus of this work have been available in the
Materials Project with standard properties calculated by DFT [56,57]. In addition, the structural,
mechanical, electronic, magnetic, and optical properties of zircons have previously been
investigated, including YVO4 [103,104], EuVOs, [105-107] YCrOs4, [101,108] and
EuCrOs4 [109,110]. Comparatively, there is less work regarding the electrochemical and transport
properties of zircons required to inform their performance as intercalation cathodes. Oxygen
diffusivity has been measured for zircon EuVO4 [106] and the conductivity of interstitial H",
Li*, Na*, Mg?*, Ca?*, was studied in zircon YPO4 [111,112] (although YPOj4 lacks a redox active
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species which is one of the requirements for a cathode). To our knowledge, this is the first
reported work to consider zircon materials as intercalation cathodes for Mg.

4.3. Predicted phase stability upon Mg intercalation of ABQO4 zircons

The insertion algorithm [55] was used to evaluate the maximum viable concentration of
Mg that could be introduced in YVO4, EuVOs, YCrO4, and EuCrOs. This workflow performs
successive DFT calculations of Mg-ion insertions at candidate interstitial sites, which are
identified by charge density minima in the host structure determined by DFT calculations.
Further calculation details are provided in Appendix 7.2. A maximum of two Mg atoms
(corresponding to a composition of MgABOQ4) insertions were attempted to avoid exceeding the
redox capabilities of the material where the B transition metal cannot be further reduced than
B>*—B3". The insertions are deemed successful as long as the relaxed structure is similar
(topotactic insertion) to the uninserted structure, the redox capability of the cations is not
exceeded, and the energy above hull for the inserted material remains below a given cutoff value.

The “energy above hull,” which is the energy per atom above the convex hull for a given
material compared to the most stable phases in the relevant chemical space [58,59] provides a
measure of phase stability. A lower energy above hull value corresponds to better phase stability
as the minimum value of this quantity, 0 eV/atom, means a material is predicted to be the most
thermodynamically stable phase at 0 K based on DFT calculations. Energy above hull values
were calculated with the MP2020 compatibility scheme [66] and the Materials Project [56,57]
database phase diagrams using pymatgen [62]. The energy above hull values for the MgxABO4
zircons of interest (A =Y, Eu and B =V, Cr) are reported for 3 magnesium concentrations (x =
0, 0.5, 1) in Table 4. In addition, if a material was not the most stable phase, the predicted
decomposition products are included. Conversion voltages for the 4 zircons of interest were also
calculated using pymatgen [62] and phase diagrams from the Materials Project [56,57]. The
conversion voltages and their corresponding reactions are shown in Table 5.

Phase Stability (meV/atom)
ABO;, Zircon

Decomposition Products

‘ ABO4 ‘ Mgo,sABO4 MgABO4
YVO, YVOs3 (mp-18883)
(mp-19133) 0 133 196 MgO (mp-1265)
EuVO,
(mp-22796) 0 0 ) i

Y,05 (mp-2652)

YCrO, ot 139 ] YCrO4 (mp-18825)
(mp-18825) MgCr;04 (mp-19202)
MgCrO4 (mp-19120)
Eu,0; (mp-1182469)
EuCrO, EuCrO4 (mp-22586)
(mp-22586) 0.1 127 213 MgCr;04 (mp-19202)
MgO (mp-1265)
Table 4. Energy above hull values from DFT calculations combined with Materials Project [56,57] data to evaluate
phase stability for MgxABOa zircons (A =Y, Euand B=V, Cr) at x =0, 0.5, | magnesium concentrations. The
decomposition products are included when a material was not the most stable phase at that composition. *Within our
numerical accuracy YCrOs is degenerate with the hull.
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Conversion Reaction LI
Voltage (V)
2YVOs+2 Mg — 2 YVO; +2 MgO 1.7
2 EuVO4 + Mg — Eu,MgV,0g 1.9
2YCrO4 + 1.25 Mg — Y,03 + 0.5 MgCrO4 + 0.75 MgCr,04 2.8
2 EuCrO4 + 2 Mg — MgCr;04 + Eu,03 + MgO 2.6

Table 5. Conversion reactions and voltages calculated from DFT for ABOa zircons (A =Y, Euand B=V, Cr).

The insertion algorithm identified a single Mg-ion insertion per unit cell (2 ABO4
formula units) in EuVO4 and YCrOj4 resulting in a maximum intercalation level of MgosABOa.
Two Mg-ion insertions could be tolerated in YVO4 and EuCrOs, for a maximum intercalation
level of MgABOs, and the phase stability evaluation indicates that a two-phase region of ABO4
and MgABOy is more thermodynamically favorable which makes observing MgosABO4
unlikely. With the exception of EuVOys, all energy above hull values upon magnesiation are >100
meV/atom which strongly indicates that further magnesiation is unfavorable and will result in
phase decomposition [60,61]. The best phase stability was found in EuVO4 where both EuVO4
and MgosEuVOs were found to be the ground states with an energy above hull of 0 meV/atom.
The conversion voltages of YCrO4 (2.8 V) and EuCrO4 (2.6 V) are also significantly higher than
those of YVO4 (1.7 V) and EuVOs (1.9 V). Therefore of the four zircons evaluated with DFT,
Mg-ion intercalation is predicted to be most favorable in EuVOa.

4.4. DFT predicted battery electrode properties of ABOj zircons

The python package, pymatgen [62], was used to analyze the Mg electrode properties that
can be determined from the DFT calculations generated by the insertion algorithm. Additional
calculation details are included in Appendix 7.2. These properties are reported in Table 6 which
includes voltage (compared to the Mg/Mg?* redox couple), gravimetric capacity (based on the
ABO4 molar mass for the charged composition without Mg), and the change in volume of the
material’s crystal structure between the charged and discharged state. The voltage and
gravimetric capacity values are plotted in Figure 11 to show the corresponding theoretical
voltage profiles for zircon YVO4, EuVO4, YCrO4, and EuCrO4 as Mg intercalation electrodes.
The gravimetric capacities of EuVO4 and YCrOy are significantly lower than those of YVO4 and
EuCrOs due to their lower maximum intercalation level of MgosABO4. Similarly, the predicted
volume changes of YVO4 and EuCrO4 are greater than EuVO4 and YCrOs due to their higher
maximum intercalation level of MgABOa.
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Gravimetric | Volume

zAi::g:‘ Intercalation Reaction " VZCI)\I/T;};:/IgZ") Capacity Change
(mAh/g) (%)
m; \12133 Mg + YVO, < MgYVO, 1.0 263 12
mffzvz%s 0.5 Mg + EuVO, <> MgosEuVO, 1.9 100 7
o :_Clr;é‘zs 0.5 Mg + YCrO4 < MgosYCrO, 1.9 131 6
mi:gggs Mg + EUCrO, <> MgEuCrO, 1.8 200 10

Table 6. A summary of theoretical ABO4 zircon electrode properties calculated using DFT such as voltage
(compared to the Mg/Mg?* redox couple), gravimetric capacity (based on the ABO4 molar mass for the charged
composition without Mg), and the change in volume of the material’s crystal structure between the charged and
discharged state.

Voltage Profile of Zircons
ABO, MgosABO, MgABO,
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Figure 11. Theoretical voltage profiles based on DFT calculations for zircon YVO4, EuVO4, YCrO4, and EuCrOs4 as
Mg intercalation electrodes.

4.5. DFT predicted Mg-ion mobility of ABO4 zircons

The Mg sites identified by the insertion algorithm can be used to form a migration graph
mapping out a network of connected sites in the host structure [64]. This migration graph
analysis enables searching for possible percolating pathways in the intercalation material. In this
case, the insertion algorithm and migration graph analysis identified linear pathways consisting
of the interstitial sites formed by distorted octahedra and tetrahedra. These sites form one-
dimensional channels which has been previously reported in a crystallography study of the
zircon structure [ 100]. Migration along this percolating pathway is expected to be composed of a
series of repeating linear hops between interstitial sites that are approximately 1.5 A apart.
Images illustrating this pathway in a supercell of zircon YVOy are shown in Figure 12.
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Figure 12. A YVOas zircon supercell illustrating the one-dimensional linear diffusion pathway shown from three
different perspectives. In (a) the diffusion pathway is in the plane of the page while in (c), the structure is rotated 90°
and the diffusion pathway is perpendicular to the plane of the page. (b) shows an intermediate perspective rotated
45° from (a) and (c).

DFT-NEB calculations were performed to evaluate the solid-state Mg-ion mobility along
this path in the dilute limit of Mg ions, which in our supercell corresponds to one Mg per 16
ABOg4 formula units. Additional methods details are included in Appendix 7.4. The resulting
change in energy as the Mg-ion traverses the linear ~1.5 A hop in YVOu, EuVO4, YCrOs,
EuCrOg4 is shown in Figure 13. The Mg-ion dilute lattice limit migration barrier is 71 meV for
YVOy4, 217 meV for EuVOs4, 121 meV for YCrO4, and 107 for EuCrO4. These migration barrier
values are all remarkably low for Mg?*. As a point of comparison, previous work has reported
that migration barriers <650 meV would correspond to intrinsic ionic mobility sufficient for
room temperature C/2 cycling with nanosized particles [19]. The dilute Mg-ion migration barrier
calculated using the same methods for Chevrel MgxMoeSs, the first prototype Mg cathode, is 565
meV (included in Appendix 7.1). Chevrel MgxMo¢Ss is the first Mg cathode experimentally
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demonstrated to have sufficient rate capability for repeated cycling at room temperature [7,15].
To our knowledge, the lowest calculated Mg?* migration barrier that has ever been reported is
~80 meV, for a theoretical, to date unrealized compound, Mo3(PO4);0 [113]. It is encouraging
that high Mg-ion mobility is consistently predicted across the broader zircon family and is not
limited to a specific chemistry. This suggests that these transport properties are connected to the
unique structural characteristics of this family of compounds.

Mg,ABO, Zircons NEB

& MgxYVOy4, 71 meV
—— Mg,EuVOy4, 217 meV
—&— Mg,YCrOy4, 121 meV
—o— Mg,EuCrO4, 107 meV

AE, meV

0O 20 40 60 80 100
Path Distance, %

Figure 13. Energy profiles determined by DFT-NEB for Mg?* migration across the characteristic ~1.5 A linear hop
at the dilute lattice limit (single Mg-ion in supercell) for zircon YVO4, EuVO4, YCrO4, EuCrOa.

4.6. ABOy zircon limitations as practical intercalation cathodes

Experimental work on several ABOs zircons was completed to validate these theoretical
properties predicted with DFT [114]. Three zircons were successfully synthesized with nano-
sized particles using a previously reported sol-gel technique [102]: YVOs, EuVOs, EuCrOs. Coin
cells were assembled using an activated carbon anode for electrochemical characterization and
ex-situ SEM-EDS analysis to verify Mg intercalation after cycling. Overall, the best cycling
performance was found for zircon EuVOj4 at 50°C with an initial discharge capacity of 50 mAh/g
and 48 mAh/g for the 10" cycle. Zircon EuVOs had the best capacity retention compared to
YVO4 and EuCrO4 which is consistent with the phase stability properties predicted by DFT.
However, its experimentally measured capacity (~50 mAh/g) is still lower than expected (100
mAh/g). This initial work focused on evaluating the viability of zircon materials as Mg cathodes,
but further investigations into the causes behind the limited electrochemical performance of these
materials is clearly needed.

While the Mg-ion transport properties of the zircon family are attractive, this structure
presents other disadvantages when considered as an intercalation cathode. The zircon structure
exhibits 1-dimensional diffusion channels which usually requires nanosized primary particles in
practical applications, due to the inevitable blocking of the transport passages by intrinsic anti-
site defects in larger particles [115]. Indeed, initial attempts to synthesize the zircon materials by
solid state methods resulted in micron sized particles, which exhibited very poor electrochemical
performance [114]. Furthermore, the theoretically predicted and experimentally measured
voltages are also too low to be attractive as high-performance Mg cathodes. Finally, in addition
to these limitations, DFT calculations predicted poor phase stability for zircon materials upon
Mg-ion intercalation, except for EuVOs.



28

We suggest that the poor phase stability of zircon materials when discharged is connected
to the reduction of the tetrahedral transition metal (B atom) in the ABOj4 zircon structure. Small,
higher valence transition metals (e.g., V', Cr%", Cr>") favor tetrahedral coordination while lower
valence transition metals (e.g., V¥, V3*, Cr**, Cr*") favor octahedral coordination [99].
Therefore, when the redox active transition metal is reduced to a lower oxidation state upon Mg-
ion intercalation (V>*—V*" or Cr**—Cr*"), the tetrahedral coordination becomes less stable.
While yttrium is expected to exhibit a 3+ oxidation state, europium can be found with oxidation
states of 2+ and 3+. As such, there is a possibility that Eu participates in the redox reaction upon
Mg intercalation (i.e., Eu**—Eu?* occurs before V>*—V#") which may correspond to the better
capacity retention upon electrochemical cycling and predicted phase stability for EuVOa.

4.7. Overlapping polyhedra structural motifs to promote multivalent ion transport

We propose that the remarkably high Mg-ion mobility predicted based on these reported
NEB results is due to the unique structural motif found in ABOj4 zircon materials. As previously
introduced, the zircon structure exhibits one-dimensional channels of interstitial sites composed
of overlapping, distorted octahedra and tetrahedrons [100]. This one-dimensional channel in the
zircon structure (see Figure 14) enables ionic transport via unusually short, repeating ~1.5 A
hops between interlocking octahedra and tetrahedra. Oxygens form a repeating pattern along the
channel and can be divided into pairs of atoms (A, B, C, and D) which rotate as one moves along
the migration direction which is depicted in Figure 14b and 14c. The interstitial distorted
octahedral sites can be visualized by considering 3 adjacent pairs of oxygens (6 atoms total)
while the tetrahedral sites are formed by 2 adjacent pairs of oxygens (4 atoms total). Figure 14d
shows the two tetrahedral sites (e.g., AB and BC) contained within one distorted octahedra (e.g.,
ABC) which are shaded. Two neighboring distorted octahedral sites (e.g., ABC and BCD) share
4 atoms (e.g., B1, B2, C2, C2) and overlap in volume through the shared tetrahedral site (BC).

Furthermore, the distortion of the octahedral interstitial site in the zircon structure
reduces the preference of a Mg-ion for this site. Minimizing the migrating ion’s change in
coordination along the diffusion pathway correlates with smaller site energy differences resulting
in favorable, lower migration barriers because of the resulting flatter energetic
landscape [19,113]. Large changes along the path to lower coordination numbers, such as 2 and
3, has been shown to correspond to the most unfavorable sites along a diffusion pathway for
multivalent ions in a variety of materials [10,19,113]. This makes the zircon overlapping
distorted octahedral and tetrahedral interstitial sites particularly well suited for Mg-ion transport.
The interlocked interstitial sites of the 1-dimensional zircon diffusion channels result in a
“6-5-4” change in coordination, which corresponds to significantly less coordination change as
compared to the typical “6-3-4” change in coordination found in diffusion pathways composed
of face-sharing tetrahedral and octahedral sites (see Figure 9). The intermediate coordination of 5
in the zircon structure is more much favorable than 3 because the migrating ions avoid squeezing
through a plane of anions, which usually corresponds to higher energies [10].
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Figure 14. A depiction of the unique zircon structural motif which has one-dimensional linear channels of interstitial
sites composed of distorted octahedra and tetrahedrons that are overlapping in volume.

In conclusion, this work evaluated the viability of 4 zircons (YVOs, EuVOy4, YCrOs,
EuCrO4) as Mg intercalation cathodes with DFT. Three of these materials (YVO4, EuVOs4, and
EuCrO4) were successfully synthesized and experimentally tested to validate their
electrochemical properties [114]. While all 4 zircon compounds were calculated to exhibit
remarkably good Mg-ion transport with low Mg?* migration barriers (<250 meV), zircon EuVO4
has the best predicted phase stability and electrochemical performance upon experimental
testing. We attribute the promising Mg-ion transport properties of the zircon family to their
unique “6-5-4” change in coordination of the migrating ion along the diffusion pathway created
by overlapping interstitial distorted octahedral and tetrahedral sites. As such, the zircon structure
presents exciting design motifs for promoting Mg-ion mobility; however, the 1-dimensional
diffusion pathways, limited voltages, and tetrahedral coordination of the redox-active transition
metal likely limit their viability as suitable intercalation cathodes. While zircons may not serve
as promising high-performance Mg cathodes, the structure family offers useful insights into
material design rules based on polyhedra with overlapping volumes for improving multivalent
ion transport.
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5. Conclusion?®

5.1. Significant results in searching for high-performance Mg cathodes

A novel computational materials screening framework designed to identify promising
multivalent cathodes among materials that do not contain the active intercalating ion has been
implemented and applied to Mg cathode discovery. The screening consists of four tiers which
each focus on a different set of properties relevant for multivalent cathodes. In the first tier, all
materials in the Materials Project were filtered by relative stability and composition. Then,
candidate materials were filtered to include at least one reducible cation with a high enough
oxidation state to permit intercalation. In the third tier, possible multivalent ion insertion sites
were identified and candidates were prioritized by voltage, charge stability, and discharge
stability. In the fourth and final screening tier, multivalent ion solid-state mobility is evaluated
using the ApproxNEB algorithm. A major advancement in the development of this
computational screening framework is the capability to evaluate the solid-state mobility of any
inorganic crystalline material with automated high-throughput methods. A data set of Mg
cathodes evaluated with this screening methodology, which includes complete mobility data for
85 unique structure types, has been made publicly available through MPContribs hosted by the
Materials Project [56,57].

Preliminary work with this screening approach to identify high-performance Mg cathodes
focused on four materials: NASICON V2(POs)3 (mp-26962), birnessite NaMnsOg (mp-1016155),
tavorite MnPO4F (mp-25426), and spinel MnO> (mp-25275). Despite having similar changes in
coordination along the diffusion pathway (composed of face-sharing tetrahedrals and
octahredals), the lower migration barrier of birnessite NaMn4Og compared to spinel MnO; points
to larger Mg?* site volume as a possible characteristic for improved solid-state mobility.
However, local energy maxima along the diffusion pathway did not correspond to sites of lowest
volume as volume comparisons between sites of different geometries (or different local bonding
environments) appear less meaningful. Instead, these local energy maxima correlated with points
of lower coordination where the working ion passes through a plane of anions. A larger site
volume at these lower coordination points likely reduces the observed energy penalty due to
weaker Coulombic interactions with the host lattice given the larger distance from the mobile
ion. Therefore, the available free volume for a given type of local bonding environment of a
mobile ion site in the host structure was proposed as another influential factor for improving
solid-state mobility.

The preliminary results in developing this novel computational screening approach
yielded several new Mg cathode material candidates with promising energy density or solid-state
mobility properties. Further computational investigation and experimental verification was
pursued based on two candidates: e-VOPO4 and zircon EuCrO4. e-MgxVOPO4 had attractive
energy density properties with a theoretical voltage of 2.7 V vs. Mg/Mg?* and gravimetric
capacity of 331 mAh/g. Experimental characterization verified Mg intercalation in e-VOPOQu,
found an average voltage of -0.1 V vs. activated carbon (~2.3V vs Mg?*/Mg), and an initial
capacity of 90 mAh/g [97]. These energy density properties are a significant improvement
compared to the original Mg cathode, Chevrel MgxMoeSs. The low migration barrier estimated

5 Portions of this chapter are adapted from References [10,114].
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for zircon EuCrO4 raised interest in ABO4 (A =Y, Euand B =V, Cr) zircons as Mg intercalation
cathodes. Zircon YVOs, EuVOys, and EuCrO4 were experimentally investigated and Mg
intercalation was verified [114]. Of the three zircons experimentally evaluated, EuVO4 exhibited
the most stable and reversible electrochemical performance. These two cases validate the
viability of this computational screening approach to predict novel multivalent cathodes among
materials that do not already contain the working ion of interest, however there are limitations
with this methodology.

The promising transport properties identified using this screening approach led to further
investigation of ABO4 (A =Y, Euand B =V, Cr) zircons as Mg intercalation cathodes. In
addition to experimental investigation, four zircons (YVO4, EuVOs, YCrOs, EuCrOs) were
evaluated with DFT which found promising Mg?** mobility (migration barriers <250 meV
predicted by NEB) across multiple chemistries in this structural family. The promising Mg-ion
transport properties of the zircon family were attributed to their unique “6-5-4” change in
coordination of the migrating ion along the diffusion pathway created by overlapping interstitial
distorted octahedral and tetrahedral sites. However, there are several drawbacks to the zircon
structure that were not considering by the screening approach, such as their 1-dimensional
diffusion pathways and unfavorable tetrahedral coordination of the redox-active transition metal
in the structure, which limit their viability as cathodes. While zircons may not serve as promising
high-performance Mg cathodes, the structure family offers useful insights into material design
rules based on structural motifs containing polyhedra with overlapping volumes for improving
multivalent ion transport.

5.2. Limitations and avenues for future work

While a significant advancement of the described cathode computational screening
approach is the ability to estimate migration barriers in any inorganic crystalline material with
automated high-throughput methods, intrinsic lattice mobility alone is not sufficient to accurately
assessing transport properties. Mobile ion hopping in a host framework is a necessary and
fundamental requirement for good solid-state mobility, however transport properties at larger
than Angstroms length scales (e.g., nanometers, microns) are also important. There are a number
of effects which are not accounted for by the ApproxNEB workflow in the screening tier focused
on solid-state mobility such as the dimensionality of diffusion pathways, ordering, defects,
cooperative motion, etc. The application of the ApproxNEB workflow here is also limited to the
dilute lattice concentration and higher working ion concentrations are not considered. As
computational cathode screenings continue to progress, ionic mobility can be better evaluated
with the development and incorporation of methods that characterize transport properties at
multiple length scales and various concentrations.

A motivation for this work was developing a computational screening approach suitable
for cathodes that did not already contain the working ion of interest. Therefore, the second tier of
the screening focused on filtering materials based on those which contained a redox active
species with a high enough oxidation state that it can be reduced upon intercalation. Examining
the ABOg zircon structure, where the transition metal is in the tetragonally coordinated B site,
underscores how transition metal coordination can influence phase stability upon intercalation.
When searching for cathodes in the charged state, where the oxidation state of the transition
metal is higher, host materials where the transition metal is tetragonally coordinated are more
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likely given the coordination preferences of transition metals based on their oxidation state.
However, this tetragonal coordination is unfavorable upon reduction given the shift in preference
of transition metals from tetrahedral to octahedral coordination when their oxidation state is
lowered [99]. Therefore, a host material where the reducible species is in a favorable bonding
environment for multiple oxidation states may have better phase stability properties upon
intercalation (e.g., having V or Cr in an octahedral site). Prioritizing materials based on the
preferred bonding environment of the reducible species could be a useful low-cost filtering
metric for future cathode screenings.

The remarkable transport properties of the zircon family are a breakthrough finding given
the difficulties in finding oxides with good multivalent ion mobility. Reducing energy penalties
by avoiding unfavorable large changes in coordination along the diffusion pathway through
structural motifs of polyhedra with overlapping volumes is an exciting concept for improving
multivalent ion transport. Further work into developing tools for identifying these types of
structural features could lead to the discovery of additional materials with promising transport
properties. While the most successful magnesium cathodes reviewed in the introduction were
sulfides which suffered from low voltages, this is a potential avenue for future work that could
enable oxides as high-performance magnesium cathodes with both high voltages and good solid-
state mobility properties.
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7. Appendix
7.1. ApproxNEB benchmarking for multivalent cathodes
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Figure A.15. The results from six systems to compare ApproxNEB as a more robust and computationally alternative
to NEB. Mg and Ca migration was evaluated in three known multivalent cathodes: Chevrel MosSs, spinel Mn20a,
and postspinel Mn20a. Calculation details are in Appendix 7.3 and 7.4.

Cathode NEB ApproxNEB NEB Patho ApproxNEB Poath
(meV) (meV) Distance (A) Distance (A)

Chevrel MgMo0¢Ss 527 566 6.8 6.8
Chevrel CayMo0gSs 1282 1309 6.9 6.5
Spinel MgyMn;04 849 815 3.5 3.7
Spinel CaxMn,04 425 425 3.6 3.7
Postspinel MgyMn;0,4 692 615 2.9 3.0
Postspinel CayMn,04 1423 1436 2.9 2.9

Table A.7. Migration barriers and the corresponding path distances for the six cathode systems in Figure A.15
evaluated with both NEB and ApproxNEB.

Computational Cost

(# Nodes x Elapsed Hours)

Cathode NEB ApproxNEB
Chevrel MgMo0¢Ss 306.0 119
Chevrel CaxMo0gSs 489.7 16.5
Spinel MgyMn;04 136.4 7.0
Spinel CaxMn;04 173.9 8.3

Postspinel Mg,Mn,04 139.3 7.4
Postspinel CaxMn;04 164.5 9.9

Table A.8. A comparison of the computational cost of NEB and ApproxNEB for the 6 benchmarking systems in
Figure A.15 and Table A.7 determined by the product of the number of nodes and the elapsed wall time (in hours)
used in all involved calculations (e.g., end point relaxations with DFT, image relaxations with DFT, etc.)
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7.2. Methods: Insertion workflow DFT calculations

Unit cell structures from the Materials Project database [56,57] are used in the “insertion
algorithm” [55] which has been implemented as a workflow in the python package,
Atomate [65]. The insertion algorithm uses the calculated charge density of the material to
identify charge density minima which were shown to correlate strongly with viable insertion
sites in known electrode materials. For each possible insertion site, the working ion of interest
(such as Mg) is inserted with one working ion per unit cell and then a DFT relaxation is
performed. In the high-throughput computational cathode screening, the insertion algorithm is
limited a single Mg atom per unit cell structure. If further investigation into a material candidate
was pursued (as for e-VOPO4 and ABOjs zircons), additional Mg insertions and higher Mg
concentrations were explored. If the host framework remained intact according to the structure
matching capabilities in pymatgen [62] after a Mg insertion, another Mg atom was inserted into
the unit cell structure according to the insertion algorithm and a DFT relaxation is performed.
This process is successively repeated until either the host framework no longer remains intact,
the redox capabilities of the host material is exceeded, or the energy above hull for the inserted
material exceeds a given cutoff value.

DFT relaxations were performed using the Vienna Ab initio Software Package (VASP)
with exchange correlation approximated with the Perdew—Burke—Ernzerhof (PBE) generalized
gradient approximation (GGA). Hubbard U corrections were applied to match the Materials
Project data and “MPRelaxSet” in pymatgen [62] as GGA is known for underestimating the
voltage due to the incomplete cancellation of the d-orbital electrons self-interaction which can
result in systematic errors when calculating redox potentials [116]. For e-VOPO4 and ABO4
zircons calculations, specifically Uv = 3.25 eV and Uc: = 3.7 eV were used. Pseudopotentials
were also selected according to “MPRelaxSet” specified in pymatgen [62]. The total energy was
sampled using a Monkhorst-Pack mesh with k-point density of 64 A-. Projector augmented-
wave theory combined with a well-converged plane-wave cutoff of 520 eV were used to describe
the wave functions. The convergence threshold of the total energy was set to 0.00005 eV/atom
and a force tolerance of 0.05 eV/A.

Phase stability, which is the relative stability compared to other materials composed of
the same elements, was captured by the quantity, energy per atom above the convex hull, which
encloses the most stable phases within the relevant chemical space [58,59]. This “energy above
hull” is 0 eV/atom for a material that is predicted to be thermodynamically stable at 0 K. Energy
above hull values were calculated using phase diagrams from the Materials Project [56,57] and
the MP2020 Compatibility scheme [66].

Theoretical voltages were calculated using AGrn = —nFV, which represents the energy difference
of the intercalation reaction. AGixn is determined using the energies from DFT produced by the
insertion workflow calculations. F is Faraday’s constant and n = 2 for a Mg-ion intercalation
reaction.
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7.3. Methods: ApproxNEB workflow DFT calculations

The ApproxNEB algorithm [54] was performed at the dilute lattice limit (single working
ion in supercell) and implemented as a workflow in the python package, Atomate [65]. The
Vienna Ab initio Software Package (VASP) was used to perform DFT calculations where the
exchange correlation was approximated with the Perdew—Burke—Ernzerhof (PBE) generalized
gradient approximation (GGA). Pseudopotentials were selected according to “MPRelaxSet”
specified in pymatgen [62]. Other calculation parameters were also set to be consistent with
“MPRelaxSet” unless otherwise noted. A U term was not included in these ApproxNEB
calculations as there is no conclusive evidence that GGA+U performs better when investigating
ion migration with methods such as NEB [31,117-119]. The total energy was sampled using a
Monkhorst-Pack mesh with k-point density of 64 A-. Projector augmented-wave theory
combined with a well-converged plane-wave cutoff of 520 eV were used to describe the wave
functions. The convergence threshold of the total energy was set to 0.0005 eV and a force
tolerance of 0.05 eV/A.

7.4. Methods: NEB and CI-NEB with DFT calculations

Nudged elastic band (NEB) calculations were performed at the dilute lattice limit to better
characterize the ion mobility properties after initial ApproxNEB results. These calculations were
performed using VASP with the addition of Transition State Tools for VASP software [120].
Supercells were generated to ensure lattice parameters >10 A and avoid fictious self-interaction
effects due to periodic boundary conditions.

For e-VOPOs, 2x2x2 supercells resulting in a total of 113 atoms (1 working ion per 16
VOPO4 formula units) were used. For the ABOj4 zircons, 2x2x2 supercells were created from the
unit cell structures and then transformed to orient the linear diffusion pathway and one-
dimensional channels in the zircon structure along the b-axis. The migration barrier was
evaluated at the dilute lattice limit where there is a single Mg atom in the host framework which
resulted in supercell structures with a total of 97 atoms (one Mg per 16 ABO4 formula units).

Calculation parameters consistent with “MPRelaxSet” specified in pymatgen [62] were
adopted except for the following changes. A Hubbard U correction was not included in these
calculations as there is no conclusive evidence that GGA+U performs better when investigating
ion migration with NEB [31,117-119]. The Gaussian smearing was used. No symmetry but
W=¥"x was assumed to reduce sampling of the Brillouin zone. An additional support grid for
the evaluation of the augmentation charge was applied. A minimum of 4 electronic self-
consistency steps were required.

End point structure relaxations were converged with total energy of 0.00005 eV and force
tolerance of 0.01 eV/A cut-off criteria. A linear interpolation was used between relaxed end
points. During the NEB calculation, images were converged to a total energy of 0.00005 eV and
force tolerance of 0.05 eV/A cut-off criteria. After the initial NEB calculation for e-VOPOu, the
intermediate local energy minimum image was relaxed as an end point to break-up the pathway
into two segments for a more refined Climbing Image NEB (CI-NEB) calculation. In CI-NEB,
the images were converged to 0.00005 eV and 0.01 eV/A.





