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Atomic-Scale Design of Anode Materials for Alkali Metal
(Li/Na/K)-lon Batteries: Progress and Perspectives

Emilia Olsson,* Jiale Yu, Haiyan Zhang, Hui-Ming Cheng, and Qiong Cai

The development and optimization of high-performance anode mate-

rials for alkali metal ion batteries is crucial for the green energy evolution.
Atomic scale computational modeling such as density functional theory and
molecular dynamics allows for efficient and adventurous materials design
from the nanoscale, and have emerged as invaluable tools. Computational
modeling cannot only provide fundamental insight, but also present input for
multiscale models and experimental synthesis, often where quantities cannot
readily be obtained by other means. In this review, an overview of three main
anode classes; alloying, conversion, and intercalation-type anodes, is pro-
vided and how atomic scale modeling is used to understand and optimize
these materials for applications in lithium-, sodium-, and potassium-ion
batteries. In the last part of this review, a novel type of anode materials that
are largely predicted from density functional theory simulations is presented.
These 2D materials are currently in their early stages of development and are
only expected to gain in importance in the years to come, both within the bat-

tery field and beyond, highlighting the ability of atomic scale materials design.

a variety of renewable energy technologies
(based on solar, hydro, wind, geothermal
power, etc.), 2) provide power sources for
electric and hybrid vehicles for low-carbon
or zero-carbon emissions of transportation
systems,4 and 3) provide power sources
for various portable and wearable elec-
tronic devices. Alkali metal (AM) ion bat-
teries (AMIBs) including lithium (Li)-ion
batteries (LIBs), sodium (Na)-ion batteries
(NIBs), and potassium (K)-ion batteries
(KIBs) are important rechargeable battery
technologies to support the decarboniza-
tion of both electricity supply and trans-
portation systems. Currently dominating
the rechargeable battery market is LIBs.
NIBs and KIBs are developed as more sus-
tainable alternatives and indeed comple-
ments, to mitigate challenges associated
with the limited and geopolitically iso-

1. Introduction

The development of sustainable and clean energy sources that
are viable alternatives to fossil fuel technologies is one of the
most pressing issues in today’s society.”l Rechargeable batteries
are promising clean energy technologies which can 1) serve as
storage sources at local and grid-scale for wide deployment of

lated Li resources.! Post-alkali metal ion

batteries are also pursued such as multi-

valent ion batteries and lithium sulfur batteries. These battery

technologies will not be covered in this review, but have been
reviewed elsewhere.>~

The three AMIBs follow the same general cell operation,

with variations in material selections (Figure 1).1*"/ During

charge/discharge the AM ions move via an electrolyte between

the cathode (positive electrode) and the anode (negative
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lonic Radius 1.38 A
Melting Point 63.5°C
Abundance 2.7%
Price  $216/tonne
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Figure 1. Schematic picture of an alkali metal ion (pink spheres) battery, utilizing a layered cathode material, and a generic anode material
(represented by a green cuboid). Possible anode materials have been highlighted on the right. Price data for Li, Na, and K refers to the price per ton

of their respective ores, with data.*®

electrode).® A fundamental understanding of the chemical
processes governing the AM ion storage and diffusionl'-20
materials is required both for the cathode, electrolyte, and
anode materials. Cathode materials and electrolytes have gener-
ally been more successfully transferable between LIBs and other
AMIBs, than the anode materials. Furthermore, KIBs have not
received as much attention as NIBs and LIBs, and there are
currently fewer materials that can accommodate the larger K*
ions.?!! For the optimization and development of next-gener-
ation battery technologies, the development of high capacity
anode materials is of utmost importance.'>?? To this end,
computational modeling provides an atomic scale approach to
optimize anode materials. For optimum anode performance,
the material should have high AM ion storage capacity, rapid
ionic conductivity, low voltage, good electronic conductivity, and
high phase stability without large volumetric changes during
cycling.?2-24 Metallic Li and Na anodes were at the beginning
of LIB and NIB research considered, but were found to be
unsafe for battery applications due to dendrite formation from
the reaction between the metallic anode and organic electro-
lyte solvent molecules.?!l Potassium metal anodes were tested
in the early studies of KIBs, but as for Li and Na metal with
liquid electrolytes dendrite formation also limits its KIB anode
performance.>>-3% To design appropriate and high performance
anode materials computational modeling has been vital. The
challenges and current state of cathode,}'="] electrolytes, 38!
and the solid electrolyte interphase (SEI)?246-8 have been cov-
ered in detail elsewhere.[?:2331-3348-53] For further insights on
larger scale modeling and battery technologies, the reader is
referred to the following review articles.>*>"]

Computational modeling provides unique insight into the
atomic scale mechanisms that govern these properties and is an
invaluable tool in materials design. The main aim and strength
of computational modeling for efficient materials design is its
ability to complement and support experimental results and
analysis, to unravel important atomic scale properties and fea-
tures to gain fundamental understanding of properties and
mechanisms that are challenging to obtain solely from experi-
mental analysis and measurements. This allows for intelligent
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materials design via the systematic optimization of anode mate-
rials in conjunction with experimental testing, and refinement.
In this review, we focus on the atomic scale modeling of AMIB
anode materials as detailed in Section 2. AMIB anode materials
follow three main mechanisms: intercalation, alloying, and con-
version type (Figure 1).1359-®1l Graphite, an intercalation type
anode, will be discussed in the wider context of carbon-based
anode materials. The AM ion storage mechanisms in carbon
materials such as soft carbon, hard carbon, and graphene are
more complex than intercalation, also including adsorption
(on defective surfaces), and pore filling (typical hard and soft
carbons with amorphous porous regions), in addition to the
intercalation in (typically crystalline) interlayer regions. Hence,
in this article, we discuss carbon-based (Section 3) and non-
carbon based intercalation-type (Section 4) anodes separately,
dividing these into two classes due to the large research effort
on carbon-based anode materials. After the intercalation-type
anodes, the alloying (Section 5) and conversion-type (Section 6)
are presented, with 2D materials as novel anode materials for
AMIBs being discussed in Section 7

2. Computational Methods

Atomic scale computational studies are widely used within
the battery modeling community and beyond, forming a syn-
ergistic relationship with experimental studies for materials
design.236263] From the simulations of atomic level structures
one can obtain both bulk and surface properties.®*% A wide
range of anode materials properties (e.g., voltage profiles, elec-
tronic structures, ionic conduction and migration, defects for-
mation, phase stability, and adsorption of chemical species) can
be probed to understand the intercalation, alloying, conversion,
and charge/discharge behavior of Li, Na, and K in anode mate-
rials. Atomic scale computational methods such as molecular
dynamics (MD), and density functional theory (DFT) have been
employed for obtaining these materials properties as shown in
Figure 2. DFT is a well-utilized and proven electronic structure
method that calculates the ground state energy of a many-body
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Figure 2. Schematic of obtainable properties of anode materials from
DFT, MD, and AIMD simulations.

system from its electron density.-%8] DFT simulations are typi-
cally conducted at 0 K and as snapshots.32%%l MD simulations
uses Newton's equations of motion to model the time evolu-
tion of interacting particles by repeatedly integrating many time
steps to give a detailed picture of the time evolution,®¢-%8 and
are reliant on semiempirical interatomic potentials to describe
the interactions between ions in the system, and cannot be used
to simulate electronic structures.®®707 Recently, a combina-
tion of DFT and MD, ab initio molecular dynamics (AIMD) has
gained traction. In AIMD simulations, the interatomic poten-
tials are replaced by forces from DFT to simulate the interatomic
interactions, with MD steps to model the time evolution. AIMD
is however more computationally expensive than both DFT and
MD and is mainly used to model systems at short time scales
(=10 ps as compared to MD where trajectories are normally
>1 ns) due to high computational cost. For anode materials,
AIMD simulations are becoming increasingly important, and
are used to calculate diffusion, thermal expansion, and phase
stability.?272-81] In the next sections, we will present short over-
views of what properties can be obtained computationally from
these methods, and their relevance to anode materials design.
We will also briefly address assumptions and approximations
that need to be made when conducting these simulations, such
as how the electrons are described, and what implications and
errors can arise from this. Both DFT and MD methods have
been described in great detail elsewhere,[*8283 and hence we
will only cover their applications to anode materials here.

DFT simulations are reliant on approximations to the
exchange-correlation energy,®2# which introduces inherent
inaccuracies. One must be aware of such inaccuracies when
conducting DFT calculations. The exchange correlation func-
tionals neglect long-range dispersion and van der Waals (vdW)
interactions, which are especially important when modeling
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layered and organic molecular materials.®>#% For the lack of
long-range vdW interactions, a number of corrections can be
applied such as vdW functionals (e.g., vdW-optPBE, vdW-DF,
and vdW-DF2), and semiempirical corrections such as DFT-D,
DFT-D3, and DFT-D3BJ.B7#:909 The vdW functionals get
the dispersion interactions directly from the electron density,
whereas the semiempirical corrections include long-range
dispersion interactions with coefficients for each atomic species
pair.’”% The inclusion of these corrections in modeling mate-
rials such as graphite, graphene, and phosphorene have shown
to improve experimental agreement of structural parameters,
interlayer binding energies, formation energies, and adsorption
energies.[8:96.7]

As described above, the modeling field is diverse, which is
further demonstrated in the range of simulation codes that
are available. Popular DFT codes include VASP,[®8l CP2K,*’!
Gaussian,'% CRYSTAL,U CASTEP,[1%2 DMol3,[1%3] Wien2K,14
and Quantum Espresso.'” Common MD codes include
LAMMPS, /1% GROMACS,"] NAMD,"8] and DI_POLY.['"
The choice of code depends on the material being studied,
required information, and code capabilities (such as exchange-
correlation functional, interatomic potential, periodicity, etc.),
which can be obtained from each code’s website as listed in
references. The choice of code should be conducted carefully
to avoid implementation errors.® It is important to note that
not all DFT codes are equally suitable for all applications. In
choosing DFT simulation code, one also chooses how electrons
are to be treated, which electrons will be explicitly treated (i.e.,
pseudopotentials or all-electron codes), how the basis sets are
to be treated (localized or delocalized), and how to describe the
periodicity of the investigated system.*l Hence, the user must
carefully choose the code for their challenges to ensure that the
code is best suited for their simulations.

2.1. Properties from Simulations

From DFT calculations of the optimized geometrical and elec-
tronic structures, properties such as metal intercalation, metal
adsorption, voltage, metal migration energies, phase stability,
and defect formation energies can be obtained (Figure 2).
A high-performance AMIB anode material should have both
high storage capacity of metal ions, high stability during
charge/discharge, and allow for rapid metal ion diffusion.2224

Metal intercalation—The intercalation energy (Ei,), which
is related to both the storage capacity and voltage (poten-
tial) of an anode material, can be calculated according to
Equation (1)86:110]

E int = E Intercalated Bulk — XHam — E Bulk (1)

where Ejiercalated Bulk 1S the total energy of the system with inter-
calated metal species, Epy is the total energy of the non-inter-
calated system, x the number of intercalated species, and piay
the chemical potential of the intercalated species (here Li, Na,
or K). Hence, a negative E;, calculated using Equation (1) indi-
cates that metal intercalation is energetically favorable, whereas
a positive Ey, signifies an unstable intercalation structure.[8¢11%
DFT derived intercalation energies can be used to help identify
materials with high intercalation capacity.!"!
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Metal adsorption—The metal adsorption (or binding)
energy (E,q) is calculated in a similar way to the intercalation
energy, comparing the total energies of the system without
the adsorbate (Egy ) and the isolated adsorbate (i5)), to the
system with the adsorbate (Exp@surface) ™

Eads = EAM @Surface x,uAM - ESurface (2)

To this end, metal ion adsorption and metal ion intercalation
in anode materials have been calculated for a variety of systems
to show energetically favorable storage sites, and to evaluate
defect and/or dopant engineering in battery materials.[13-118]

Migration from DFT—Metal-ion diffusion can be calculated
and understood from DFT-derived metal ion migration barriers
or from MD trajectories. These can then be related to experi-
mentally measured metal-ion migration barriers and diffusion
coefficients, obtainable from galvanostatic intermittent titration
technique, or muon spin rotation spectroscopy. This can then
be used to efficiently screen different materials design strate-
gies (such as dopant concentrations, crystal structure, compo-
sition, etc.) to optimize metal diffusion.?2!-121 Diffusion or
metal migration behavior from DFT simulations are commonly
obtained via the nudged elastic band (NEB) method.[22:32:59:122-124]
NEB simulations require optimized start and end points (typi-
cally equivalent lattice sites a set distance apart). Between the
start and end points, an initial guess of a migration path is
made. The migration path is then divided into a number of
steps or reaction coordinates (i.e., intermediate ion positions of
the diffusing species) which are optimized (with spring forces
acting as constraints to ensure the spacing between the NEB
images is retained) within the DFT framework to identify the
saddle point or transition state (the individual steps can also
be referred to as NEB images).'?¥ The migration energy bar-
rier (Ey,), also referred to as diffusion barrier, is then calculated
as the difference in total energy between the saddle point and
the start point.'?!l The E,, obtained for a specific diffusion path
from NEB simulations can then be used to obtain the ionic dif-
fusion coefficient (D;) through an Arrhenius equation (see next
paragraph). By repeating the NEB simulation for different dif-
fusion paths, both E,, and D; can in theory be mapped for all
possible diffusion paths. However, as with the above-mentioned
properties, NEB-derived migration barriers are based on DFT
total energies, and do not typically take into account the effect
of temperature or pressure. Furthermore, whilst metal migra-
tion barriers from DFT simulations have been found reliable
and in good agreement with experiments, they are compu-
tationally expensive and challenging. Especially for complex
migration mechanisms, a large number of migration pathways
must be sampled, and a large number of NEB images included.
For these cases, MD and AIMD simulations are an excellent
complement to DFT simulations.

Diffusion coefficients from dynamics simulations—MD and
AIMD simulations can be employed to calculate diffusion coef-
ficients and mechanisms by calculating the mean square dis-
placement and tracking the atom trajectory. The mean square
displacement ((r%(£))) is given byl221%

(r’(t))=6Dit+B (3)
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where t is time, D is the self-diffusion coefficient for species i,
and B; is a thermal factor associated with atomic vibrations. D;
can be obtained by plotting (%(t)) versus t and can consequently
be used to calculate the diffusion activation energy (E,, similar
to the migration barrier one obtains from DFT NEB simula-
tions) from Equation (4)

D, =Dy exp(~E,/kT) < InD, =InD, - fT (4)

Here, D, is a temperature independent pre-exponential term,
T is the temperature, and k is Boltzmann’s constant. E, is com-
monly obtained by Arrhenius plots from the gradient of InD;
versus 1/T. However, for applications dependent on the knowl-
edge of the electronic structure of materials, a method such as
DFT needs to be employed.

Phase stability—For an anode material to perform well, it
also needs to be stable, both on its own and in its lithiated, sodi-
ated, or potassiated phases.?>12012’] Typically, the structures are
generated from structural databases, ab initio random structure
searching (AIRSS), or the USPEX code.28-133 Phase stability
simulations are vital for the identification and prediction of
intermediate stable phases for anodes where the AM ion con-
centration would be expected to be varied. The stability of dif-
ferent AM site occupations, concentrations, and configurations
can be evaluated below[?2128:131]

E; = Exvpux — (1= %) Eampure = XEpunc (5)

where E; is the formation energy of the investigated AM,Bulk
composition, Eaypu is the total energy of the anode material
with x number of AM, Ep,y is the total energy of the non-
lithiated/sodiated/potassiated anode material, and Exypui is
the lithiated/sodiated/potassiated anode material. From these
relative energies, convex hulls can be constructed by plotting
E, as a function of x, to assess the thermodynamic stability of
phases, either in a predictive capacity or to confirm experimen-
tally observed phases.[3¥

Voltage—The charge/discharge profiles relate to different
storage and diffusion mechanisms at different voltages.'®l The
different metal behaviors in these voltage regions are commonly
assigned to the presence of defects, different microstructures,
and/or the formation of different alloy compositions.[3+13¢l
The electrochemical performance of a battery electrode is com-
monly measured and presented using a galvanostatic charge/
discharge profile, with voltage (or potential) versus capacity
during cycling. These voltage or potential profiles have been
simulated with DFT calculations, showing good agreement
with experimental anode studies.'®13-13] These studies have
calculated the theoretical capacity (C) from atomic mass,3>1
or from the metal ion concentration (Equation (6)),[18
whereas the equilibrium voltage (V) or potential is calculated
from the DFT total energies (Equation (7))/2%140]

xAM,maxF
=MW (6)
MWgy

_ E(AM, E)-E(AM, Bulk)—(x, - x,) E(AM) )
B (xj —x,-)F
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Here, Xapmax i the highest possible fraction of AM in
AM,Bulk, F is Faraday’s constant, and MWgy, is the molecular
weight of the anode material without AM.II E is the total
energy of the intercalated bulk with x; AM ions (E(AM, Bulk)),
and with x; AM ions (E(AM,,Bulk)), and the total energy of the
metal AM (E(AM)). x is the number of inserted AM in the bulk
anode material."®”34 Anodes should have low operating V
and as high as possible C. A high V from DFT simulations can
indicate irreversible capacity loss due to high metal adsorption,
or intercalation energies.

Defect formation—Defects and microstructure can have
a direct effect on the adsorption energy, storage mechanism,
stability, and metal ion migration barrier. DFT simulations
can give direct evidence of this, and can be used to screen for
structural motifs that could lead to increased storage capacity or
reversible storage.['0113142143] The defect formation energy can
be calculated using the following formulal'*4

Ef = EDefective,q - EBu.lk,q +2nj:uj +q(EV + AEF) (8)

where E;is the defect formation energy for a defect j in a system
with charge . Epefective,q 15 the total energy of the defective
system with charge g, Egyy 4 is the total energy of the nondefective
charged system; n; is the number of removed or added species
Jj from the bulk, and g is the chemical potential of j. E, is the
valence band maximum, and AEg the Fermi level (sometimes also
referred to as electron chemical potential).'*] The lower the value

for Ej, the higher the equilibrium concentration is expected to be.

3. Carbon-Based Anode Materials

Graphite, an intercalation-type anode material, is the most com-
monly used LIB anode material due to its high specific capacity
(theoretically 372 mAh g™),0] good recycling performance, and
low operation potential (0.1 V vs Li*/Li).">™ Nevertheless, in
the development of post-Li battery technologies it is clear that
graphite cannot be universally applied.'"'¥] Unlike Li, Na does
not readily intercalate into graphite. The replacement of Li with
larger ions such as K leads to structural changes in graphite.!
These structural changes in turn affect the storage and metal
diffusion behavior, making a direct swap of Li to other battery
metals challenging.™¥ To this end, the disordered carbo-
naceous anode materials, hard and soft carbon, have shown
promising performance, not only for NIBs and KIBs but also
for LIBs."9150 Hard carbon is a nongraphitizable carbon mate-
rial with a disordered structure consisting of randomly stacked
graphitic domains, with expanded graphitic interlayers, and
nanovoids.® This leads to hard carbon structurally laying
somewhere between crystalline and amorphous, with local
order (graphitic segments), but no long-range order. These
materials commonly have high defect concentrations, and their
structure can be tuned depending on the synthesis technique,
precursor, and post-treatment used.™ Soft carbon can be con-
verted to graphite if annealed at high temperatures, and have
less curvature and more ordered alighment of its graphene
layers than hard carbon.['01760153] From experimental evidence
from various probing techniques such as Raman spectroscopy,
transmission electron microscopy, nuclear magnetic resonance,
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electron energy-loss spectroscopy, and pair distribution func-
tions from diffraction data, different structural orders for dif
ferent carbon-based anodes are shown, which adds important
insights for guiding the computational models in Figure 3.163154

3.1. Computational Models of Carbon Anodes

To study the AM storage, intercalation, adsorption, and migra-
tion in carbon-based anodes, computational studies typically
utilize monolayer graphene (Figure 3a) and bilayer (or multi-
layer) graphene (Figure 3b) to represent carbon surface and the
expanded graphitic layer stacks, respectively. These models apply
not only to hard and soft carbons, but also other graphitic anode
materials (such as composites), and graphite itself. Graphene is
a 2D material with sp?-hybridized carbon atoms in a hexagonal
lattice."2155] The graphite lattice consists of alternate graphene
planes with either hexagonal AB, or rhombohedral ABC stacking
that are weakly bonded in the vertical direction, but have strong
covalent bonds in the graphene planes.’”11%15¢] The in-plane
carbon atoms are bonded by o' bonds (sp*-hybridized carbon) and
delocalized 7 bonds (from the carbon 2p-orbitals), and to accu-
rately model both the graphite structure and metal interaction
with graphene and graphite, a variety of dispersion and vdW cor-
rections have been incorporated in the DFT models.[®110113.156]
To capture the curved morphologies present in hard carbon,
carbon nanotubes (Figure 3c) have been employed.

Graphite can be reasonable represented by the monolayer
graphene and the bilayer graphene models. Due to the complex
nature of the disordered structures in hard and soft carbons,
and their structural dependency of precursors, computational
models of these carbons focus on the modeling of select motifs,
such as using the monolayer graphene, bilayer graphene, and
carbon nanotube models. These models are not universal for
disordered carbon anodes, and still cannot be modeled at rep-
resentative length scales without the development of more pow-
erful computers and/or efficient codes.

MD simulations have been used to construct disordered
carbon models (Figure 3c—e), typically creating the disordered
carbon structures from melt-quenching studies, and annealing
predisordered materials.”>’-161l Due to the large simulation
cells that would be required to capture the complex structure of
these disordered and nanoporous carbon anodes, DFT simula-
tions are too computationally expensive to model accurate sys-
tems, and MD simulations (which rely on interatomic poten-
tials, often empirically fitted) are unable to describe and capture
the different local structure environments and bonding in a
hard carbon material.[3 Practically, these anodes do not have
the same structure and are sensitive to synthesis techniques
and precursors, making the modeling of “one” unified hard
carbon model highly challenging.

Glassy carbon (Figure 3c) consists of sp, sp?, and sp?® hybrid-
ized carbon, with turbostratic densely packed carbon parti-
cles, but does not show the same layering as the previously
discussed disordered carbon anodes such as hard and soft
carbons 139154162 Depending on external conditions, such as
pressure, the sp’-character of the glassy carbon can be varied
(as shown for glassy carbon models generated using a sto-
chastic quenching method and simulated using DFT).[63]

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 3. Diagram showing in the center hexagon schematic images of hard carbon (using the falling cards model), graphite (with light and darker
gray signaling alternating graphene layers), graphene, and soft carbon (assuming a graphene platelet structure). The surrounding hexagons dis-
play different carbon models used in the literature to model AMIB anodes where a) is graphene, b) bilayer graphite, c) carbon nanotube, d) glassy
carbon with inserted lithium/sodium (green). Reproduced with permission.'*%l Copyright 2015, American Chemical Society. e) A disordered graphitic
system obtained by combining machine learning and experimental data. Reproduced with permission.l'®”] Copyright 2013, Royal Society of Chemistry.
f) A disordered carbon model with curved pore structure from DFT-MD annealing and cooling. Reproduced under terms of the CC-BY license.®3 Copyright 2018,

The authors, published by Royal Society of Chemistry. (a—d) Brown spheres are carbon, and (e,f) carbon is gray and turquoise spheres, respectively.

3.2. Modeling Battery Performance with Carbon-Based Anodes
3.2.1. Metal-lon Intercalation and Storage in Graphite Anodes

A high-performing anode material must have good storage
capacity, and a multitude of storage (also referred to as adsorp-
tion at surfaces, or binding or intercalation in bulk) sites avail-
able for metal ions. One of the most popular carbon-based
anode computational models in the DFT literature is gra-
phene. Graphene is found as a structural motif in a plethora of
anode materials, and has also been studied as an anode mate-
rial in its own right, 35164161 making it an important system
for battery modelers. Computational studies of metal storage
through the calculation of adsorption energies on graphene
monolayers bring fundamental insight into the mechanisms
of carbonaceous anode materials. Pristine graphene pro-
vides three inequivalent sites for metal adsorption; hole site
(above the Cgring), bridge site (above a C—C bond), and top
site (above a C atom).l'370] DFT studies have found that the
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majority of elements in the periodic table preferably adsorb at
the hole site.">"711 Among the battery metals, Li (-1.22 eV
from DFT simulations with D3-BJ dispersion corrections) has
the strongest adsorption energy (according to Equation (2)) on
graphene, followed by K (-1.05 eV from DFT simulations with
D3-BJ dispersion corrections), and Na (-0.62 eV from DFT
simulations with D3-BJ dispersion corrections).['3117:135.170,172]
The exact values of these adsorption energies are however
dependent on the choice of dispersion correction, making it
crucial for computational studies to divulge the use or lack of
dispersion correction. The DFT adsorption energies confirm
the experimentally observed poorer Na storage on graphene
and graphite surfaces, and the computational metal adsorp-
tion calculations have also shown that the relative adsorption
strength of metals on graphene is governed by the metal ioniza-
tion potential, which can have implications in the experimental
cycling behaviors of these anode materials.3114173]

Graphite models (typically multilayer graphene (Figure 3b)
have also been employed in DFT simulations to predict the

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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metal storage capacity of graphite anodes, and hard and soft
carbon anodes. Graphite forms high stage intercalation com-
pounds with lithium and potassium, but not with sodium
(Figure 4Db)." The theoretical capacity of lithium—graphite
intercalation compounds (Li-GICs) is =370 mAh g7!, which
corresponds to LiCq.MM! The maximum capacity of sodium-
graphite intercalation compounds (Na-GICs) on the other hand
is much smaller at 35 mAh g™ (NaCg,).'®"7¥ This unfavorable
sodiation of graphite anodes further leads to sodium plating and
consequent dendrite formation, rendering graphite an unsuit-
able NIB anode material.l””! Potassium GICs (K-GICs) have a
theoretical capacity of =280 mAh g, corresponding to a con-
centration of KCg.[”6171 The GICs are formed when metal ions
intercalate between the graphene planes in the interlayer region
(Figure 4a).""78] This leads to the breaking of bonds, and the
formation of new ones, with the structure of the GICs being
highly dependent on the intercalant (Figure 4b).Mv78 What is
common among the different graphite intercalation compounds
however is their ionic and electronic conductivity, and their lay-
ered structure giving a 2D conductivity as the ions (in defect-
free graphite) primarily move within the interlayer, and not
through the graphene layers."""8] Hence, battery performance
issues that lead to anode failure associated with large volumetric
changes during cycling in alloy based anodes are not an issue for
graphite anodes.”>81 The limitation of graphite as an anode
material for post-lithium technologies instead comes from the
concentration of metal ions possible to store in graphite.!!
Apart from predicting metal storage capacity, DFT simula-
tions have also been applied to understand the intercalation
mechanism, and stability of the carbon structures upon interca-
lation, using periodic graphite models with two (bilayer model)
to four graphene layers.'82-186] Metal intercalation mechanism
in graphite (or few-layer graphene model) have been studied
for various metal concentrations (Figure 4). Computational
studies of GICs have been widely focused on the difference in
intercalation mechanism and stability of Li-GICs, Na-GICs, and
K-GICs.MO1L187) Tt has been shown that the difference in inter-
calation behavior between the different AMs is due to the sum
of electrostatic and covalent binding contributions for Li-GICs
being larger than those for Na-GICs and K-GICs.[5110187] The
high stability of Li-GICs from formation energy calculations
suggests that the small ionic size of lithium leads to small
structural deformation in the graphite lattice, giving that only
a small structural deformation energy needs to be overcome
in Li-GICs."®184188] This small structural deformation in the
graphite lattice upon lithium intercalation further leads to the
vdW interactions in between the monolayers stabilizing the
Li-GICs.B>119189]  High concentration Na-GICs are from
DFT simulations found to be thermodynamically unstable
(Figure 4b), which has been attributed to the relatively high redox
potential of Na/Na* compared to Li/Li*.8>19091 Intercalation of
K into graphite leads to larger structural deformations, with
the stability of the K-GICs being dependent on these structural
deformations. The high capacity is a consequence of the high
and exergonic ionization energy and relatively small cohesive
energy (Figure 4c,d).® The structural deformation energy of
the intercalated graphite lattice increases linearly with the size
of the AM ion, with the main energy contribution to the ther-
modynamic stability arising from the expansion of the graphite
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Figure 4. a) Schematic representation of Li graphite intercalation com-
pounds, and b) the corresponding formation energies for Li, Na, and
K graphite intercalation compounds from DFT simulations without dis-
persion corrections. Reproduced with permission.'”l Copyright 2013,
Elsevier. ¢) the different stages of K (blue spheres) intercalation in graphite
(yellow) as calculated at DFT-D2 level, with the corresponding calculated
potential (voltage) profile for K at different concentrations together with
experimentally measured data in d). (c,d) Adapted with permission.”
Copyright 2015, American Chemical Society.

lattice upon metal intercalation.’>1"%1871 To this end, compu-
tational studies have been able to directly identify the reason
for the seemingly unintuitive thermodynamic stability between
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Figure 5. Solvent dependency of Na solvent co-intercalation in graphite based on DFT simulations showing the influence of solvation energy and
electronic structure on performance, either not intercalating, or leading to intercalation (and the expansion of graphite interlayer distance), with sub-
sequent reversible intercalation or exfoliation. The graphite structures were simulated at DFT-D3 level and the Na solvent interactions to calculate the
Na-solvent complex interactions and their HOMO and LUMO levels were simulated at B3LYP/6-311G level. Purple spheres are Na, red O, gray C in
solvent molecule, white H, and brown C in graphite. Reproduced with permission.?%®l Copyright 2017, Wiley-VCH. Molecule labels have been added
with PC being propylene carbonate, DEGDME diethylene glycol dimethyl ether, DMC dimethyl carbonate, THF tetrahydrofuran, and DOL dioxolane.

Na-GICs and K-GICs, proving that the inability of Na to intercalate
in graphite is not a result of its larger ionic size than that of Li.

3.2.2. Solvent Co-Intercalation in Graphite

Apart from metal ion storage in graphite, alkali metal atoms
can also co-intercalate with solvent molecules.[25174194199]
Co-intercalation of metals with solvent molecules in graphite
have been shown to improve the intercalation properties not
only for Na,[00:200-205 byt also for Lil2%0-2081 and K.1'88] Solvent
co-intercalation with Na in graphite (neglecting electrolyte salt
and SEI) was shown through dispersion corrected (D3) DFT
simulations to be solvent dependent (Figure 5).2%! Both pro-
pylene carbonate (PC) and diglyme form stable initial graphite
intercalation compounds with Na, while tetrahydrofuran (THF)
and dimethyl carbonate (DMC) (which have weaker solvation
energies with Na) do not intercalate in graphite. The high
LUMO level (obtained through nonperiodic B3LYP calcula-
tions) of diglyme was shown to lead to reversible co-intercala-
tion in graphite (also confirmed by periodic DFT simulations
at PBE-D3 level of theory where a complex of two diglyme and
one Na ion can intercalate reversibly in expanded graphite with
interlayer distance 11.3 Al?%%)), whereas the lower LUMO level
of PC would lead to exfoliation of the co-intercalated graphite
(Figure 5).2% A similar conclusion was made in a later study,
where PC was deemed unsuitable for LIBs due to its co-interca-
lation with Li in graphite leading to exfoliation of the graphite
anode, although it had been shown to perform well with hard
carbon anodes in NIBs.’” To form an atomic scale under-
standing of exfoliation of graphite anodes due to PC co-interca-
lation (and why this is not an issue for ethylene carbonate (EC)),
MD simulations have been employed.?!”! These simulations
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show that the exfoliation of graphene sheets seen with PC co-
intercalation could be a result of the larger molecular size of
PC, as compared to EC, inducing a larger interlayer separation
of the graphene sheets. This leads to an 11 times lower barrier
to exfoliation for bilayer graphene with intercalated PC than
with EC.2% These studies show the importance of electrolyte
in battery performance, and the inclusion of electrolyte in the
modeling system for optimizing anode properties.

3.2.3. Effect of Pore Shape and Size on Adsorption and Storage

DFT and MD simulations have shown that the pore structure
of carbonaceous anodes directly influences the anode perfor-
mance 22121 From experimental characterization, both
planar and curved pore motifs are present in nanoporous
hard carbon. The exact contribution to anode performance of
different pore shapes and size can be probed from computa-
tional studies, allowing for pore engineering to be conducted
at an experimental stage. To this end, bilayer graphene and
carbon nanotube models (Figure 3b,c) with variable inter-
layer distances and tube diameters have been used to com-
putationally investigate metal storage. From DFT calculations
of Li, Na, and K adsorption energies at both the concave and
convex surface of carbon nanotubes (Figure 3¢ with diameter
1-5 nm), it is shown that these metals have stronger binding
in bilayer graphitic pores (using model in Figure 3b) than to
the curved carbon nanotubes.*?] Atomic scale studies of dif
ferent hard carbon motifs have confirmed that metal storage
at defect sites in carbon-based anodes can occur, and that the
pore shape of nanoporous carbons directly impact metal incor-
poration.[97113121137,142.216] The syggested Na storage mechanism
by pore filling was confirmed through combined experimental
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and DFT studies.>*] Apart from a pore filling mechanism,
surface defects and intercalation in expanded graphite stacks
are also responsible for the experimentally observed metal
potentials.[120134142156.217) Na storage in small planar graphitic
stacks, wide planar graphitic pores, and cylindrical pores (corre-
sponding to the curved morphologies observed in real samples)
were investigated using DFT simulations with D3-BJ correc-
tions, showing that both the morphology and size of pores
directly influences Na binding energies and migration. The
inclusion of Li and K in these studies further shows that the
anode performance is not only dependent on morphology, but
also on the battery metal ions, as previously observed for metals
on graphene.3114137.214215] Glagsy carbon has been employed
both as a standalone anode material, and as composites.[*]
Glassy carbon structures were simulated using DFT from struc-
tures generated from random sampling.*”! From these simula-
tions, it was deduced that Na storage in the two glassy carbon
models was more stable than Na storage in graphite, with the
carbon amorphitization having a thermodynamically favorable
effect on Na insertion.3 The insertion of Na into glassy
carbon was however found to be structure dependent, with
some sites returning positive (i.e., energetically unfavorable)
formation energies.*l Contrarily, the defect formation energy
for Li insertion in the glassy carbon models remained nega-
tive for all concentrations and sites except one, indicating that
this is a thermodynamically stable phase. Hence, in addition
to providing more energetically favorable Na insertion, glassy
carbon could also provide an alternative LIB anode material, as
it is expected to increase the anodic voltage and limit electrolyte
decomposition in LIBs. Additionally, it would also be an inter-
esting material to study for KIBs, using atomic scale materials
design to fine tune the structure for this specific application.
Computational modeling opens the possibilities to investigate
all three common battery metals simultaneously, and to sys-
tematically study not only the effect of different anode mate-
rial structure on performance, but also how this would differ
between LIBs, NIBs, and KIBs.

3.2.4. Effect of Defects on Metal Adsorption and Storage

A materials design strategy particularly well suited for com-
putational studies where one can directly probe the effect of
local changes in atomic structure is the introduction of defects.
Defects are commonly present in carbonaceous materials
including graphene, graphite, hard carbon, and soft carbon,
as a result of synthesis methods, battery cycling, and materials
engineering 1>17:20.137.143.218-224]  Atomic scale computational
modeling opens the possibility to directly probe the influence
of single defects on several properties, which can be difficult,
if not impossible, to discern experimentally.*?>22l Common
graphite and graphene defects investigated include single
carbon vacancy, also referred to as monovacancy (MV), double
carbon vacancies (DV), and Stone-Wales (SW) defects. The
defect formation energies (according to Equation (8)) of these
vacancy defects in bilayer graphene have been calculated to
be 79 eV for MV, 9.2 eV for DV, and 6.9 eV for SW,83 which
are similar to the defect formation energies of the same defects
in monolayer graphene (75, 8, and 5 eV, respectively).??”] The
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presence of these defects in bilayer graphene improves the Na
intercalation as compared to graphite, making Na intercalation
in graphite more energetically favorable in graphitic layers with
MYV, DV, and SW.I83] Similarly, the adsorption of Na on a gra-
phene sheet can be improved by including these defects,2%®!
and Li and K adsorption have also been shown to be stronger
at graphene sheets with vacancy defects.'>'¥] Preparing the
graphene-based anode materials with appropriate concentra-
tions of these defects could hence provide a promising mate-
rials design strategy to increase AM storage.

Jian et al. employed bilayer pristine and defective (MV, DV,
and SW) graphene models to simulate sodium intercalation
in soft carbon anodes.'! These DFT-D3-B] level simulations
showed that the higher formation energy defects MV and DV
have a larger effect of sodium incorporation and storage than
the SW defect.'%! The reason for this was found in the poor
electron transfer to the carbon layer. Furthermore, the inclu-
sion of the vacancy defects in the bilayer graphitic model
greatly improved the sodium storage, confirming experimental
measurements.'¥l The sodium potential versus capacity curves
(according to Equations (6) and (7)) were also calculated for
sodium storage in hard carbon by Reddy et al.?!%l The effect of
vacancy defects and interlayer distance in bilayer graphene as a
proxy for hard carbon was studied through DFT simulations by
Tsai et al.,[”® Yang et al.,'®3 and Yang et al.'®? All these studies
conclude that the MV and DV defects are beneficial for sodium
storage, and that expanded interlayer distances are required for
energetically favorable sodium intercalation.'137156.182 Hence,
for higher-performance anode materials, defect engineering
should be considered as an important route together with con-
trol of the interlayer distance.

Nitrogen-containing defects in carbon-based anode materials
have also been shown to increase NIB and KIB capacity.[20:22%-230]
Chen et al. employed expanded graphitic layer models to study
the effect of graphitic and pyridinic nitrogen defects on Na and
K adsorption energy.??’! As shown previously, high concentra-
tion Na GICs (NaCg and NaCyg) were found to be thermody-
namically unstable, resulting in a positive adsorption energy
(0.132 eV), whereas K intercalation was shown to be thermody-
namically stable (-0.229 eV). Upon the inclusion of a pyridinic
nitrogen defect, the Na adsorption energy became negative
(-0.267 eV), indicating a thermodynamically stable system.[??’]
Phosphorous doped hard carbons using graphitic models func-
tionalized with P—O, P=0, and P—C were simulated at GGA+U
level without dispersion or vdW corrections and concluded to
have a beneficial influence on Na adsorption.?”! Studies of
Na adsorption on P-doped and B-doped graphene monolayers
showed that the Na adsorption energy was improved at these
defects, as compared to pristine graphene.?’®! The B substitu-
tional defect strengthened the Na adsorption energy by 1.4 eV,
whereas the P substitutional graphene sheet saw a strength-
ening of the Na adsorption of 0.854 eV.[18]

The computational defect studies have helped to explain the
experimentally observed battery performance. For example, a
revised mechanistic model for Na insertion in hard carbon has
been proposed.’>! Based on the experimental charge/discharge
curves, it has been postulated that the metal incorporation
mechanism is voltage dependent. The measured sodium poten-
tial of the sloping region on the charge/discharge curves has
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Figure 6. Metal layer defects in Li, Na, and K-GICs. a) the vacancy, self-interstitial, and Frenkel defect structures, and b) the corresponding defect
formation energies in eV. c) the simulated metal vacancy migration paths for the MCg and MCg structures in a) following different paths, with metal
migration energy plots in d) and the barriers (in eV) in e). Only in-plane migration paths are presented here as the through the graphene planes paths
were found to be energetically unfavorable. Brown hexagons in (a) and (d) show the graphene planes in the graphite model, and the green and purple
spheres are metal atoms showing the metal layer. Reproduced with permission.[?!l Copyright 2015, Royal Society of Chemistry.

been assigned to sodium adsorption at defect sites and sodium
intercalation between graphitic layers; whereas the plateau
region can be assigned to pore filling.[7137143]

Apart from defects in the graphitic layers themselves in GICs,
defects within the metallic layers can influence anode perfor-
mance. Wang et al. used dispersion corrected DFT (optpbe-
vdW) to study the effect of metal layer defects in Li-, Na-, and
K-GICs (Figure 6).21 In this study, vacancy, self-interstitials,
and Frenkel defects were investigated in the Li, Na, and K
layers of AMCy, AMCq, AM;Cug, AM;Cgy, AM;Cy5, AMgCyg,
and AMyCg, (Figure 6a). Metal vacancies were found to have
the lowest defect formation energies (Figure 6b), showing that
vacancy defects will dominate over both interstitial and Frenkel
defects in first stage AM graphite intercalation compounds.?3!
It was addressed that both NaCy and NaCg are thermodynami-
cally unstable, and that the real concentration in Na-GICs will
be lower, but was included to show that the sodium concentra-
tion in GICs contribute to the diffusion behavior.2*!l A similar
study was reported in 2014 by Thinius et al.'®*) at DFT and DFT-
D3-B]J level showing that the Li vacancy in Li-GICs has a lower
defect formation energy than the Li interstitial (0.11-0.21 eV vs
0.60-0.75 eV), indicating that this would be the, under equilib-
rium conditions, most probable defect in the metal layer.!'®’!
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3.2.5. Metal Migration and Diffusion

Apart from storage capacity (which could be derived from the
above computational adsorption and intercalation studies),
cycling capacity and charge/discharge rate are also key bat-
tery performance indicators. Rapid metal diffusion/mobility
is required to provide fast charge/discharge, to have high
reversible capacity and limit dendritic growth. It is therefore
important to also consider the metal migration and diffusion
in anode materials.M3151177:232-236] For 11Bs, the graphite anode
hinders high-rate charge and discharge, limiting the develop-
ment of electric vehicles and fast-charging consumer tech-
nologies.*7:238] Computational studies may screen and predict
candidate systems and materials design theories to reduce
charging times by calculating migration and diffusion barriers.

The Li migration barrier on the graphene surface (0.31 eV
from NEB simulations with D3-BJ corrections) is higher than
both the Na and K migration barriers (=0.1 eV for both simu-
lated using the same methodology as Li)."7! The difference
in migration energy has been attributed to the difference in
metal adsorption energy between the different graphene adsorp-
tion sites. The difference in lithium adsorption energy between
the hole site and the bridge or top site is much larger than that
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for Na and K.M3114168.173] Metal migration through the graphene
layer is highly energetically unfavorable, yielding Li migra-
tion barriers >10 eV, and Na migration barriers >30 eV.[?3924
Hence, it is unlikely that metal migration in carbon-based gra-
phitic anode materials would progress through the graphene
layers.'89243] Metal migration in graphite is therefore predomi-
nantly 2D, occurring along the graphene planes. The Li migra-
tion barrier in graphite (LiCy;) is similar (0.34 eV from DFT
simulations with D3-B] corrections) to that of a Li ion on gra-
phene, and has been shown to decrease (indicating more rapid
diffusion) with expanding interlayer distance.>23 In fully
lithiated, sodiated, or potassiated graphite, metal diffusion could
also occur through metal vacancy migration (Figure 6).[231:238.244]
Through NEB calculations (Figure 6c¢), a curved migration path
was established for LiCg and NaCgy, whereas a straight migration
path was found to have the lowest migration activation energy
(Figure 6e) for NaCg and KCg.[?3UIt was shown that Li migration
following a Frenkel mechanism has a slightly lower Li migra-
tion activation energy (E, = 0.42-0.52 eV) than the Li vacancy
migration path (E, = 0.42-0.56 eV).18923 Both sets of calculated
Li migration barriers are in agreement with the experimentally
measured Li diffusion barrier of 0.55 eV ('Li NMR).!%) For
K-GICs (ranging from KCgq to KC,,), the vacancy migration path
was found to have much lower activation barriers (0.11-1.58 eV)
than the Frenkel defect migration mechanism (2.42-792 eV),
indicating much more rapid K diffusion along the vacancy
migration path.['”’] Hence, the AM ion does not only affect the
structural deformation of the GIC lattice, but also the metal dif-
fusion mechanism.l”/l The K migration barriers are furthermore
lower than the Li migration barriers, suggesting that K mobility
is higher than Li mobility in GICs, following the trend found for
Li and K migration on graphene.*177]

DFT AM migration energy barriers in carbon nanotubes
showed rapid AM migration, leading to the conclusion that
curved morphologies benefit AM diffusion and pore filling.?
These simulations were directly used by experimental studies
to resolve the sodiation/desodiation of hard carbon anodes,
showing the power of a synergistic relationship between compu-
tational and experimental studies.[12115124.2%] MD simulations
of organic solvents and sodium ions in carbon nanotubes and
in slit carbon nanopores show that the dimensionality of the
anode directly influences the sodium ion insertion process. The
1D carbon nanotube led to much less sodium ion insertion than
in the 2D slit nanopore, in agreement with the DFT simulations
on single metals in different carbon morphologies.[212214215]

As demonstrated above, DFT-based computational simula-
tions have been instrumental in the development and under-
standing of carbon-based anode materials. DFT simulations
have conclusively deciphered the GIC problem for NIB anodes,
and shown why graphite can accommodate high concentra-
tions of both Li and K. Furthermore, computational studies
have been able to identify both performance limiting and
enhancing defects, dopants, pore structures, and local atomic
scale structures in highly complex carbon materials such as the
hard and glassy carbons, guiding and accelerating experimental
anode materials development. The carbon-based anodes are
among the most widely investigated materials for AMIBs, and a
plethora of other materials have been developed working on the
knowledge gained from the carbon-based materials. In the next
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sections, we will see that the intercalation behavior can also be
taken advantage of by noncarbon anodes.

4. Insertion-Type Anodes

Intercalation- or insertion-type anodes follow a similar mecha-
nism to that described for graphite anodes. These anodes are
typically layered materials such as MXenes, spinel titanates, or
niobium oxides.?#2%0 As for graphite, the AM intercalation
in the insertion-type anode is dependent on the interlayer dis-
tance and surface composition, which provides ample oppor-
tunity for computational materials design. MXenes (Figure 7)
are a relatively novel class of materials, which have applications
in energy storage, photocatalysis, gas sensoring, and opto-
electronics among others.?>¢-252 MXenes include metal car-
bides, nitrides, and carbonitrides, with the common formula
™M, 1AX, (n =1, 2, or 3, TM transition metal, A is a group
XII1-XVI elements, and X is C or N).'’] These materials have
high conductivity, good mechanical stability, high charging rate,
variable interlayer spacing, and provides ample opportunity for
surface engineering.'2>2°2-2%4 Ti., Nb-, and V-based MXenes
have been identified as the most promising for anode appli-
cations.>>?] The simulated specific capacity for LIB MXene
anodes are highest at 276 mAh g for V,CO,, but remains
lower than that of graphite (372 mAh g7).[>°%l Spinel titanates
such as Li,TisOy, have been investigated as both LIB and NIB
anode materials.[322257-2611 No titanates compounds have been
studied/reported for KIB anodes. Li,TisO;, has experimentally
been shown to inhibit Li dendrite formation, to have limited SEI
formation, and no structural change, making it a so-called zero-
strain insertion material.'%?5%2%% Its large bandgap (2-3 eV)
have led to different doping schemes, carbon layers, and syn-
thesis methods to improve its electronic conductivity.!2>9260-262]
Na,,,Ti30;, a 2D layered material, and Na,,, TisO3, which has
an open network 3D tunnel structure, have good thermal sta-
bility, cycle life, and low AM* intercalation potentials. Niobium-
containing oxides have been studied both experimentally and
computationally as intercalation-type anodes for applications
that require fast ionic diffusion, high-voltage, and high-rate
anodes. Niobium-doped anatase (TiO,) was recently shown to
be a promising anode material, paving the way for other n-type
doped anatase anodes to be investigated.

From DFT studies, two Na intercalation sites in Na,,, Ti;O,
were identified; 7-, and 9-coordinated oxygen sites.l263.264
Upon sodiation (and indeed also lithiation in the iso-structural
Li,,,Ti30y) this leads to Na,Ti;O; being formed during electro-
chemical cycling, with all Na (and Li) sites being 6-coordianted
to oxygen ions.*63-265] Na,, TicOy; has a different crystal struc-
ture, which enables Na to intercalate and store in 3D tunnels.
The computed voltages of these two NIB anode materials are
0.37 V (for Li 0.90 V) and 0.75 V, respectively, with the max-
imum x in Na,,,TigOq; being x = 1.264256] Na and Li interca-
lation voltages in Li,Ti;O; are 0.77 and 1.46 V, respectively, at
the same level of theory.?*4 For both Nb-doped anatase for LIB
and NIB anodes, Na intercalation and insertion was found to
be improved in these anodes due to the multiple redox couples
(Ti**/*" and Nb>*/#") induced by the Nb and Ti mixing.?*”) The
Na* occupy the voids that are formed in between the NbOy and
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Figure 7. Models for Li, Na, and K adsorption on Ti,C(OH), nanosheets,
and b) their calculated adsorption energies showing that most adsorption
sites in a) are energetically unfavorable. c) The model Ti,CO, nanosheets,
and d) the corresponding metal adsorption energies showing energeti-
cally favorable Li, Na, and K adsorption. Adapted with permission.[2¢%l
Copyright 2014, American Chemical Society.

TiOg octahedra. Experimental preparation of this material uti-
lized K* to open up these voids.”l Nevertheless these mate-
rials have not been investigated for KIB anodes. Orthorhombic
Nb,Os has been investigated for high-rate LIBs and NIBs.
Whilst Li can intercalate in Nb,Os planes, Na cannot (much
like previously seen for graphite) and mainly shows surface or
near-surface energy storage.?#!

To increase performance, functionalization of the anode
surfaces with —O, —OH, and —F groups have been employed
commonly to tune their properties, in a similar vein to the mate-
rials design of the carbon-based intercalation anodes.l268-271]
The performance of both non-, OH-, and O-functionalized
titanium carbide (an MXene) were investigated for NIBs and
KIBs using DFT calculations.?8] For the OH-functionalized
MZXene, the strongest Li, Na, and K adsorption is reached at
TM,,11C,(OH);Mg 5 (TM =Ti, V, or Nb). These metal adsorption
energies are positive, indicating that Li, Na, and K adsorption is
unfavorable at these surfaces (Figure 7a,b).28! Li and K shows
slightly negative adsorption energies (weaker than —0.1 eV) at
V,C(OH); and Nb,C(OH), surfaces (Figure 7b). In all cases, Na
was shown to have the strongest repelling energy (Figure 7b),
and the OH-functionalized MXenes can thus from computa-
tional studies be shown to be unsuitable for AMIBs. O-func-
tionalized MXenes (TM,,;C,0,M,) (Figure 7c) show negative
metal adsorption energy and can accommodate a high concen-
tration of Li, Na, and K (Figure 7d).?®] The strongest Li and Na
adsorption was observed for TM = Ti and V, whereas K adsorp-
tion was equally strong on the MXene surfaces with TM = Nb
(Figure 7d). K adsorption on these systems were however found
to be much weaker than Li, and Na adsorption, indicating lower
KIB capacity for this anode material.l26%]
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The nonfunctionalized MXene and Nb,Os anodes were
however shown to have both the strongest Li, and Na adsorp-
tion, and the highest capacities.?*8] K did not show any ener-
getically stable interaction with the nonfunctionalized MXene
systems, leading to the conclusion that these MXenes are more
promising as LIB and NIB anodes than KIB anodes. Fluori-
nation of the Nb,Os structure (where the fluorine ions sub-
stitute the oxygen sites) was shown from both experimental
and computational studies to improve the NIB anode perfor-
mance.?) Na adsorption energy calculations showed that Na
adsorption is highly energetically favorable on both the fluori-
nated and nonfluorinated surface,?”! although the strong
adsorption energies (stronger than 3 eV) could indicate that
these sodium ions remain irreversibly bound. The strongest
Na adsorption was obtained on the nonfluorinated surface.*#]
A separate study compared the electronic structures of non-,
F-, and OH-functionalized Ti;C, and showed that the nonfunc-
tionalized materials are metallic, whereas the functionaliza-
tion can (depending on the degree of functionalization) open
up a narrow bandgap,*’?! which might affect the anode perfor-
mance. Similarly, sodiation can change the electronic properties
from insulating to metallic.?’3! DFT simulations showed that a
Nb concentration of 0.1-1.0% increased the metallic character
of TiO, due to the induced shift in Fermi level upon doping,
whilst retaining the redox properties of the undoped anatase,/*’4
whereas the semiconducting Na,Ti;O; with bandgap 2.25 eV
becomes metallic upon full sodiation.?”’]

The role of functionalization is not limited to voltage and
surface adsorption though, and can be employed as a materials
design tool to also modify mobility. Comparing mobility between
the functionalized and nonfunctionalized MXene models for
Li and Na, the metal migration barriers were found to be low-
ered on the nonfunctionalized surfaces, indicating more rapid
diffusion.?%® For spinel titanates, the Na ions were shown to
follow a zigzag diffusion pathway, enabled by vacancy hopping,
with E,, between 0.186 and 0.226 eV.”?l Na migration barriers
in Na,,, TigOq3 is 0.24-0.41 eV from NEB calculations.””” This
study also included Na intercalation in K,TigO3, which was
found to be more sluggish than Na diffusion in Na,TizOy; due
to geometric features.?””! Li diffusion in Na,TizO;; was found
to be energetically unfavorable with E,, more than double that
of Nal?’l Similar conclusions were made for niobium-based
anodes where higher migration barrier for Na migration in the
nonfluorinated Nb,Os (1.33 eV) than that for the fluorinated
(=1 eV) was obtained.?*) Both these migration barriers are how-
ever high, and would be expected to lead to limited Na diffu-
sion at room temperature. Niobium tungsten oxide (NbxW,0.)
anodes’ lithium diffusion pathways can be tuned dependent on
the oxygen (z) and metal content (x, y) to change the polyhedra
structure and organization. These different shear structures
were studied using DFT and AIMD, and it was found that the
lithium diffusion had migration barriers of 0.1-0.2 eV, making
these anodes having rapid lithium diffusion at room tempera-
ture.l?’?l Nb,Ti,0o was found to have a 0.2 €V Na migration bar-
rier, again indicating rapid room-temperature diffusion.?%’]

To further understand the implication of this on the elec-
trochemical performance of these anodes, joint experimental
and computational studies for the functionalized and nonfunc-
tionalized MXenes should be conducted. Particularly it will be
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helpful to calculate, from DFT simulations, the electronic con-
ductivity under different conditions at different AM loading.

The niobium-based anodes are so far mainly investigated for
LIBs and NIBs, and have thus far not been studied for KIBs.
The larger ionic radius of Na* and K" might hinder the interca-
lation and diffusion of these metals in the polyhedral networks,
but would be worth investigating, as would the effect of defects
and dopants on anode performance.

5. Alloying Anode Materials

Alloying materials have shown great promise as anode mate-
rials for AMIBs (Figure 8) due to their high energy density and
low voltage operation.’®®27-28 The modeling of the alloying
anodes is typically different to the modeling of the insertion/
intercalation-type materials. These anode materials typically
undergo an electrochemical alloying process via the reversible
reaction xAM"+yB+xe” =AM,B,, where AM* is the alkali
metal ion, and B the alloying anode material (Figure 8).12%%
During electrochemical cycling, the metal ion incorporation and
expulsion (i.e., lithiation/delithiation, sodiation/desodiation,
potassiation/depotassiation) leads to large volume expansion
and compression, which in turn can lead to battery break-
down, failure, and degradation.”®128.289.290] These large volume
changes also influence the SEI formation, 178283 making the
SEI layer unstable and highly surface dependent.[*289.291.292]
Furthermore, a number of intermediate phases are possible as
the AM concentration increases.[?88293.294 To this end, the mod-
eling of these materials often investigates phase stability and
crystal structure in terms of structure search, which are then
related to battery voltage.

Simulated and measured voltage profiles have shown that the
group XIV elements Si, Ge, and Sn form alloying compounds
with Li, Na, and K making them suitable as anode materials,
but differences in capacities are present when changing the bat-
tery metal.[128:00.284295-297] Alloying anodes based on group XV
elements could provide greater specific capacity than group XIV
anodes, and might provide better performance for NIBs than
LIBs.802%4 Furthermore, the group XV elements can also form
high concentration K-compounds. Phosphorus has received
attention as an anode material owing to its low cost, abun-
dance, and large capacity.[126:130.298-304 Black phosphorus, which
has a layered structure (Figure 9a), has the highest electrical
conductivity among the phosphorus allotropes and is the most
stable.l?!l However, black phosphorous needs to be synthesized
under high pressure and temperature, resulting in high costs.
As for the other alloying anode materials, phosphorus anodes
undergo large volume expansions during the electrochemical
reaction, leading to poor cycle performance and low initial
Coulombic efficiency. Hence, phosphorous anodes are typically
composites with carbon, metals, or chalcogenides. Sb-based
metal alloys for LIBs, NIBs, and KIBs are reported to have good
cycling stability and performance.[2>32%]

5.1. Voltage and Phase

Simulated and measured voltage profiles have shown that the
group XIV elements form alloying compounds with Li, Na,
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Figure 8. Schematic overview of alloying anode materials based on Si
(representative structure of AM;sSiy), P (representative structure AMP),
Ge (representative structure AMGe), Sn (representative structure
AM;5Sny), Sb (representative structure AM;Sb), and Bi (representative
structure AM;Bi). AM are pink spheres, and the other spheres are the
alloying elements.

and K making them suitable as anode materials, but differ-
ences in capacities and intermediate phases are present when
changing the battery metal.[60-284295-2%] DFT studies on lithium
insertion in silicon anodes, leading to the formation of lithium
silicide, showed that Li preferably occupy interstitial sites,
rather than forming substitutional defects.?%>3%! Electronic
structure analysis of the Li,Si further showed that Li,Si sof-
tens with increasing x due to the breaking of Si—Si bonds.3*!
By employing AIRSS, Ge-based LIB anodes were found to be
potentially safer than lithium silicide (Figure 9b,c).'?8) The
calculated voltages for the Li,Ge were higher than the corre-
sponding voltages for Li,Si, which could suggest that the ger-
manides would have a lower energy density (Figure 9d).18] On
the other hand, the lithium germanide anode could provide a
safer alternative as higher lithium insertion potentials could
reduce lithium plating (which can lead to dendrite formation),
and more rapid lithium diffusion due to the lower lithium
migration barriers in Ge than Si.'?8! Combined experimental
and DFT studies identified both crystalline and amorphous
Na,Sn phases. Increasing x giving increasing specific capacity
in the charge/discharge curve, corresponding well to the
experimental voltage/capacity curves (Figure 9e), showing the
strength of predictive DFT studies (Figure 9f,g).[33277:23]
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Figure 9. a) Crystal structures of black phosphorus and GeP; with purple spheres being P, and Ge blue. Reproduced with permission.’'l Copyright 2019,
Royal Society of Chemistry. b) Li,Siy, and c) Li,Ge,,, formation enthalpies from DFT simulations of structures (blue and red squares) predicted from
crystal databases and AIRSS forming the convex hull (red and blue full lines). d) The simulated voltage profile from the most stable phases in (b) and
(c). Reproduced with permission.['8l Copyright 2014, American Physical Society. ) The DFT calculated average voltage relative to sodium metal of
Na in tin anode (Na,Sn) and f) the convex hull of Na,Sn incorporating previously known structures and computationally predicted structures. (e) The
lowest energy structures in (f) and experimental data. The corresponding models of the phases in (e) are shown in (g). Reproduced under terms of
the CC-BY license.l””) Copyright 2017, American Chemical Society. h) Mixing enthalpies (or formation energies) of Na;_,GeP; and formation energies.
Reproduced with permission.B'l Copyright 2019, The authors, published by Royal Society of Chemistry. i) Electrode potential versus concentration
(x) in AM,P. Reproduced with permission.l'?6l Copyright 2020, Springer Nature. j) A compilation of amorphous (a-) and crystalline (c-) Si, Ge, and Sn
Na alloys and the formation energies of these alloys as a function of Na concentration and whether the alloy is amorphous or crystalline. Adapted
with permission.[7*] Copyright 2015, American Chemical Society. The amorphous structures were obtained from AIMD simulations, and the formation
energies from DFT optimizations.

Figure 9h shows the mixing enthalpies and homoge-
neous bulk free energies of Na,P and Nay(GeP;), Li,P, and
K,P.126319 From Figure 9h,i, there are similar phase behaviors
between Na; P and Nay,(GeP;) in the range of 0.5 < x < 1.0,
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where both of them have three ground states at x

0.5,

0.75, 1.0. Whereas there is a ground state at x = 0.25 for
Nay.,(GeP;) but the pseudo ground state for Na; P, implying
that the Na,,P would be transformed into two phases of NaP

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

and Nag 5P in the range of 0< x < 0.5, and the Na, (GeP;) would
be stable without phase separation in the same range because
of the unique stable phase at x = 0.25. As a result, Na(GeP3)
favors faster Na* kinetics and diffusion, leading to superior rate
capability, attributed to the absence of lattice mismatch caused
by phase separation. The evidence of different phase behaviors
between Na;,P and Na;,(GePs3) can be further confirmed by
the free energies (Figure 9b,c). The phase of Nay,P has a broad
spinodal region at the range of 0.221 < x < 0.777, suggesting
the continuous phase separation of NaP and NajsP because
of spinodal instability. On the contrary, Na,,(GeP;) have two
spinodal regions (0.109 < x < 0.392 and 0.608 < x < 0.891) com-
pared with Na;,P.126] However, there is a single-phase region
(0.392 < x < 0.608) for Naj(GePs) at the meanwhile, implying
the existence of single phase Na(GeP;), which facilitate Na*
kinetics by reducing the disconnection and impedance in the
internal Na(GeP3).31%31 Figure 9i further shows that different
intermediate compositions are also part of the voltage curves
(in agreement with experimental studies) for the phosphourous
anodes between the different AM (LiP; — Li3P; — LiP — Li;P,
NasP;; — NazP; — NaP — NasP, — Na;P and K3Py; — K,P; — KP
— K,P3 — K;P), although the fully charged anode is found to
be AM;P for all.'?%l This difference in alloying mechanisms as
a function on AM have also been predicted from DFT simula-
tions for other alloying anodes such as bismuth, silicon, and
antimony,21294312-315

In an amorphous silicon (a-Si) anode, the Na intercalation
energy becomes thermodynamically favorable.['’>3%! This leads
to an increase in the average a-Si anode voltage for Na, with fur-
ther benefit of reduced anode volume expansion.”! Li incor-
poration in a-Si than c-Si structure was also found to be more
energetically stable. From DFT optimization of MD generated
amorphous models, it was shown that amorphous Li,Si crystal-
lizes into LijsSiy (x = 3.75) upon lithiation.?’®l This crystalliza-
tion does not lead to phase separation, nor large-scale atomic
motion. Rather the changes in the local bonding configuration
are responsible for the transformation from amorphous to crys-
talline.B!! Tt was however noted, that due to the possible Na
cluster formation in a-Si, limiting the practical metal interca-
lation, the charge and discharge process needs to be carefully
controlled in order for a-Si to be a viable anode material for
NIBs. 8130 However, the volume expansion in these amorphous
anodes is significant; 160% for a-LiSi, 230% for a-NaSi, 140%
for a-LiGe, 200% for a-NaGe, 260% for a-Lis 75Sn, and 480% for
a-Naj 7sSn.”% This difference in volume expansion, and also
in mechanical properties related to lattice expansion and metal
concentration, " was assigned to the disintegration of the sodi-
ated materials at Na/metal ratios above 1:1, whereas the lithi-
ated materials maintained the connectivity even at higher Li
concentrations.[”] Other silicon allotropes such as Si,4, which
has an open cage structure, have been considered for NIBs, but
sluggish sodium diffusion (due to high Na migration barriers)
is currently limiting its use even though they show less volume
expansion (2.3%) than the a-NaSi.2%

K,Sb, Na,Sb, and Li,Sb show different alloying
behavior.’1>318-320] DFT studies helped to reveal that this arises
from the difference in thermodynamically stable alloy struc-
tures.’'8 Experimental research show that after cycling, the
Na—-Sb alloy forms a hexagonal Na;Sb polymorph, whereas
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Li;Sb is found in a cubic structure.’'>38 DFT simulations

were used to calculate phase diagrams of Na-Sb and Li-Sb,
which show that the hexagonal phase is significantly more
favorable for Na;Sb than the cubic phase, and that the cubic
phase could be stabilized under high pressure.?®8! A combined
experimental and DFT study further investigated the intrinsic
thermodynamic and kinetic properties of Sb lithiation and
sodiation and found that the sodiation of Sb also resulted in
amorphous phases.’™) Furthermore, the intermediate states
observed during experimental studies of Sb anodes for LIBs
(Sb—Li,Sb—Li;Sb (cubic)) and NIBs (competitive reaction
paths between Sb—NaSb—Na;Sb (hexagonal), and Sb—Na;Sb
(hexagonal)) were confirmed, demonstrating the predictive
and guiding strengths of theoretical calculations for battery
anode materials.[?*+318321] For KIBs, four intermediate phases
exists; KSb,, KSb, KsSb,, K3Sb.132 The calculated equilibrium
potentials for the potassiation of Sb from DFT simulations was
found to be 0.89 V for KSb,, 0.85 eV for KSb, 0.44 eV for KsSb,,
and finally 0.40 eV for K;Sb (hexagonal), which corresponds to
the highest potassiation.??l Hence, the final Sb alloying anode
product with Li, Na, and K are all M;Sb, but the intermediate
phases and the final crystal structures differs. Similar observa-
tions were made for bismuth alloying anodes.?*!l The binary
sodium bismuth alloy has been shown from structure explo-
ration calculations (using both pre-existing crystal structures
from the Crystal Structure Database,**¥ and employing struc-
ture prediction with the USPEX code®Y) to form the alloying
compounds Na;Bi, and NaBi.[?**322 This indicates that Na in Bi
metal anodes follows a similar alloying mechanism to Na in Sn
anodes.[?*+3221 The Na alloying mechanism in P and As anodes
on the other hand was shown to include a larger number of
Na concentrations, and undergoes significant elastic softening,
whereas the Bi anodes show less loss of elastic strength when
sodiated.[26294312] Similar elastic softening issues were also pre-
viously shown to be present in group XIV anodes.32*l This might
lead to large irreversible capacities and battery breakdown,
leading to the need for further theoretical and experimental
studies to stabilize these anode materials.[?%4

5.2. Li, Na, and K Migration in Alloying Anodes

The calculated Li migration barrier in Si anodes following an
interstitial migration path along a hexagonal transition site is
0.54 eV.3%324 At higher Li concentrations (Liy1,5Siggs) the Li
migration barrier increased to 0.69 eV. These higher Li con-
centrations results in a distorted structure and clustering of Li
atoms within the anode structure.}%! Chou et al. performed a
comparative DFT study of Li and Na in Si, Ge, and Sn.['””] NEB
calculations showed that the migration barriers are lower for Li
in these crystals than for Na.'”?! The higher Na migration bar-
riers were attributed to the larger ionic size of Na.['”?] However,
a separate study of Se suggested that the difference in sodiation
and lithiation speed was more to do with the kinetics of the lithi-
ation and sodiation reactions than the ionic radii.’”! Following
an interstitial migration path, the Na migration barriers in
crystalline Si, Ge, and Sn were calculated to be 1.08, 0.78, and
0.53 eV, respectively.”’! The same migration path gave migra-
tion barriers of 0.62, 0.44, and 0.39 eV for Li in crystalline Si,
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Ge, and Sn, respectively.l'”” The reason for the higher migration

barriers of Na in relation to Li could be due to Na insertion in
crystalline silicon (c-Si) anodes being thermodynamically unfa-
vorable (Na intercalation energies 1.90 eV observed from DFT
studies) (Figure 9j).>397308] The introduction of a second Na
at the interstitial site next to the first Na interstitial in bulk Si
was suggested to reduce the Na diffusion barrier in c-Si, arguing
that an increasing Na concentration in c¢-Si anode material can
improve its charge/discharge properties.’® The same obser-
vation was made for Na in crystalline Ge (formation energy
0.88 eV), whereas Na in crystalline Sn had a negative (—0.09 eV)
formation energy.”! Crystalline Sn anodes could hence be
shown to be more promising NIB anodes than crystalline Ge
and Si for future experimental anode studies. AIMD simulations
to generate amorphous Si, Ge, and Sn did further show that the
Na migration barriers (0.31, 0.27, and 0.26 eV for Si, Ge, and
Sn, respectively) are also reduced (as compared to Na migration
in the crystalline materials), indicating an alternative materials
design route for the alloying anodes.["”! As for the crystalline sys-
tems, amorphous Sn shows the most rapid Na diffusion, which
from Bader charges have been attributed to the weaker covalent
bonding between Sn and Na, as compared to Si and Na.['”?]

The alloying anodes have been shown to have high storage
capacity and facile diffusion, but issues remain regarding their
volumetric expansion which could lead to breakdown. To fur-
ther investigate and prevent this, MD simulations with appro-
priate force fields or AIMD (which will be limited by the length
and time scales these simulations will be possible to conduct
with the current technologies) simulations of the thermal and
volumetric expansion over anode cycling should be performed.
Furthermore, as has been investigated experimentally, compos-
ites with graphenel®?>320 could both increase electronic con-
ductivity (which is currently a limiting factor of the alloying
anodes) and mitigate the volume expansion, and should be pur-
sued also in computational studies.

6. Conversion-Type Anode Materials

Conversion-type anodes are commonly metal oxides, metal
sulfides, or metal selenides.??*327-333] The conversion reaction
mechanism can be expressed as A,B,+(ynAM) =yAM,B+xA,
where AM is the alkali metal ion, A the metal in the conversion
type anode, and B is O, N, S, P or Se.[?53333-336] This conversion
reaction can result in high theoretical capacities, making these
anodes highly attractive.[?>>3* During charge, AM* moves from
the cathode, via the electrolyte, and arrives at the anode surface
where a redox reaction leads to the formation of AM,B and A.
During discharge, A reacts with AM,B, returning AM* to the
cathode.?>333 Despite having high capacity for LiBs, transition
metal oxide anode materials have yet to realize commercial suc-
cess due to their high voltage, poor cycling stability, and volume
expansion, which result in decreased energy density during bat-
tery operation.>¥"]

6.1. Strucutral Simulations

The anisotropic structure of the MoS, monolayer provides
numerous metal adsorption sites.3?:329.330338-342] Fast electron
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transfer and AM ion intercalation/deintercalation is facili-
tated in the layered bulk.??! It has been suggested that during
charge this anode first undergoes an intercalation type reac-
tion, and then a conversion reaction (forming Mo and AM,S)
in the final step.l?33433%] However, MoS, on its own has shown
poor cycling behavior and low reversible capacities. Doping
with Se or composites with other sulfides and carbon-based
materials have been investigated experimentally to improve its
stability,251:329330]

DFT, MD, and AIMD studies of MoS, anode materials have
focused on the structural stability, and the electronic properties
of the MoS, structure, forming an understanding of its intrinsic
intercalation and surface adsorption properties. Layered MoS,
exists in five different polytypes; hexagonal 2H (naturally most
stable form), tetragonal 1T (high energy, stabilized from liquid
exfoliation), rhombohedral 3R, tetragonal 2T (from theoretical
studies), and coexistence of 2H and 3R (Figure 10a).>*! DFT
studies of Na intercalation into layered MoS, with the hexag-
onal 2H symmetry have shown that Na intercalation leads to a
phase transformation to the tetragonal phase.?*3%! At higher
Na concentrations, the 3R and 2T polymorphs becomes ener-
getically and geometrically identical to the 2H and 1T poly-
morphs.3¥! A similar observation was made for lithiation of
the 2H MoS, structure, indicating that the metal concentra-
tion directly affects the crystal structure of this anode material
and that a phase transition occurs at high metal concentra-
tions due to a softening of the mechanical properties.**l The
incorporation of Li in 2H-MoS, leads to a smaller interlayer
expansion than for Na intercalation, 11% (to 14 A) versus 23%
(to 15.5 A).B*3%8] K has also shown strong MoS, surface
adsorption,?¥] and stable K intercalation structures. Potassia-
tion of MoS; is energetically favorable in the 2H structure up
to KogrsMoS,, and the intercalation energies per K atom are
stronger at lower K loading. This high K loading is higher than
the experimentally observed K, ,MoS,.3*! At higher K loading,
MoS, was shown to reduce to Mo and K,S, in accordance with
the previously seen intercalation/conversion reaction for this
anode material.>*® As for Na, the surface adsorption ener-
gies are stronger (—3.16 to —3.46 eV)13¥] than the intercalation
(==2 eV at low K loading).>*3>0

AM intercalation in between the MoS, monolayers in bulk
MoS,; incorporates at two distinct sites (octahedral, or tetrahe-
dral), in a similar fashion to Li intercalation in Bi,S;.3¢3%! For
the octahedral site, AM is bonded to six S, and for the tetrahe-
dral site it is bonded to four S.**! The calculated intercalation
energies show that Na intercalation at octahedral sites is more
energetically favorable than tetragonal sites, whereas Li inter-
calation is only more energetically favorable at an octahedral
site at interlayer distances below 14.7 A.3*:3%] Hence, it was
concluded that the weak dispersion interactions in between the
MoS, layers (leading to the stabilization of the different poly-
morphs) become negligible in relation to the stronger chemical
interaction between the AM and MoS,.2*! Na intercalation in
Na,MoS, at concentrations up to x = 1.0 were shown to be ener-
getically stable in both the 1T and 2H polymorph, with the Na
intercalation energies being stronger in the 1T polymorph.*]
The electronic structure of the 1T polymorph from DFT cal-
culations show that the lowest degenerate 4d,,, 4d,,, and 4d,,
orbitals are partially occupied, making them readily available
for accommodating the AM electron upon bonding. 3434l
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Figure 10. a) shows an illustrated Na migration path in two polymorphs
of MoS,, where orange is Na, and purple is Mo. b) The corresponding
migration energy profiles for the two paths. Reproduced with permis-
sion.3# Copyright 2014, Elsevier. c—g) Combined graphene and MoS,/h)
SnS, heterostructures for NIB anodes. (c) The optimized structure of the
MoS,/graphene heterointerface from DFT simulations, (d) the Na diffu-
sion path in (c), and (e) the Na diffusion path for Na diffusion between
two MoS, layers (no graphene). The corresponding NEB migration paths
in (f) for (d) and (e) shows that Na migration at the heterointerface is
more mobile. (g) The trajectory for Na hopping in the heterointerface in
(d) from AIMD simulations at 600 K. Reproduced with permission.*2
Copyright 2018, Royal Society of Chemistry. h) The NEB simulated diffu-
sion path for Na in a SnS,/graphene heterostructure (side view left and
top view right) following a H1-T1-H3-T3-H1 path as illustrated in the top
view figure to the right. Brown spheres are carbon in graphene, blue Na,
black Sn, and green S. Reproduced with permission.B3l Copyright 2016,
Royal Society of Chemistry.
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6.2. Migration

Both Li and Na were found to form bonds and interact with
the sulfur sites instead of the Mo-sites when intercalated and
diffusing in between the MoS, layers. Due to these Li-S/Na—S
bonds, the interlayer distance between the MoS, layers were
found to be directly impacting the Li and Na binding and migra-
tion energies.’*3¥1 The Na migration barriers (Figure 10b) in
the 1T polymorph was also found to be lower (0.28 eV) than
in the 2H polymorph (0.68 eV), suggesting that the 1T poly-
morph is more suitable as an NIB anode, due to its higher elec-
trochemical performance from voltage simulations, metallic
electronic structure, more rapid Na mobility, and higher Na
capacity.*®! DFT simulations also showed that the Li and Na
diffusion in 2H MoS, can be improved by expanding the inter-
layer distance (originally 12.60 A) between the MoS, layers,
showing a way for materials design and engineering to be
applied experimentally.3*34] 1T-MoS, was shown experimen-
tally to have faster potassium kinetics in terms of reversible K*
intercalation and conversion than 2H MoS,.’>) However, to
the best of our knowledge, no computational study of the effect
of different MoS, polymorph on K intercalation has been pre-
sented in the literature.

Combining a MoS, layer with graphene can further lower the
Li and Na migration barrier and improve LIB and NIB perfor-
mance.[100352353] Wy et al. simulated Na migration in between
two MoS, layers and in between a MoS, layer and a graphene
layer. In the graphene MoS, system, the Na migration energy
barrier is 0.21 eV, with the bilayer MoS, having a higher Na
migration barrier of 0.34 eV.>>? A separate study by Sun et al.
showed that the Na migration energy on the MoS, layer in the
MoS, graphene systems has a higher migration energy barrier
of 0.35 eV in between two MoS, rings, with a smaller migra-
tion barrier of 0.07 eV moving Na from on top of a Mo site to
the middle of the MoS, ring. These two diffusion behaviors
(in between layers and on the MoS, surface) are likely from
these studies to coexist in physical anode materials, with a
higher degree of surface diffusion postulated to be due to the
stronger Na surface adsorption energy than Na intercalation
energy.?>3]

Graphene can also be combined with a SnS, monolayer.
Samad et al. modeled the 1T SnS, monolayer, both with and
without a graphene layer. Na atoms was found to adsorb both
at the hollow position (above a sulfur atom) and on top of a Sn
atom, with only a small difference in adsorption energy (—1.36,
and —1.34 eV, respectively). These energies can be lowered by
intercalating Na in between a MoS, and a graphene layer, and
this was shown to also hold true for the adsorption and interca-
lation of more than one Na atom.33°]

7. Novel 2D Anode Materials

In the above sections, computational modeling has mainly
been used to investigate anode materials that have already been
suggested or tested experimentally to understand the material
performance and how atomic scale alterations can improve
AMIB performance. Computational modeling is also employed
to explore and investigate novel materials that have not been
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tested in real batteries, and to guide the experimental devel-
opment of anode materials. For this purpose, a plethora of
novel 2D materials (Figure 11) have been studied computation-
ally,13°+3% with the aim to increase adsorption as an indication
of storage and migration of AM.[22:326,360-364

Recently graphdiyne, which consists of both sp- and sp?
hybridized carbon atoms (Figure 11) have been investigated
computationally.’% Its structure can be extensively modified
by varying the number of sp- and sp?-carbons in the simula-
tion cell, making it particularly suitable for computational
investigation and screening prior to experimental synthesis.
The calculated Na capacity of graphdiyne is NaC, 5;, which cor-
responds to a theoretical specific capacity of 497 mAh g™.. By
layering the graphdiyne monolayers, in a manner similar to
graphene layering in graphite, a lower capacity (316 mAh g) is
obtained, corresponding to NaCs 1,.3°% This furthers the argu-
ment that the graphdiyne monolayers provide more storage
capacity for NIBs per carbon atom. Li adsorption on methyl sub-
stituted graphdiyne was further shown to be highly dependent
on lattice site, with lattice sites closer to the alkynyl group being
more favorable for Li adsorption (adsorption energy —1.34 eV)
than away from this site (adsorption energy —1.16 eV).*%% Based
on these calculations, the theoretical lithium storage capacity
is 1701 mAh g, showing high LIB anode capacity.**” Upon
K insertion in graphdiyne, transformation of sp-hybridized
carbon to sp?-hybridized carbons, and theoretical capacities of
2870 mAh gt in monolayer graphdiyne calculated due to the for-
mation of C;Ky. As for Na, layering of graphdiyne for KIB anodes

www.advenergymat.de

lowers the theoretical storage capacity of K to 1700 mAh g%
The lower storage capacity of K in the layered structure was
assigned to the higher K migration barrier between the graph-
diyne layers (0.666 eV) than on the monolayer (0.175 eV).}”2l
The challenge now lies in synthesizing these monolayer graph-
diyne anode materials, and form stable interfaces with the bat-
tery electrolytes.

Recently, Zhang et al. explored the possibility of using the
carbon nitride 2D materials of C,N (Figure 11), C;N, and g-C3N,
as LIB anode materials.l>*®3%] From calculations of Li adsorp-
tion energies, C3N and g-C3N, were found to be unsuitable
for LIBs. It was however suggested that a nanotube version of
g-C3N, could show improved Li capacity, making this a more
suitable anode material for future investigation.?*® The theoret-
ical capacities calculated for the C,N material was 671.7 mAh g%
As for Li diffusion through graphene sheets, the Li diffusion
through the C,N sheet was found to be highly energetically
hindered (E,, = 7 eV), whereas the metal migration across the
material is more rapid.***! The migration barriers of on-plane
Na and K diffusion were reported to be 0.24 eV for Na, signifi-
cantly higher than on graphene, and 0.10 eV for K (the Li migra-
tion barrier for comparison on the same system is 0.25 eV).}”3l
DFT simulations further showed that C,N monolayers could be
a promising anode material worthy of experimental investiga-
tion with high theoretical specific capacity of 1181.9 mAh g for
Li, 599.72 mAh g! for Na and 385.81 mAh g for K.31 A 2D
nanoporous graphene was recently synthesized,’” and shown
through DFT simulations to have favorable AMIB properties
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Figure 11. Computational models of 2D anode materials of C,N
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(Reproduced with permission.%3l Copyright 2017, Wiley-VCH), graphdiyne

(Reproduced with permission.®¢l Copyright 2017, Elsevier), Zr,N (Reproduced with permission.B*¥’l Copyright 2020, Elsevier), Sb nanosheet (Repro-
duced with permission.B3%8 Copyright 2019, Elsevier), phosphorene (Reproduced with permission.% Copyright 2018, Royal Society of Chemistry), SiGe
(Reproduced with permission.%l Copyright 2019, Elsevier), silicene, germanene, and stanine (Reproduced with permission.’’% Copyright 2016, Royal
Society of Chemistry), puckered layer of GeS, GeSe, SiS, and SiSe (Reproduced with permission.’!l Copyright 2016, American Chemical Society), and
nanoporous graphene (Reproduced with permission.3%8 Copyright 2020 American Chemical Society).
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when doped with heteroatoms.?*®37° This further highlights
the importance of heteroatom doping and defect engineering
as a tool for anode design and optimization, and the power of
computational methods in guiding practical studies.

2D zirconium nitrogen (Figure 11) was studied for NIB anodes
by assessing different stable phases and functionalization (O, OH,
and F).’%l Among the considered ZrN, t-Zr,N, h-Zr,N,
t-ZrN,, h-ZrN,, and p-ZrN,, t-Zr,N was shown to be the most
stable. Functionalization of this 2D material with O improves
the Na adsorption energy (-2.042 eV for nonfunctionalized,
and —2.505 eV when O-functionalized), whereas OH- and
F-functionalization led to weaker Na adsorption (-1.095 and
—-0.791 eV, respectively).’®”) The trend Na adsorption
energy is also carried through in the theoretical capacity
(C,Zr,N=5459 mAh g (xpp max =4), C,Z1,NO, =469.4 mAh g}
(Xammax = 4), CZr,N(OH) = 413.1 mAh g7 (x¥avimax = 3-5)),
where C is calculated with Na adsorbing on both sides of the
2D surface.?*] As previously seen for graphene, the stronger
adsorption can also lead to higher metal migration barriers,
with Na migration at the nonfunctionalized Zr,N having E,
0.018 eV, and O-functionalized Zr,N 0.13 eV.’%”] Hence, this
material could be sensitive to electrolyte breakdown and SEI
constituents, slowing down NIB anode performance if func-
tional groups are allowed to bind to the surface.

Phosphorene is a single layer of black phosphorus and is
widely studied due to its similarity to graphene and graphite
in its layered structure. Each phosphorus atom is covalently
bonded to three other phosphorus atoms, forming the puckered
structure shown in Figure 11e.3>! As for graphene, vacancy
defects in the phosphorene plane lead to stronger metal adsorp-
tion.[’’®) When Li atoms are continuously adsorbed on phos-
phorene with a single vacancy defect, its dangling bonds will
be filled first, resulting in a semiconductor to metal transforma-
tion, which can improve the electrochemical performance.l3’¢!
A similar transformation from semimetallic to metallic con-
ductivity caused by Li adsorption have also been observed in
separate studies.?>>37-38%0 Tt was seen that there are strong
noncovalent interactions and extensive charge transfer between
the adsorbent and phosphorene, which will improve their
corresponding electronic properties.3>>377-380  Unfortunately,
phosphorene (Figure 11) is not thermally stable and is highly
reactive with air™ Hence, studies combining phosphorene
with other 2D materials are instigated.

DFT studies of lithium and sodium migration between the
hexagonal boron nitride (h-BN) and phosphorene layers and
above the surface of the phosphorene layer showed that struc-
tural anisotropy has an essential effect on metal migration.38!
This work revealed that the energy barrier along the zigzag
direction is far lower than that along the armchair direction,
while the other 2D materials (graphene, Ti;C;) have higher
diffusion barriers due to their isotropy. Moreover, the diffu-
sion barrier of h-BN/phosphorene is lower than that of isolated
phosphorene, suggesting the superior charge/discharge capa-
bility is improved by the heterostructure.[3® Moreover, the elec-
tronic properties of phosphorene/BN and its lithiated/sodiated
products have a bandgap of 0.68 V, which would limit electronic
conductivity. However, when phosphorene/BN is intercalated
with Li or Na, a semiconductor to metal transition occurs.8
Further systematic DFT studies of the effect of metal loading
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(which would reflect different stages in the electrochemical
cycle) on the electronic conductivity would be required to fur-
ther optimize these structures for practical anode applications.

2D Si (silicene), Ge (germanene), and Sn (stanine) have
been stipulated as possible anode materials based on the high
specific capacity of their alloying anode counterparts and the
previous successes of graphene.’82-384 Making the Si, Ge,
and Sn anodes as a 2D material removes the issues relating
to battery degradation arising from their high volume expan-
sions,[269:328,370.385380] although stability issues have been seen
under ambient conditions.?* Silicene, germanene, and sta-
nine have large surface area, high electron mobility, and
high mechanical flexibility.*®? As opposed to graphene, the
2D sheets are not flat, but are prone to buckling.38238 DFT
simulations of silicene, germanene, and stanine predicted that
these materials have high charge capacities, strong adsorption
of both Li and Na (with Li being more strongly bound at each
material and concentration than Na), and Li and Na migra-
tion follow a zigzag path, with migration barriers lower than
on graphene (Figure 12).382384386] Among these 2D materials,
the silicene surface provides the fastest diffusion path for both
Li and Na (E, 0.2, and 0.13 eV, respectively). Slightly higher
migration energies for Li (0.385 eV), and Na (0.23 eV) were
obtained for silicene in a separate study, concluding that Li
diffusion on silicene is similar to graphene, whereas Na diffu-
sion on graphene (E,, 0.14 eV) would be more rapid.’”® The
diffusion path through the sheet (through a hole site) was
found to be energetically unfavorable.l?%?

Building on the favorable anode properties found for the
silicene, germanene, and stanine, a later study modeled a 2D
material consisting of both Si and Ge for NIBs and KIBs.[¢%
This material, siligene (Figure 11), was predicted to be thermally
stable through DFT formation energy and phonon calculations,
and showed similar buckling to silicene and germanene.l3%%)
Surprisingly, adsorption energy calculations showed that both
Li and Na have similar adsorption energies at this surface
(Eags —0.85, and —0.84 eV for Li, and Na, respectively), whereas
K forms a much stronger bond (E,4s —1.24 eV). K had the lowest
calculated migration barrier, with Na and Li showing similar
migration barriers as on silicene and germanene. Voltage simu-
lations further showed that siligene would theoretically be suit-
able for LIBs, NIBs, and KIBs.%’]

Mixing a silicene and graphene layer was investigated by Shi
et al, resulting in a material with an interlayer distance of 3.53 A.7)
This layered silicene graphene heterostructure material was
shown to be able to accommodate large Li and Na concentra-
tions (Na intercalation in between bilayer graphene does also
become energetically favorable at =3.5 Al85111121,142,151,246]) DT
migration energy simulations also showed that the silicene
graphene material retains rapid metal migration with E,
0.36-0.40 eV for Li, and 0.19-0.30 eV for Na.’”%l Based on the
interlayer distance simulations of K-intercalated graphite, this
material would not be expected to be suitable for KIB anodes.
DFT stimulations should be employed to further investigate
these materials for KIBs, especially as this material has been
shown from simulations to have high structural stability
during battery cycling. The mechanical stiffness for the com-
bined material (383.45 N m™), and the isolated 2D structures
(65.78 N m™ for silicene and 292.78 N m™! for graphene) was
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Figure 12. Diffusion barriers from DFT simulations for a) Li on the
silicene (Si), germanene (Ge), and stanine (Sn) surfaces, b) Li diffu-
sion through the Si, Ge, and Sn plane through a hexagonal (hollow) site.
(c,d) The same for Na. The surface paths follow a zigzag pattern.
Reproduced with permission.l82 Copyright 2016, Elsevier.

calculated. The higher mechanical stiffness of the silicene gra-
phene heterostructure as compared to the isolated materials
showed that this anode will preserve its structure during battery
cycling and hence have better cycling performance, even though
volume expansions of 20% and 40% were observed upon lithi-
ation and sodiation respectively.’”%) Building on the research of
these rumpled 2D materials, other metals such as Sb have been
investigated computationally as rumpled nanosheets for AMIB
anodes. Bare (Figure 11d) and hydrogenated Sb nanosheets
were shown through B3LYP level DFT simulations to be ther-
modynamically stable, and to be suitable for NIB anodes.%! As
for the graphdiyne materials, computational materials design
has shown to be very efficient in predicting also noncarbon 2D

Adv. Energy Mater. 2022, 2200662 2200662 (20 of 29)

www.advenergymat.de

anode materials, and the next challenge is to make these a prac-
tical reality.

2D monochalcogenides such as 2D selenides (GeSe, SiSe)
and 2D sulfides (GeS, SiS) have also been investigated com-
putationally to explore their possible applications in AMIBs.
These 2D monochalcogenides are resistive to oxidation, and
are thermodynamically stable under ambient conditions.#371
2D selenides, such as GeSe (Figure 11), have been proposed
as anode materials due to their high surface area and superior
electronic properties.*3!l These materials are suggested to be
able to be grown through liquid or mechanical exfoliation. DFT
simulations of Li, Na, and K have shown that this 2D material
has energetically favorable metal adsorption (E,4 Li —1.92 eV,
Na -1.25 eV, and K -1.36 eV), and rapid metal migration
paths in the zigzag direction (E,, Li 0.29 eV, Na 0.12 eV, and
K 0.11 eV).41371 Metal migration could also be conceptually pos-
sible in the armchair direction, but leads to higher metal migra-
tion energies due to the stronger repulsion from the Ge ions.*’!
The higher Li migration energies are due to its stronger adsorp-
tion energy.¥! 2D GeSe can accommodate a maximum
of 8 Na, 6 K, and 2 Li per unit cell, whereas the bulk layered
material can only accommodate one AM ion in the unit cell.!
Hence the theoretical capacities of 177, 707, and 530 mAh g,
respectively, from voltage simulations of Li, Na, and K on 2D
GeSe are much higher than the theoretical capacity of the
layered bulk GeSe anode (89 mAh g! for Li, Na, and K).!!
Based on these computational studies, 2D GeSe could be a suit-
able anode material for NIBs and KIBs, but would have limited
success as a LIB anode. Other 2D monochalcogenides such as
SiS, SnS, SnS,, GeS, SiSe, and SnSe have also been investigated
as possible anode materials based on the previous successful
modeling of other 2D materials.’?®¥4 Lj has shown stronger
adsorption to the silicon-based monochalcogenides, with theo-
retical specific capacity calculated as 445.7 mAh g for SiS, and
250.44 mAh g! for SiSe 328371

In summary, DFT simulations allow for exotic 2D materials
to be assessed as anode materials for AMIBs. However, the
practical applications of these materials in batteries are not
straightforward, due to the challenges in synthesizing these
materials experimentally. The computational investigation of
Z1;N anodes also identified practical issues and breakdown
mechanisms, and similar treatment and analysis of other 2D
materials would be useful.

8. Summary and Perspectives

High-performance anodes remain one of the most critical
optimization and engineering challenges to achieve high-per-
formance alkali metal ion batteries. In this review, we have
outlined the current progress on LIB, NIB, and KIB anode
materials from computational studies. To date, anode materials
have largely been focused on graphite/graphene-based carbon
anodes. Based on the success in modeling graphene, a plethora
or other 2D anode materials have been suggested and investi-
gated computationally. A common approach to improve anode
performance is to couple graphene to other conversion, inter-
calation, and alloying anodes. The alloying anode materials,
whilst successfully modeled remains short of reaching their
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potential as an anode material due to large volume expansion.
To further optimize these anodes materials for practical applica-
tions, additional investigations are needed, and further research
into alloying-graphene (or other suitable materials with high
electronic conductivity and ability to restrain the volume expan-
sion) composites required.

Performance limiting processes in AMIBs such as irrevers-
ible capacity loss, phase stability, and sluggish diffusion, can be
probed using computational molecular modeling. The strength
of computational methods is to provide insight in the effect
of material composition and structure on materials proper-
ties, advancing materials design. This review has shown con-
clusively that atomic scale modeling can predict, verify, and
optimize anode materials for alkali-ion batteries. Computa-
tional materials design, as highlighted in this review article,
is manyfold. One successful approach to increase or tune
the intercalation and adsorption ability of anode materials
is through defects and dopants. Atomic scale computational
studies have been shown to be powerful in directly probing the
effect of both bulk and surface defects on capacity, voltage, and
diffusion, providing input to experimental studies. Indeed, DFT
studies have been further employed to show which defects or
heteroatoms should be avoided or limited in an anode material
as they would provide strong storage sites, but limit the revers-
ibility and cycling behavior. Similarly, simulations have shown
the effect of surface functionalization on anode performance
for both carbon-based and MXene anodes, further showing the
difference in AM interaction with the same surface function-
alization. Moving away from defects, dopants, and functional
groups, computational materials design has also been used to
directly probe the effect of interlayer distance in intercalation
and conversion-type anode materials. By altering the interlayer
distance, and indeed also the pore shapes, increased anode
performance could be proposed. Similarly, atomic design of
the crystal phase, structure, and degree of disorder and amor-
phousness has been pursued to increase anode performance
in both intercalation, alloying, and conversion-type anodes.
This has further led to easing of the transference from LIB to
KIB anodes, where the ionic radius of the AM ion varies. To
move forward, techniques and methodologies to model more
complex materials, heterogeneous materials and realistic inter-
faces are required, in addition to the already very powerful DFT
approaches currently in use.

Computational materials design has greatly accelerated the
AMIB field. Computational studies can be helpful in screening
materials, and present guides to improved materials proper-
ties through defect and dopant engineering. Future advances in
anode materials need to continue the exploration of novel struc-
tures, as well as continue to optimize current materials. More
wide integration of experiments with computational methods
to gain fundamental understanding of structure, composition,
defect, dopant, and electronic and mechanistic features of these
materials would be advantageous. Deeper atomic-scale and fun-
damental insights into local structures, heterogeneities, diffusion
mechanisms, electronic conduction, and interfaces with electro-
lytes will be needed to move to the next frontier. From experi-
mental characterization, there are problems about heat generated
during battery cycling, which would require the modeling and
understanding of high temperature thermodynamic processes.
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The ideal scenario for the computational modeling of any
material would be a one-size-fits-all approach, with no empir-
ical parameters and the only input needed being material com-
position or desired property. For atomic scale modeling, more
powerful computing facilities would eradicate many of the
challenges currently faced due to the need for approximations
and assumptions. As demonstrated in this review, significant
advances in computational materials science have been made.
Limitations do exist, and improvements and expansion of capa-
bilities are required. One of the areas that would lead to the
most impact in DFT and AIMD modeling of anode materials
is the development of better performing exchange-correlation
functionals. It has been suggested that the new meta-GGA
SCAN functionals would improve the modeling of layered
cathode materials,*3¥] as it can treat both dispersion and local-
ized states within the functional and as such it would be an
interesting topic to pursue for future modeling for the layered
anode materials. Extensive testing and benchmarking would be
required to evaluate both its accuracy, performance, and com-
putational expense as compared to the current state-of-the-art.

In practice, real systems are often inherently more hetero-
geneous than that can currently be handled by DFT and MD
simulations. MD melt quench methods followed by DFT opti-
mizations have been shown to be excellent to model some glassy
materials, but it is heavily reliant on experimental data to vali-
date the generated structures and show that the generated struc-
tures are representative of a physical system. Machine learning
potentials fitted against experimental pair distribution functions
of hard carbon materials have also been reported, but again the
length scales currently achievable with DFT simulations, and
the absence of MD interatomic potentials that can simulate
the electrochemical mechanisms, limits the modeling even of
these more realistic models to small motifs (<1000 atoms). Fur-
thermore, the dependence of these machine learning potentials
on training sets could limit the predictive powers needed for
computational materials design. Nevertheless, such machine
learning approach by coupling experimental and computational
data to understand the atomic scale mechanisms could be very
powerful and should be developed further. In depth reviews
of machine learning for materials design can be found in ref-
erencel’88-3%1 The next frontier in atomic scale computational
materials design should be scaling methods that allows for
larger systems to be modeled with DFT, and for longer AIMD
trajectories to be obtained within reasonable computational
expense and time. This would allow for both larger and more
complex systems to be investigated. Additionally, the possibility
to combine different methods for different materials within the
same simulation (for example, interfaces between metal and
semiconductors/insulators(®”) would advance the field.

An anode property that is typically not investigated to the
same extent as metal ion storage (relating to battery specific
capacity and voltage) and metal ion diffusion, but key to a high-
performing anode material, is electronic conductivity. Elec-
tronic conductivity contributes to high-rate performance and
can be calculated from DFT simulations but is dependent on
the knowledge of experimental relaxation time which is chal-
lenging to obtain. It is however possible to set a relaxation time,
and to comparatively investigate the electronic conductivity
between different materials. Experimentally, graphene has been
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composited (as also evident from the computational studies pre-
sented here that have layered different materials with graphene)
with both alloying and conversion type anode materials to
increase their electronic conductivity. For future anode studies,
the electronic properties (which can also be assessed in terms
of density of states and band structures), and their thermal
variations should be considered, especially in the high specific
capacity (here investigated in terms of stable formation of high
Li, Na, or K concentrations from intercalation or phase stability
simulations) alloying and conversion type anode materials.

Moving toward a working battery setup, it is not enough
to design a standalone high-performing anode material. The
anode material must form a chemically, thermally, physically,
and mechanically stable interphase with electrolytes, whilst at
the same time allowing for facile ionic diffusion across this
interphase. Additionally, this interphase might vary (forming
and reforming) over the electrochemical cycles. One of the
main breakdown mechanisms of LIBs, NIBs, and KIBs is
related to the anode electrolyte interphase, and computational
studies as the next frontier need to expand to not only consider
the isolated bulk or surfaces, but also these interphases. This is
however a nontrivial task. Homogeneous interphases are cur-
rently investigated computationally. More realistic, heteroge-
neous interphases that consider defects, disorder, amorphous
materials (or indeed amorphous domains in the interphase),
defects, dopant segregation to surface, electrolyte molecule dis-
sociation, grain boundaries, etc. are yet in their infancy. These
simulations would require “large” systems to be modeled with
DFT, and for the diffusion processes long AIMD trajectories,
bringing the attention to the development of more efficient
codes and HPC infrastructure.

Apart from the anode materials reviewed in this paper for
AM-ion batteries, it is wort noting that there is increasing
interest in using AM metals directly as anodes, #3939 in
next-generation batteries such as AM-O, batteries, AM-S bat-
teries, and AM solid state batteries, as they could provide the
highest theoretical specific capacity. Whilst beyond the scope of
the topic of this review, there remain challenges and opportu-
nities for computational materials design to support the devel-
opment of these next-generation batteries. One challenge with
AM metals anodes in AM-O, and AM-S batteries with liquid
electrolyte is the dendrite formation and growth, and the for-
mation and growth of the SEI. DFT and MD simulations could
be used to understand the dendrite formation and growth
mechanisms as well as the SEI formation mechanisms at the
metal-liquid electrolyte interface. DFT and MD simulations can
also be used to support the design of AM metal alloy and inter-
face engineering approaches to stabilize AM metals,’>3% ag
well as the design of novel electrolyte solutions to stabilize the
SEL1%I One possible solution allowing for the use of AM metal
anodes is to exchange the liquid electrolytes to solid ceramic
electrolytes.3994%0 Currently, a large research effort, accelerated
by DFT and MD simulations, is taking place in designing solid
electrolytes with ionic (i.e., Li, Na, and K) conduction compa-
rable to that of the liquid electrolytes. These solid electrolytes
were initially expected to mitigate the safety issues related to
the use of liquid electrolytes, but recent studies have suggested
that lithium dendrite formation could also be an issue at solid
electrolyte | lithium metal anode interfaces.'**1=4 To this
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end, further computational studies are required to pinpoint the
nucleation mechanisms at the AM metal|solid electrolyte inter-
face, leading to dendrite formation and interface breakdown,
as well as atomic-scale design of solid electrolytes themselves.
Moving away from AMIBs, but retaining the goal of using
metal anodes, multivalent ion batteries based on Mg, Ca, Zn,
and Al ions have been suggested.l’! These battery technologies
have the potential to provide higher capacity (due to the mul-
tiple electron transfer per metal cation) compared to the single
valent AMIBs, and have also been suggested to have improved
safety when coupling the metal anodes with liquid electro-
lytes.[2280405-407] Whilst these battery technologies remain less
well studied than their AMIB counterparts, computational
studies are excellently poised to translate the same materials
design strategy used when adopting LIB anodes to NIBs and
KIBs to the multivalent metal-ion battery anodes.

Finally, as evident from this review (and not surprising con-
sidering the timeline of technology development) KIB anode
materials are less studied computationally than NIB and LIB
anodes. Hence, there are opportunities for computational
studies to screen, validate, optimize, and modify the currently
investigate LIB and NIB anode materials for KIBs, and to pre-
dict novel ones. The anode materials currently studied computa-
tionally for AMIBs should further be evaluated for use in alter-
native technologies such as divalent batteries, sulfur batteries,
air batteries, etc. The current wealth of computational modeling
of anode materials have shown to be invaluable for materials
design and should continue to be incorporated with experi-
ments based on their success in materials optimization, mate-
rials discovery, and materials characterization, and will play an
integral part in the future work by also considering nanostruc-
tured materials, heterogeneities, composites, and compatibility
with electrolytes. Development of a screening methodology with
not only anode-specific properties, but also identifying anode
properties and materials that will be stable with electrolytes
and under different operating conditions will allow the practical
advances to accelerate by removing the number of anode-elec-
trolyte couples needed to be explored in a lab.
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