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Abstract

Stable and fast ionic conductors for magnesium cathode materials have the prospect of

enabling high energy density batteries beyond current Lithium-ion technologies. So far,

only a few candidate materials have been identified leading to data only being scarcely

available to the community. Here, we present a systematic study, in the framework of Density

Functional Theory, including the estimation of the migration barrier for 16 materials through

employing Nudged Elastic Band (NEB) calculations. By introducing a path finder algorithm

based on the idea of Voronoi tessellations, we show that an estimate of the transition state

configuration can be extracted automatically prior to running NEB-calculations. Using

geometrical descriptors in combination with a principal component analysis it is possible

to further sub-group the migration paths. This approach also extends to materials which
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are not part of the study, making it a viable approach to more efficiently explore crystal

structures with distinguishable migration characteristics.

1 Introduction

Multivalent magnesium-ion batteries hold great promise through increased energy densities.

[1] Finding suitable cathode materials has been difficult since migration is hampered by the

increased charge state of magnesium. In terms of stability, the state-of-the art cathode elec-

trode is the Mo6S8 Chevrel phase being stable over hundreds of cycles. [2] After its discovery,

high cycling performance has been reported for other cathode materials like the thiospinel

Ti2S4 structure. [3] Nevertheless, major drawbacks like the low voltages and poor stability

remain. [4]

Although rather scarce, screening studies have successfully been conducted using Density-

Functional Theory (DFT)-based ab-initio molecular dynamics (AIMD) simulations [5] as

well as DFT in combination with NEB methods [6, 7, 8] to predict the migration in ion

insertion materials. We have recently developed a general workflow based on DFT + NEB

methods allowing to calculate thermodynamic and kinetic (ionic migration) properties au-

tomatically across different crystal structures.[9] However, one of the main bottlenecks for

screening studies based on kinetics descriptors is undoubtedly the computational time it

takes to conduct these calculations. In order to explore the possible phase space of ionic

conductors more efficiently, one possibility is to find descriptors for NEB paths being able

to quantify and describe the distinct migration topology of a unique path for a given crystal

structure, thus accelerating the discovery process.

Previous studies have used few representative structures with distinct migration topologies

to derive rules for the migration in multivalent magnesium battery materials. [7, 10] Geo-

metrical investigations in combination with cheaper computational methods based on Bond

Valence Site Energies (BVSE) [11] or DFT calculations on a few selected structures [12] have
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been conducted. They discussed the importance of being able to describe the geometry of

the transition state along the migration path in order to predict kinetic barriers. Compared

to the cheaper BVSE method, DFT calculations are able to quantify the effect of ionic and

electronic relaxations on the migrating ion needed to get a better estimate of the barrier.

[13, 14]

Substructure-based analyses of material properties helped in identifying distinct atomic en-

vironments found in crystal structures.[15, 16] Voronoi tessellation based descriptors have

a wide range of applications in materials science. For instance, they have been successfully

employed in battery materials to detect[17] or track[18] Li sites in electrode insertion materi-

als, to classify local topological clusters[19] or as features for machine learning algorithms for

the prediction of formation energies.[20, 21] Additionally, a geometric path analysis can be

carried out through employing a Voronoi tessellation. [22, 23, 24] While Voronoi tessellations

find high symmetry points in space, here we show that these points do not necessarily have to

coincide with the transition state geometry found through NEB calculations. Therefore, to

solve this issue, we introduce a path finder algorithm combining the ideas of Voronoi tessel-

lations with nearest neighbor algorithms. The algorithm can extract descriptors forecasting

the transition state geometry without prior relaxation of the migration path. It solely re-

quires a relaxed supercell leading to a speed-up of approximately three orders of magnitude

compared to running the full NEB-calculations. In order to test the algorithm, we conduct a

systematic study and determine kinetic barriers for 16 different Mg-ion cathode electrodes.

The materials range across different chemical compositions and crystal structures. Using de-

scriptors extracted from the initial and transition state configuration of the path, we discuss

how to efficiently guide screening studies when searching for good ionic conducting cathode

materials. Additionally, we show that for predicting kinetic barriers the approach of grouping

similar migration paths is beneficial as it allows to find structure group specific descriptors.
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2 Results and Discussion

2.1 Workflow for calculating NEB-barriers

The workflow for obtaining NEB-barriers has been described in detail in our previous work.

[9] Here, we only calculate NEB paths that posses a reflection symmetry, i.e. all images

along the path can be mapped onto a symmetry equivalent image through a reflection op-

eration. Initial Reflective Middle Image-NEB (RMI-NEB) [25] barriers are calculated for all

paths, followed by a climbing image NEB (CIR-NEB) calculation, if the difference in energy

between the middle and the initial image is less than 2 eV (for details see Ref. [9]).

2.2 Initial pool of materials

Initially we consider all Inorganic Crystal Structure Database (ICSD) [26] structures as found

in the Materials Project database [27] containing at least three different elements including

(1) a metal (M = { Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Mo, Sn, Sb, Pb, Nb, Zr }), (2) an anion

(A = {O, N, S, Se, Te, Cl}) as well as (3) either Mg or Zn. Zn containing structures are

included due to the similar valence and ionic radius of Zn2+ and Mg2+. These criteria lead to

304 initial structures out of which 105 contain Mg and 199 contain Zn. For the Zn contain-

ing structures we replace Zn with Mg. Ensuring that at least one percolating path for the

Mg ion exists (i.e. ion is not trapped inside the structure and macroscopic ion migration is

possible) as well as only considering structures in which the metal atom does not exceed its

maximum oxidation state upon fully charging the electrode, reduces the amount of possible

structures to 105. We denote a structure a duplicate, if upon exchanging Zn with Mg in the

Zn-containing structures, the chemical composition as well as space group match. A NEB

path connects two structural configurations with the moving ion residing in the initial and

final site, respectively. Geometric interpolation between the initial and final configuration

leads to intermediate images along the migration path. A path is marked as inaccessible
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if upon linear interpolation in between the initial and final configuration any of the images

contain atom-atom distances below 1 �A. This leaves us with a total of 77 structures serving

as an input for the workflow described in Ref. [9].

For estimating the stability against phase separation into more stable counterparts, the en-

ergy above the hull is calculated (for details see for instance Ref. [28]). Upon relaxation

of the unit cell with the chosen input parameters, 18 more structures are discarded due

to the convex hull threshold of 0.5 eV/atom being exceeded by the fully charged unit cell.

The rather high threshold is chosen to account for structures in which only partial charg-

ing/discharging is possible due to stability reasons. In these cases, investigating migration

barriers at the high and dilute vacancy limit can still give valuable insights on the overall

conductivity. [9] Additionally, some of the structures are marked as non-percolating since

the relaxation of atomic positions leads to structural changes.
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0

1000

4000

8000

12000

16000

R
u
n
ti

m
e
 [

a
rb

it
ra

ry
 u

n
it

s]

RMI - NEB

CIR - NEB

Conventional NEB

A

B
B B

B
BB

B

B

A

AA

non-reflective

reflective

(a) (b)

Figure 1: (a) Representative run-time comparison for a single NEB path in a MgTi2O4

spinel structure. All calculations were carried out on the same compute node architecture
for better comparability. Relaxing the NEB path is 3-4 orders of magnitudes slower than
relaxing the unit cell. (b) The layered Mg3Nb6O11 supercell structure as an example of a
material consisting of a non-reflective (A-B, light grey) and a reflective (B-B, turquoise)
percolating path. The two symmetry inequivalent Mg-ions (green) are labeled as A/B.

Carrying out a symmetry analysis on the remaining 59 structures reveals that in total 238
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symmetry inequivalent possible migration paths exist. Approximately 53% of the paths are

reflective, making the R-NEB method especially useful to fully characterize more paths while

using less computational resources. Even though the R-NEB method improves the speed of

relaxing the NEB paths, 238 paths are still extremely computationally expensive. The NEB

calculations are on the order of 3-4 magnitudes slower than the unit cell relaxation (Figure 1

(a)). Already the relaxation of the vacancy defect structure is 2-3 orders of magnitude slower

than the relaxation of the unit cell. Additionally, we do not consider structures with partial

occupancies easily leading to more than the maximum number of symmetry inequivalent

paths found in the more symmetric materials in this study.

Hence, we use a subset of the structures which have at most four symmetry inequivalent

paths and at least one percolating path consisting of solely reflective paths. In this way, it is

possible to characterize more distinctive crystal structures in terms of their ionic conductivity

while obtaining a diverse dataset. We find structures that contain solely non-reflective paths

or solely reflective paths, as well as structures that contain both of the aforementioned. An

example of a structure containing a non-reflective as well as a reflective percolating path is

shown in Figure 1 (b).

Due to distortions in the material, we further disregard structures containing Nitrogen

as an anion. This process left us with 40 symmetry inequivalent reflective NEB paths

obtained from 16 different materials ranging over 10 different spacegroups. We further

classify the different materials into structure groups including: spinel (8 structures), garnet

(3), layered (2, Mg3Nb6O11 and MgMn3O7), chevrel (1), P42/mbc (1, Mg(SbO2)2) and Pnma

(1, MgSb2Cl2O3).

2.3 Structural descriptors

Structural and chemical descriptors describing the ion mobility in bulk structures have been

discussed extensively in literature. [29, 10, 30, 11, 31] Three main contributions to the barrier

obtained from DFT calculations have been identified to be (i) electrostatic interactions as
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well as (ii) electronic and (iii) ionic relaxation effects. [32, 13, 33] Relaxed NEB paths

allow to study the effect of electronic and ionic relaxations in the structure. In this work,

we investigate simple descriptors that correlate with the NEB-barrier making it possible

to group migration channels. It is highly desirable to find descriptors that can be directly

derived from the relaxed unit cell, since this is the least expensive calculation of the workflow.

Rough estimates on whether or not the migration path is structurally similar to previously

relaxed paths are acceptable in a screening study, as long as the needed descriptors are

fast to calculate. In order to describe the transition state automatically before relaxing the

NEB path, we introduce a path finder algorithm that predicts the transition state geometry

given the stable insertion sites of initial (IS) and final (FS) position of the moving ion in

the path as an input (Figure 2 - step (1)). Here, this algorithm is developed for multivalent

magnesium cathode materials, but the ideas are general enough to extend to other battery

chemistries. The reason for not applying it directly to other cations is that different cations

prefer different environment specific coordination numbers. [34] From literature it is known

that often the critical radius, corresponding to the largest free sphere radius possible along

the path is crucial (see also red circle in Figure 3 (a)). [11, 31] Following the ideas of

connecting Voronoi nodes and edges for migration channel analysis [23, 35], the path finder

algorithm proceeds as follows (steps visualized exemplary in Figure 2):

(1) Start from the user provided initial state (IS) of the path;

(2) Find possible unoccupied ion sites (possible intermediate sites Ei) using a Voronoi

tessellation of the structure as implemented in pymatgen [36] including clustering of

Voronoi nodes with a tolerance of 1 �A and removing nodes that are closer than 1 �A to

an atom of the intercalation framework;

(3) Identify all nearest neighbors of the ion at the current position using O’Keeffe’s method
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Figure 2: The eight steps of the algorithm visualized on an example structure with two
edge-sharing polyhedra. The details of each step are provided in the text.

[37] to obtain the Coordination number (CNN) defined as:

CNN =
∑ σ

σmax

, (1)

where σ is the solid angle and σmax defines the neighboring atom whose polyhedron

site subtends the largest solid angle. Following the recent findings on benchmarking

nearest neighbors algorithms by Pan et. al., we consider an atom a neighbor if the

solid angle is larger than 50% of the maximum solid angle, i.e. σ > 0.5 ∗ σmax. [38];
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(4) Create faces enclosing the current position;

(5) Investigate each face found in step (4) and find the center. In order to account for

possible unequal ionic radii (here we use the Shannon ionic radii [39]) on the edges of

the face, we define the center as the Chebyshev center of the face, which is the largest

inscribed circle within a polygon (see red star(s) in Figure 3 (a) and Figure 2 - step (5)).

For creating the polygon for which the Chebyshev center is calculated, all vertices of

the face are considered. From each vertex, a line is drawn from the center of the atom

site with an angle θ/2 that interesects with the circle representing the atomic radius

(orange crosses in Figure 3 (a)). θ is the angle spanned by the two edges intersecting

at the vertex. The tangent on the ion going through the orange crosses makes up the

edges of the inner polygon for which the Chebyshev center is calculated;

(6) Investigate each edge of the face at the center in between the two vertices again consid-

ering ionic radii. Find the CNN at this dumbbell site (DS) according to the definition

in step (3) (see also image on the left in Figure 3 (b)). If the CNN is larger than the

CNN at the Chebyshev center, choose the dumbbell site. In Figure 2 - step (6) this is

highlighted by the red planes indicating the six accessible neighbors at this position in

contrast to three accessible neighbors at the Chebyshev center;

(7) Consider all valid dumbbell sites and Chebyshev centers and choose the position that

minimizes the distance to the final position. In the example in Figure 2 this is a DS.;

(8) Consider the next position, being either an accessible unoccupied site Ei or the final

state (FS). If an unoccupied site is accessible, repeat steps (3) - (8) until the final

position is reached.

The critical radius along the path is then defined as the minimum radius of a sphere

in all possible dumbbell and face positions along the path. Moreover, this position is then

denoted as possible transition state configuration (TS in Figure 2 - step (8)). While con-

necting Voronoi node and edges has been applied successfully in structure and topology
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θ/2 θ

rcrit

Chebyshev
center

atom site

rB

rA(a)

(b)

(c)

TS FSIS

Voronoi vertex

dumbbell site
Voronoi edge

atom site

(1) neglect dumbbell site

(2) include dumbbell site

Figure 3: (a) Estimation of the critical radius using the Chebyshev center in a three-fold
coordinated face consisting of atoms with the two different radii rA and rB. (b) Motivation
for including dumbbell sites when finding transition state geometries. Given four atoms
arranged in a kite like shape, the consideration of only Voronoi vertices leads to identifying
three nearest neighbors while including the dumbbell site leads to four nearest neighbors.
(c) Dumbbell-shaped transition state (TS) with a possible six-fold coordination indicated by
the dark-red planes. Initial (IS) and final state (FS) are in an octahedral coordination.

characterisation of the void space inside a structure [35], here we extend these ideas through

considering additional high-symmetry points, namely dumbbell sites. He et al. [31, 40] re-

cently noted that a standard Voronoi tessellation is not enough to find all possible interstitial

sites. Therefore, they include considering the center of Voronoi polyhedra faces. Since the

center of a Voronoi polyhedra does not have to coincide with the dumbbell-site (e.g. Figure

1 in Ref. [19] or Figure 3 (b)), we explicitly include them in the algorithm presented here.

These structural configurations, that can for instance occur for edge-sharing polyhedra, are

especially relevant for multivalent ions which favor a larger number of coordinating anions
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(e.g. six-fold for Mg2+ [34]). Furthermore, the algorithm analyzes only segments of mi-

gration channels by considering arbitrary initial and final positions provided as an input.

This makes it particularly useful for investigating NEB paths for which the initial and final

positions are known.

Considering the dumbbell site is further motivated through the example shown in Figure

3 (b). The atom sites are arranged in a kite. The Voronoi tessellation identifies the Voronoi

vertex as a possible transition state of the face under investigation (grey shaded triangle).

A secondary Voronoi tessellation around this vertex results in three nearest neighbors (red

star in Figure 3 case ”(1) neglect dumbbell site”). Applying the Voronoi tessellation around

the dumbbell site lying within the kite (red star in Figure 3 (b) case ”(2) include dumbbell

site”) leads to four nearest neighbors being identified. While this case only shows a simplified

example in 2D, the approach directly translates into three-dimensional spaces. It allows to

identify transition states that can be described by a dumbbell of anions, i.e. a dumbbell-hop.

[41, 42] Such a dumbbell-shaped transition state configuration is shown in Figure 3 (c) for

which the algorithm has been described earlier. For instance, we find that the transition

state configuration for the Chevrel phase can be best described through a dumbbell site.

Additionally, one of the Chevrel paths also has the lowest kinetic barrier observed in this

study making the identification of such migration characteristics particularly interesting.

While the path at the dumbbell-site is narrower than at the adjacent center of the three-fold

coordinated face, the preference of the transition state can be explained by two mechanisms:

(1) The strong preference of a six-fold anion coordination of Mg-ions and (2) the elongation

of the Mg-S bonds at the dumbbell-site upon relaxation of the path. The latter can be

attributed to the crystal structure of the Chevrel phase allowing sulfur atoms to move upon

the ion migrating along the path.

Limitations of the algorithm presented here are expected to be encountered when trying

to study possible migration paths in open structures (e.g. α-MnO2) or in general surfaces.
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The definition of the coordination number defined according to equation 1 together with

a minimum solid angle criteria is found to be robust for the closed-packed structures in

this work. It even allows for small distortions of the atomic positions upon relaxation.

Nevertheless, the transition state in open structures and surfaces is usually not located at the

chebyshev center of faces spanned by atom sites.[43] Detecting such cases with the present

algorithm is not possible, but could be included through also considering bond distances

instead of only solid angles. Adsorption initialization algorithms as described for instance

in Ref. [44] are expected to be more appropriate. However, this is beyond the scope of this

study.

2.4 Correlation between geometric descriptor and kinetic barriers

The path finder algorithm is able to give an estimate of the unrelaxed transition state geom-

etry based on solely the relaxed unit cell. This is important, since it allows to study features

of the unrelaxed initial and transition state of the NEB path. For instance, for the case of

the spinel structure, the path finder algorithm takes as an input the initial and final positions

of the magnesium ion residing in a tetrahedral coordination. As a results, it predicts the

path to traverse through a triangular face, into an octahedral unoccupied site. From this

intermediate state it subsequently traverses through a second triangular face to the final

position of the NEB path. The critical radius is predicted to be found at the triangular faces

in agreement with literature. [7, 10]

The considered activation barriers obtained from the CI-NEB calculations for the 40 paths

range from 0.23 eV up to 1.42 eV. The lowest barrier is obtained for one of the symmetry

inequivalent paths of the Chevrel phase. As mentioned before, the path finder algorithm

finds that the transition state is located at a dumbbell site for the Chevrel phase. While

the face is three fold coordinated, investigating the dumbbell site leads to four nearest sulfur

neighbors being accessible. The fourth nearest neighbor is in fact a coordinating atom of

the final site. We note that while this is the only material in the dataset that exhibits this
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geometrical feature, it coincides with the smallest barrier observed. It is therefore a specific

geometrical characteristic that can be exploited automatically through using the presented

approach.

DFT-NEB calculations allow us to study electronic and ionic relaxation effects on the transi-

tion state, which have been found to impact the barrier. [32, 33] As a possible descriptor for

studying these effects we use the Root Mean Square Deviation (RMSD) between the first-

shell nearest neighbor anionic positions surrounding the migrating ion (anionNN according

to equation 1) of the initial and relaxed supercell structure upon vacancy defect creation.

Soft dynamical modes causing rotation and vibration of nearby anions are expected to di-

rectly influence their ability to stabilize the transition state.[14] This feature still circumvents

relaxing the full NEB path.

In order to motivate the sub-grouping of migration paths, we start by measuring the

relationship of the structural distortions of the coordinating anions on the barrier using

Pearson correlation coefficients. Separating the spinel structure group (accounting for 24/40

data points) from the remaining five groups leads to a moderate correlation with a Pearson

coefficient of +0.37. Magnesium can attract anions more easily in the high vacancy limit

leading to a stronger structural distortion. At the same time, the decreased volume upon

removing all remaining magnesium ions increases the kinetic barrier for spinel structures

explaining the positive correlation. Conversely, the Pearson correlation coefficient for the

remaining five groups when plotted against the barrier is -0.24. This trend can be explained

by considering for instance the garnet structures, for which the increased ion mobility at the

charged states (high vacancy limit) leads to a stabilization of the transition state and there-

fore lower barriers. In the case of the garnet structures in the charged state, the increased

anion mobility can also be directly related to the weak thermodynamic stability, i.e. the

convex hull energies are above 0.35 eV/atom.

When choosing to correlate all NEB barrier values obtained in this work, the Pearson coef-

ficient suggests only a very weak correlation of -0.07 (see Table 1 - feature 7). In addition
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Feature
Pearson correlation

coefficient

1 Minimum ion-anionNN separation distance initial configuration -0.09

2 Maximum ion-anionNN separation distance initial configuration +0.02

3 Minimum ion-anionNN separation distance transition state -0.25

4 Maximum ion-anionNN separation distance transition state -0.38

5 Minimum ion-atomhost separation distance transition state -0.31

6 Change of CNN between initial and transition state +0.31

7 Distortion of anionNN atoms upon vacancy creation -0.07

Table 1: Pearson Correlation coefficients for seven different features measuring the correla-
tion with the kinetic barrier obtained through the NEB-calculations. The anionNN contain
all first-shell anionic nearest neighbors obtained using equation 1. Features 1 - 6 are consid-
ered for the Principal Component Analysis.

to the dataset being rather small in size, this clearly indicates that it would be beneficial to

group the symmetry inequivalent NEB paths. This allows to find descriptor relations within

similar path geometries and also paves the way for models which are able to predict the

value directly in a screening study.

2.5 Sub-grouping migration topologies using a principal compo-

nent analysis

One approach to visualize possible clusters of similar NEB paths can be obtained through

a principal component analysis (PCA). PCA is a technique to find a lower-dimensional

representation of a high-dimensional dataset while maximizing the variance captured by

the different features (here descriptors) in the dataset. Here, we try to use a minimal set

of descriptors given the limited amount of data points. Geometric descriptors have been

found to be most relevant for finding fast lithium-ion conductors. [45] The NEB barrier is

calculated as the total energy difference between the initial and transition state configuration.
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Using the unrelaxed transition state configuration guess (TS) obtained from the path finder

algorithm as well as the initial unrelaxed configuration (IS) we extract for both configurations

a total of six geometrical descriptors given in Table 1 (features 1 - 6). The first four features

measure the maximum and minimum distance to all neighboring anions at the TS and IS.

While it is possible to identify all nearest neighbors in the first neighbor shell according to

equation 1 (denoted as anionNN), it does not contain information on possible interactions

with elements that are disregarded by this threshold based definition. Therefore, we also

include the minimum ion-atomhost separation distance where the atomhost structure comprises

all elements that are not an anionNN or the moving species. Hence, this feature tends to

describe the local environment of the ion in more detail. Finally, the change of coordination

number between the initial and transition configuration is included which has been found to

be correlated to the barrier.[1]

In general, we find a moderate correlation between the barrier and the local geometry for

the transition state (Features 4+5 with correlations between 0.3 - 0.5) and no correlation

between the barrier and the initial state (Features 1+2 with correlations well below 0.3)

underlining the importance of describing the transition configuration when trying to estimate

the associated kinetic barrier of the path. All six features are readily available and only

require the relaxation of the supercell.

Figure 4 shows the PCA using the six discussed descriptors for the symmetry inequivalent

NEB paths. The two first components of the PCA carry ∼ 94% of the variance in the data

meaning it is reasonable to visually inspect the data projected on only two dimensions. The

different crystal groups spinel, chevrel, layered and garnet appear well separated. Addition-

ally, the two symmetry inequivalent paths found in the Chevrel structure appear separated.

Especially the smallest barrier found in the dataset for the path in the dilute vacancy limit

for the Chevrel structure can be distinguished from paths with larger barriers (blue point in

group marked as ”Chevrel” in Figure 4). The separation of data points for the spinel group

can be mainly attributed to the different anions O, S, Se and Te. All spinel compounds
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Figure 4: PCA of the six descriptors based on the unrelaxed initial and transition state
configuration. ∆E corresponds to the value of the kinetic barrier obtained from the NEB
calculations. The black open square indicates the structure δ-V2O5, which has been discarded
during the screening process before estimating kinetic barriers. The spinel compounds are
further subdivided into the anion groups oxides (red dotted circle) and chalcogenides (S, Se,
Te, yellow dotted ellipse).

containing oxygen are grouped together on the left hand side due to the short Mg-O bond

length distances (indicated as red dotted circle in Figure 4). For spinel compounds, larger

anions (S, Se and Te - indicated as yellow dotted ellipse in Figure 4) lead to improved ion

migration due to an increased critical radius. [46] All barriers for the NEB paths in the

Spinel group are found to be 0.8 eV at most, while all 24 paths only differ by 0.47 eV. Thus,

adding additional data points from other Spinel compounds falling in the same area will only

add minor information.

An example of how to use this approach to more efficiently find new structures that have not
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been explored is to look at areas, where data points are sparse or the barrier values vary in

between data points close by. The latter indicates that the given descriptors do not capture

all information necessary to determine the barrier which will be the topic of a subsequent

study. For instance, NEB barriers of the five paths of the group of layered materials differ

by 1.0 eV. Nevertheless, we find the material Mg3Nb6O11 to have percolating paths (path

B-B in Figure 1 (b)) with low barriers. In the dilute vacancy limit (discharged) the NEB

barrier is 0.42 eV, while at the high vacancy limit (charged) it is 0.53 eV. To fully charac-

terize this structure and its ionic conductivity, all non-reflective percolating paths need to

be investigated which is beyond the scope of this study.

In order to test that the approach also works beyond the structures in the dataset, we

include the δ-phase of the known cathode material V2O5 [47, 48] in the PCA. Initially,

this structure was removed when choosing the initial pool of materials, since upon linear

initialization of the path the moving ion is closer than 1 �A to an anion along the path.

The path finder algorithm finds the transition state configuration at the three-coordinated

oxygen face in accordance with literature. [10] Additionally, it finds the intermediate square

pyramidal site as an accessible unoccupied site. Replacing the linear initialization guess

with the found intermediate states from the path finder algorithm can be seen as a viable

approach to also find initial non-linear path guesses for the NEB calculations. The added

data point of the δ-V2O5 structure in the PCA (open black square in Figure 4) is in close

vicinity to Mg(SbO2)2 (P42/mbc - 0.81 eV barrier in the discharged state) and MgSb2Cl2O3

(Pnma - 0.88 eV barrier in the discharged state) that both have 1D-like migration channels.

Although δ-V2O5 is considered a pseudo-layered material, [10] the migration channels are

1D-like which matches the migration topologies of the data points close by (labeled as 1D-

Channel in Figure 4). This underlines the importance of being able to group NEB paths

based on unrelaxed structures as it allows to focus on identifying new or specific migration

topologies (data points in close vicinity to others) or mechanisms enabling fast migration in

similar topologies (e.g. lowered barrier for the garnet structure in the charged state enabled
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through high anion mobility).

3 Conclusion

We have conducted a systematic study of the kinetic properties of magnesium migration

in bulk cathode materials using the NEB method. 16 different materials were calculated

resulting in a dataset containing 40 symmetry inequivalent migration paths. The anionic

framework of the materials consisted of either O, S, Se, Te or Cl. In order to extract

relevant descriptors for the NEB barrier, we introduce a path finder algorithm that takes

as an input only the initial and the final position of the moving ion along the path. The

algorithm is able to estimate a transition state configuration solely based on the relaxed unit

cell which gives a speed-up of 3-4 orders of magnitude compared to calculating the relaxed

transition state in screening studies. Investigating the relation between the the distortion of

the anionic framework upon vacancy defect creation and the barrier, reveals the importance

of being able to distinguish NEB paths into sub-groups. While the strong distortion of

the anionic framework lowers the NEB barrier for garnet structures as a consequence of

decreased thermodynamic stability, it is non-beneficial to the migration in the case of the

spinel structures. This means, that descriptors of the kinetic barriers found for specific

systems, can not always be generalized to crystal structures outside of the data at hand.

This is important when designing filter criteria for screening studies.

By extracting six geometrical descriptors from the initial and transition state configuration

a PCA was carried out. We find that a PCA can help in identifying sub-groups with similar

migration topologies automatically. In detail, we find that such an approach can support a

more efficient screening study through: (1) Identifying points in the reduced dimensionality

space that are in no close vicinity to any other points, indicating a possible new migration

topology in the dataset; (2) Finding points that are in close vicinity but show significant

differences in the observed barriers pointing towards peculiarities in the ion migration. For
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instance, we find the latter case for the garnet structures. With an increasing amount of data,

this also holds the possibility to employ unsupervised learning techniques for sub-grouping

migration topologies.[49, 50]

This work paves the way for more efficient screening studies when searching for fast ionic

cathode conductors. This is achieved through employing simple but informative descriptors

that can lead to a speed-up on the order of three-magnitudes compared to running DFT

calculations in combination with the NEB method. The descriptors are extracted fully

automatically using an algorithm that was specifically developed for multivalent cathode

materials. The ideas of the algorithm, allowing the identification of dumbbell hops, can in

principle directly be transferred to other battery chemistries as well as other applications

which require the automatic identification of migration channel descriptors.

4 Computational Methods

Density Functional Theory calculations were performed within the Perdew-Burke-Ernzerhof

revised for solids (PBEsol) functional [51, 52] using the Vienna Ab-initio Simulation Package

(VASP). [53, 54, 55] The energy cut-off for the plane wave basis set chosen is 520 eV. To

sample the Brillouin zone, we ensure a k-point density > 4.7 /�A−1 and the forces on each

atom are converged under 0.03 eV/�A. In order to reduce the Coulombic self-interaction

error we employ a Hubbard U -correction [56] on the d-orbitals of the transition metal in

structures containing oxygen (values taken from the materialsproject [36]): UV = 3.25 eV,

UCo = 3.32 eV, UCr = 3.7 eV, UMn = 3.9 eV ,UMo = 4.38 eV, UFe = 5.3 eV, UNi = 6.2 eV.

For estimating the phase stability of the structures, we construct the convex hull from all

known stable structures as found in the materialsproject database and calculate the convex

hull energy of the phase of interest. [36] The gas phase reference energy of oxygen at 0K is

related to the energy difference between gas phase water and hydrogen molecules including

the zero point energy corrections as suggested by Rossmeisl et al. [57].
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All NEB-simulations have been carried out using the Atomic Simulation Environment.[28]

The forces acting on the images along the path are converged to less than 0.05 eV/�A. As

discussed by Liu et al. [7], we do not apply a Hubbard correction for the NEB-calculations

since the transition state is a less localized state than the initial and final states of the path.

Defect-defect interactions are accounted for through assuring a minimum distance of 8 �A in

between repeating supercells.
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7 TOC

Through applying a path finder algorithm, which automatically extracts geometrical features

of the unrelaxed transition state, it is possible to sub-group ionic migration channel topolo-

gies. This enables to more efficiently explore unknown crystal structures when searching for

fast ionic conductors in screening studies.
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Figure 5: TOC entry graphic.
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J. Rodŕıguez-Carvajal, and J. Carrasco, “An investigation of the structural proper-

ties of li and na fast ion conductors using high-throughput bond-valence calculations

and machine learning,” J. Appl. Crystallogr., vol. 52, no. 1, pp. 148–157, 2019.

[12] V. Gulino, A. Wolczyk, A. A. Golov, R. A. Eremin, M. Palumbo, C. Nervi, V. A.

Blatov, D. M. Proserpio, and M. Baricco, “Combined dft and geometrical–topological

analysis of li-ion conductivity in complex hydrides,” Inorg. Chem. Frontiers, vol. 7,

no. 17, pp. 3115–3125, 2020.

[13] E. Levi, M. Levi, O. Chasid, and D. Aurbach, “A review on the problems of the

solid state ions diffusion in cathodes for rechargeable mg batteries,” J. Electroceramics,

vol. 22, no. 1-3, pp. 13–19, 2009.

[14] K. E. Kweon, J. B. Varley, P. Shea, N. Adelstein, P. Mehta, T. W. Heo, T. J. Udovic,

V. Stavila, and B. C. Wood, “Structural, chemical, and dynamical frustration: origins

of superionic conductivity in closo-borate solid electrolytes,” Chem. Mater., vol. 29,

no. 21, pp. 9142–9153, 2017.

[15] L. Pauling, “The principles determining the structure of complex ionic crystals,” J. Am.

Chem. Soc., vol. 51, no. 4, pp. 1010–1026, 1929.

[16] J. Daams and P. Villars, “Atomic environments in relation to compound prediction,”

Eng. Appl. Artif. Intell., vol. 13, no. 5, pp. 507–511, 2000.

23

10.1002/batt.202100086

A
cc

ep
te

d 
M

an
us

cr
ip

t

Batteries & Supercaps

This article is protected by copyright. All rights reserved.



[17] L. Yang, S. Dacek, and G. Ceder, “Proposed definition of crystal substructure and

substructural similarity,” Phys. Rev. B, vol. 90, no. 5, p. 054102, 2014.

[18] L. Kahle, A. Musaelian, N. Marzari, and B. Kozinsky, “Unsupervised landmark analysis

for jump detection in molecular dynamics simulations,” Phys. Rev. Mater., vol. 3, no. 5,

p. 055404, 2019.

[19] A. Malins, S. R. Williams, J. Eggers, and C. P. Royall, “Identification of structure in

condensed matter with the topological cluster classification,” J. Chem. Phys., vol. 139,

no. 23, p. 234506, 2013.

[20] L. Ward, R. Liu, A. Krishna, V. I. Hegde, A. Agrawal, A. Choudhary, and C. Wolverton,

“Including crystal structure attributes in machine learning models of formation energies

via voronoi tessellations,” Phys. Rev. B, vol. 96, no. 2, p. 024104, 2017.
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