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Although lithium-ion batteries represent the best available rechargeable
battery technology, a significant energy and power density gap exists between
LIBs and petrol/gasoline. The battery electrodes comprise a mixture of active
materials particles, conductive carbon, and binder additives deposited onto a
current collector. Although this basic design has persisted for decades, the
active material particle’s desired size scale is debated. Traditionally,
microparticles (size range � 1lm) have been used in batteries. Advances in
nanotechnology have spurred interest in deploying nanoparticles (size range
1–100 nm) as active materials. However, despite many efforts in nano,
industries still primarily use ‘old’ microparticles. Most importantly, the bat-
tery industry is unlikely to replace microstructures with nanometer-sized
analogs. This poses an important question: Is there a place for nanostructure
in battery design due to irreplaceable microstructure? The way forward lies in
multiscale active materials, microscale structures with built-in nanoscale
features, such as microparticles assembled from nanoscale building blocks or
patterned with engineered or natural nanopores. Although experimental
strides have been made in developing such materials, computational progress
in this domain remains limited and, in some cases, negligible. However, the
fields hold immense computational potential, presenting a multitude of
opportunities. This perspective highlights the existing gaps in modeling
multiscale active materials and delineates various open challenges in the
realm of electro-chemo-mechanical modeling. By doing so, it aims to inspire
computational research within this field and promote synergistic collaborative
efforts between computational and experimental researchers.

INTRODUCTION

Rechargeable batteries have become an integral
part of our daily lives, finding diverse applications
in portable electronics, electric vehicles, grid energy
storage, and renewable energy systems.1 To drive
the advancement of modern society, the demand for
efficient, affordable, and safe energy storage solu-
tions is paramount.2 Presently, rechargeable
lithium-ion batteries (LIBs) stand as the dominant
technology in energy storage, yet a considerable

disparity persists in both energy and power density
compared to conventional fuels like petrol.3 Thus,
the development of novel high-rate electrode mate-
rials capable of rapid charge storage within min-
utes, rather than hours, is imperative to enhance
power output and reduce charging time in LIBs.4,5

These materials hold the potential to address chal-
lenges tied to electric vehicle adoption, grid-scale
energy storage, and the creation of high-power
devices.6

The energy and power density of LIBs are intri-
cately linked to the composition and particle size of
active electrode materials, which in turn influence
the electrode fabrication process.7 Hence, the delib-
erate selection of active electrode materials with(Received September 5, 2023; accepted December 5, 2023)
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specific particle sizes stands as a pivotal consider-
able in battery research. This issue has been
extensively explored by Jain et al.,7 who analyzed
the concept of nano- and microstructured electrodes.
Nanostructured electrodes encompass active mate-
rial particles within the 1–100 nm size range, while
microstructured electrodes employ particles of
micrometer size (� 1 lm). Presently, industrial
applications predominantly employ microstructure-
based electrodes.7 Over the past decades, significant
research has been dedicated to utilizing nanomate-
rials for energy storage.8,9 Nanostructured elec-
trodes offer distinct advantages such as heightened
high-rate performance, increased power density,
enhanced lithium solubility and capacity, dimin-
ished memory effects, as well as improved fracture
resilience and fatigue resistance.7

Despite the widespread implementation of strate-
gies like nanostructuring to bolster high-rate per-
formance in materials like LTO (Li4Ti5O12), such
approaches come with drawbacks including ele-
vated cost, instability, reduced volumetric energy
density, low initial Coulombic efficiency, limited
mass loading, and high manufacturing complexity
associated with nanoparticles.7 As a result, indus-
tries remain cautious about direct replacement of
nanostructured electrodes with microstructured
ones. However, microstructured electrodes have
their own limitations like lower gravimetric capac-
ity and reduced fracture resistance.7

Jain et al.7 have proposed a forward-looking
strategy that advocates for the utilization of multi-
scale active materials (MAMs), combining the fea-
tures of both nano- and microstructures. These
MAMs can be either engineered or natural. Engi-
neered MAMs (E-MAMs) might encompass
microparticles containing purpose-engineered nano-
pores or composites of nanoparticles and 2D mate-
rials. Natural MAMs (N-MAMs) refer to naturally
occurring oxide materials such as niobium tungsten
oxides (NTO) and molybdenum vanadium oxides
(MVO). Recent studies have demonstrated the
achievement of high rates in micrometer-sized
particles of complex oxides of niobium (T-Nb2O5),
ternary Nb/W oxides (Nb16W5O55 and Nb18W16O93),
and ternary Ti/Nb oxides (TiNb24O62 and
TiNb2O7).10

While experimental endeavors11–13 have show-
cased the remarkable potential of MAMs for next-
generation energy storage, progress on the model-
ing front has been relatively limited.14 Computa-
tional challenges have hindered the advancement of
MAM modeling. However, there exists an urgent
need for modeling progress to complement experi-
mental efforts. For instance, Lakhnot et al.14

recently compared different intercalation com-
pounds and highlighted the potential of layered
oxides and MAM open-tunneled oxides for multiva-
lent ion insertion. Yet, their analysis focused on
existing open-tunneled oxide materials, leaving
room for the exploration of novel compounds. This

quest is akin to finding a needle in a haystack, given
the vast material possibilities. Traditional trial-and-
error experimental approaches are unlikely to yield
optimal solutions, underscoring the urgency of
computational advances in the field of MAM.

This perspective provides a concise overview of
the limited strides made in MAM modeling, subse-
quently emphasizing the immense opportunities
and concurrent challenges within this emerging
domain. The structure of the paper is as follows:
Section ‘‘Advantages and disadvantages of nanoma-
terials’’ succinctly outlines the pros and cons of
nanomaterials, while Section ‘‘Multiscale active
materials (mam): the future’’ delves into diverse
MAMs for potential future applications. Sec-
tion ‘‘Modeling of Mam: Overview of Current Sta-
tus’’ offers a brief snapshot of the current status of
MAM modeling. In Section ‘‘Opportunities in Model-
ing of Mam,’’ potential computational challenges in
modeling MAM are elucidated. Section ‘‘Challenges
in Modeling Mam, Need For Experimental Valida-
tion and Mechano-Electrochemical Analysis’’ takes
a brief look at the modeling challenges pertaining to
MAM. Finally, Sect. ‘‘Conclusions’’ concludes the
perspective, with the anticipation that this paper
will galvanize the computational community to
engage with these challenging problems and foster
productive synergistic computational-experimental
collaborations.

ADVANTAGES AND DISADVANTAGES
OF NANOMATERIALS

In a concise analysis, the advantages and disad-
vantages of nanomaterials for energy storage can be
summarized as follows. A more comprehensive
elaboration can be found in the work of Jain et al.7

Nano-Versus Microstructure for Battery
Electrodes: What Are the Advantages of Nano?

Mechanics

The implementation of nanostructuring yields
enhanced mechanical stability compared to
microstructuring.15,16 The nanoparticles’ diameter
exists within or beneath the typical crack size
range, mitigating the occurrence of fractures.
Nanoparticles exhibit a more uniform intercalation
behavior than microparticles, thereby reducing
strain inconsistencies and particle fractures. Con-
sequently, this leads to an improvement in the
fracture toughness and fatigue life of batteries.17

Kinetics

Nanostructuring proves favorable for swift charg-
ing/discharging, high-rate operations, and high-
power density.18,19 The ion diffusion time is denoted

as s ¼ k2=D (where k signifies the transverse length
dependent on particle size, and D stands for diffu-
sion coefficient).15,18 The maximum attainable
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C-rate limited by bulk diffusion is given by20

CD ¼ 3600D=k2. Therefore, transitioning from
microparticles (k � 1lm) to nanoparticles
(k � 1lm) reduces s and enhances CD.

Thermodynamics

Microstructured electrodes entail negligible
excess surface energy. Nonuniform intercalation
can trigger early phase transformations.21 In con-
trast, nanostructured electrodes significantly ele-
vate the free energy of constituent phases,
consequently altering the voltage profile.22 Phase
transitions occur rapidly, releasing excess free
energy originating from lattice mismatch and high
surface area.23

Transport

(1) Ion Transport: Nanostructures can enhance
ion diffusion, but they may also lead to ion trapping
or concentration gradients, affecting long-term sta-
bility. (2) Electron Transport: Nanostructures can
facilitate electron transport paths, reducing resis-
tive losses. (3) Heat Transport: Nanostructures can
improve thermal conductivity, helping manage tem-
perature rise and enhancing safety.

Nanomaterials Have Many Advantages. Why
Does the Industry Still Prefer Micromaterials?

Poor Volumetric Energy Density

While most academic studies emphasize gravi-
metric energy density (Wh/kg), practical energy
storage in confined spaces necessitates maximizing
energy within limited volume, emphasizing volu-
metric energy density (Wh/L).24 Nanoparticle-based
electrodes suffer from poor packing density due to
void spaces between nanoparticles.25

Reduced Coulombic Efficiency

The small size and ultrahigh specific surface area
of nanomaterials have dual effects. On one hand,
these attributes enhance fracture resistance, fati-
gue life, and rapid diffusion. Conversely, electrolyte
decomposition at nanoparticle surfaces generates
substantial solid-electrolyte interphase (SEI) during
the initial cycle,26 significantly diminishing Coulom-
bic efficiency.27,28

Low Mass Loading and Aggregation

Industries aspire to achieve high mass loading
(20–30 mg/cm2) for electrodes. This goal is unattain-
able with nanomaterials because of their relatively
low tap density.29,30

High Cost and Complexity

Apart from elevated costs,31 the manufacturing of
nanostructured electrodes on a large scale poses
challenges,32 leading to the generation of environe-
mentally harmful chemical waste.15,33,34 Addition-
ally, nanostructuring necessitates suplementary
post-processing.7,31

MULTISCALE ACTIVE MATERIALS (MAM):
THE FUTURE

Both Nano and Micro Have Pros and Cons.
What Is the Transformative Solution?

The realm of both nano- and microscale materials
carries its own set of advantages and disadvantages.
So, what is the groundbreaking solution? As shown
in Fig. 1, the answer lies in multiscale active
materials (MAM), a concept that merges microstruc-
tures with nanoscale features. By harnessing the
appealing attributes of both nanoparticles (NPs)
and microparticles (MPs) within a single entity, we
can truly leverage the best of both domains. MAMs
can be classified into two main types:

N-MAM: Natural Multiscale Active Materials

Certain microscale materials exhibit inherent
nanoscale channels or tunnels. A fascinating exam-
ple of such materials is complex oxides, a domain
relatively less explored by the computational
chemo-mechanics community. The likes of niobium
tungsten oxide (NTO)11 structures (Fig. 2a), includ-
ing Nb16W5O55 and Nb18W16O93, belong to the
Wadsley-Roth type of crystallographic shear struc-
ture.10 Similarly, molybdenum vanadium oxide
(MVO)14 structures (Fig. 2b) come in different
polymorphs: orthorhombic (MoV2O8), trigonal
(MoV3O6), and tetragonal (MoVO5), each boasting
distinct internal tunnels such as hexagonal, hep-
tagonal, pentagonal, and rectangular
configurations.

E-MAM: Engineered Multiscale Active Materials

This category can be divided into two
subcategories:

(1) Engineered Nanoporosity: Micrometer-
sized alloy-based particles can be endowed
with nanometer-sized pores (Fig. 1) through
various methods.35,36

(2) Assembly of Nanoscale Constitutents:
This class encompasses several approaches:

(a) NP + NP Ensemble: Various techniques can
assemble NPs into larger MPs37–39 (Fig. 3a).

(b) NP + 2D Materials: The realm of 2D materi-
als40–45 and heterostructures46,47 has
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garnered immense interest in mechanics,48,49

finding applications in diverse fields including
batteries.50–52 By integrating 2D materials
with NPs (Fig. 3b),53–55 an array of engineered
E-MAM structures can be formed, propelling
innovation and progress in energy storage.

MODELING OF MAM: OVERVIEW
OF CURRENT STATUS

From an electro-chemo-mechanical perspective,
the following four interconnected challenges
demand immediate attention:

� Interfacial Mechanics in E-MAM: E-MAMs
comprise composite electrodes constructed from
NP-NP or NP-2D material systems (Fig. 3).

Consequently, comprehending interfacial phe-
nomena stands as a pivotal factor in effectively
designing E-MAM.

� Mechanics of MAM Electrode-Electrolyte
Interface and SEI Formation: In practical
applications, electrodes interact with elec-
trolytes. Addressing the issue of chemically
unstable electrodes is imperative, leading to
the study of electrode stability within electrolyte
environments and the elimination of chemically
unstable counterparts. Moreover, for stable elec-
trodes, understanding the formation of SEI and
exploring the mechanical characteristics of SEI
products carry significant importance.

� Mechanics of MAM Electrodes During
Charge/Discharge: The process of charge and
discharge triggers a range of chemo-mechanical
alterations in electrodes, including stress gener-
ation, volume fluctuations, and fracturing. Com-
posite electrodes, like E-MAM, experience stress
both at the interfaces and within the active
materials themselves. Excessive interfacial
stress might lead to fractures, delamination,
and eventual failure of the active materials.
Similarly, N-MAM undergoes various chemo-
mechanical phenomena during charge/dis-
charge.

� Data-Driven Mechanics of MAM Electrodes:
Tackling the computational modeling of the
aforementioned challenges presents notable com-
plexities. Particularly, performing density func-
tional theory (DFT) simulations prove
computationally demanding. Challenges are also
apparent in executing molecular dynamics (MD)
simulations because of the absence of appropri-
ate interatomic potentials. Furthermore, contin-
uum modeling struggles to accurately determine
properties at the atomic scale, such as adhesion.
Thus, an urgent need arises to develop a
machine learning framework capable of effi-
ciently predicting interfacial mechanical proper-

Fig. 1. Engineered and natural multiscale active materials (MAM) for next-generation energy storage. (a) Typical battery electrode architecture
comprising a mixture of active materials particles, conductive carbon, and binder additives deposited onto a current collector. (b) examples of
multiscale particles-microparticles (size range � 1lm) with nanopores inside. (b1) engineered multiscale active materials (E-MAM): micrometer-
sized alloy-based particles endowed with nanometer-sized pores through various methods. (b2) Natural multiscale active materials (N-MAM):
Wadsley-Roth type of crystallographic shear structure such as niobium tungsten oxides having naturally occurring nanopores inside.

Fig. 2. Examples of N-MAM: Class of (a) niobium tungsten oxides
(NTO), (b) various molybdenum vanadium oxides (MVO).
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ties, the formation of electrode/electrolyte inter-
phases, and the chemo-mechanical attributes of
electrodes during the charge/discharge process.
This framework would significantly advance the
understanding and manipulation of MAM mate-
rials.

In summation, addressing these challenges in MAM
electro-chemo-mechanical systems not only
advances fundamental scientific understanding
but also paves the way for innovation that can
revolutionize energy storage and related fields.

Progress on Interface Mechanics of MAM

The realm of E-MAM encompasses composite
electrodes skillfully crafted from the assembly of
NP-NP and NP-2D materials. A fundamental grasp
of interface mechanics is pivotal in ensuring the
optimal functionality of E-MAM. A central question
emerges: how do we judiciously select the most
suitable combinations of E-MAM, specifically NP-
NP and NP-2D materials assembly? A hypothesis
can be posited that the strength of interfaces
correlates with interfacial charge transfer, bonding
characteristics, and potential gradients. Key param-
eters for scrutiny encompass interface adhesion,
quantified by the work of separation (Wsep),56–59

between NP-NP and NP-2D materials, and the
establishment of a connection between interface
adhesion or work of separation (Wsep) and aspects

such as interface charge transfer,60,61 bonding, and
potential gradient.

Recent efforts have delved into the examination of
3D/3D and 3D/2D interfaces through atomistic and
molecular simulations. Basu et al.56 explored adhe-
sion (measured by Wsep) across selected 3D/3D and
3D/2D interfaces. For instance, the combination of
amorphous silicon (a-Si) and various substrates
(Fig. 4a) was investigated. The Wsep value for the
a-Si/graphene system was approximately one-fifth
of those observed for Cu and Ni substrates and less
than half of the a-Si/a-Si substrate pairing. This
suggests that graphene fosters a lubricious interface
with the a-Si film. Sharma et al.58 delved into the
correlation between interface strength and charge-
transfer (Fig. 4b1) and potential energy gradients
(Fig. 4b2). Increased charge transfer was found to
signify robust binding.

Sharma et al.58 recently significantly expanded
the understanding of various 3D/2D interfaced
systems. Through a comprehensive DFT analysis,
they delved into interface strength and bonding
mechanisms between crystalline and amorphous
selenium (Se) with graphene—a promising duo for
energy storage applications. The interface strengths
of monoclinic Se (0.43 J/m2) and amorphous Si with
graphene (0.41 J/m2) were found to be comparable.
While both materials (c-Se, a-Si) were loosely
bonded to graphene through van der Waals (vdW)

Fig. 3. Examples of E-MAM: (a) Microparticles from nanoparticles, (b) 2D material-integrated nanoparticle assembled microparticles.
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forces, a-Si/graphene exhibited higher interfacial
electron exchange, indicative of robust binding.

Sharma et al.57 further explored the influence of
surface-engineered Ti3C2 MXenes on the interface
strength of silicon. Different Ti3C2 MXene sub-
strates with surface functional groups (-OH, -OH
and -O mixed, and -F) were considered. Results from
DFT analyses unveiled that completely hydroxy-
lated Ti3C2 boasted the highest interface strength
(0.60 J/m2) with amorphous Si. This strength dwin-
dled with increasing proportions of surface -O and -
F groups. In another study, Sharma et al.59 delved
into the implications of a graphene interface on
potassiation in a graphene-selenium heterostruc-
ture cathode for potassium-ion batteries. A compar-
ison with a graphene-free cathode highlighted the
profound structural and electrochemical alterations
introduced by a vdW graphene interface to the KxSe
cathode.

Progress on Mechanics of MAM
Electrode-Electrolyte Interface and SEI
Formation

Within the realm of MAM, the interplay between
chemical and mechanical attributes is crucial at the
electrode-electrolyte interface. Electrodes prone to
chemo-mechanical instability can exhibit unfavor-
able reactions with electrolytes, leading to the
production of excessive interphase products and
subsequent structural deterioration. For optimal
performance, a SEI should possess elasticity and
flexibility, allowing adaptation to non-uniform elec-
trochemical behavior and the dynamic changes in
active materials. Therefore, it becomes paramount
to explore whether electrodes maintain chemo-me-
chanical stability when interacting with

electrolytes. Those deemed ‘unstable’ should be
discarded. In contrast, for ‘stable’ electrodes, a
comprehensive understanding of SEI formation
mechanism and the mechanical properties of the
resultant SEI layer is essential. Additionally, the
behavior of the electrode/electrolyte interface will
inevitably vary based on the nature of electrolyte,
whether organic or aqueous.

Kim et al.62 embarked on MD simulations to
dissect the influence of different electrolytes on the
structure and evolution of the SEI in LIBs (Fig. 5).
Their investigation centered on the formation and
expansion of the SEI within a graphite anode,
considering ethylene carbonate (EC), dimethyl car-
bonate (DMC), and mixtures of these electrolytes.
The resulting SEI films from EC-rich environments
exhibited a significant presence of Li2CO3 and Li2O,
while LiOCH3 dominated the composition of DMC-
derived films. Impressively, the computed formation
potentials, measuring 1.0 V versus Li/Li + , aligned
closely with experimental measurements. More-
over, they evaluated the elastic stiffness of SEI

Fig. 4. (a) Interface adhesion and (b) its correlation with (b1) charge transfer and (b2) potential energy gradient. Reproduced with permission
from Refs. 56 and 58. Copyright 2018 and 2021 American Chemical Society.

Fig. 5. SEI (solid electrolyte interphase) formation between graphite
anode and EC electrolyte. Reproduced with permission from Ref.
62.

Datta



films, revealing their greater rigidity compared to Li
metal yet retaining some compliance when com-
pared to graphite anode.

However, up to the present moment, there has
been a noticeable lack of progress in studying the
interface between MAM electrodes and electrolytes.
The intricacies inherent in these systems have
contributed to this gap in knowledge. Consequently,
the study of MAM electrode/electrolyte interactions
remains an unexplored frontier brimming with
immense potential for breakthrough and discover-
ies. As researchers continue to delve into this
uncharted territory, the insights gained could cat-
alyze transformative advancements in energy stor-
age technology.

Progress on Mechanics of MAM Electrodes
During Charge/Discharge

Studies on E-MAM

In the realm of MAM, comprehending the intri-
cate mechanics that unfold during charge and
discharge cycles holds pivotal significance. A com-
pelling exploration lies within the phenomenon of
charge/discharge-induced interfacial sliding, which
is instigated beyond a critical stress threshold. The
occurrence of fracture at the interface hinges upon
the concentration profiles of intercalated atoms.
Remarkably, studies in this domain remain rela-
tively scarce, contributing to a dearth of insights
into the mechanics governing MAM electrodes
during these processes.

In the context of E-MAM, Basu et al.56 undertook
Grand Canonical Monte Carlo (GCMC) calculations
to investigate interfacial stress dynamics during
lithiation and delithiation. Focusing on two scenar-
ios—(1) a-Si interfaced with a-Si and (2) a-Si
interfaced with graphene—their findings unveiled
lower interfacial stress during the cycling of the a-
Si/graphene interface compared to the a-Si/a-Si
counterpart. Remarkably, the performance of the
a-Si/graphene interface surpassed that of non-slip-
ping a-Si/Cu and a-Si/Ni interfaces (Fig. 6a) during
cycling.

Studies on N-MAM

Turning to N-MAM, the mechanics of charge/
discharge processes take on diverse complexities. In
the case of NTO N-MAM, stress generation and
fracture behavior are orchestrated by the crystallo-
graphic block structures. These structures facilitate
lattice rearrangement, mitigating the impact of
volume expansion. In the context of MVO N-MAM,
the nanoporous geometry and tunnel shape play
pivotal roles in influencing mechanical stability,
kinetics, and thermodynamics. Hence, a thorough
analysis of the interplay among crystal blocks,
nanopore geometry, and tunnel shape is essential
in understanding the electro-chemo-mechanical
behaviors of N-MAM.

Kocer et al.63,64 delved into the world of cation
disorder and lithium insertion mechanisms within
Wadsley-Roth crystallographic shear phases
through first-principles investigations. Figure 7
exemplifies the lithiation of the Nb12WO33 struc-
ture, accompanied by lattice contraction along
specific crystal directions that effectively buffer
volume expansion. Their work underscores the
evolution of localized and long-range electronic
structures during lithiation, contributing to the
enhanced performance of these materials as battery
electrode. These insights, originating from the
intrinsic crystallographic shear structure, likely
hold relevance for various crystallographic shear
phases involving niobium-titanium oxide or pure
niobium oxide.

In the intricate realm of MVO N-MAM, the
interplay between tunnel shapes and intercalation
mechanisms assumes paramount importance. As
exemplified in Fig. 8, the insertion of Ca into the
rectangular tunnel of tetragonal MVO (MoVO5)
leads to extensive structural distortion. In contrast,
the insertion of Ca into a pentagonal tunnel induces
no such distortion. Hence, a meticulous study of
tunnel shapes is imperative when evaluating the
intercalation mechanism and electrode stability of
MVO for specific multivalent-ion-based energy stor-
age applications.

Progress on Machine Learning Modeling
of MAM Electrodes

The landscape of E-MAM is characterized by a
plethora of possibilities arising from the diversity in
nanoparticle (NP) shapes, sizes, and materials, as
well as the intricate combinations of 2D materials
with various NPs. Similarly, the realm of N-MAM
boasts a myriad of potential compositions65 and
stoichiometries, presenting a challenge akin to
finding a ‘‘needle in a haystack.’’ Unveiling the
optimal MAM configuration within this complexity
is akin to solving a complex puzzle. As elucidated,
atomistic studies prove computationally expensive,
thus rendering the development of a machine
learning framework for rapid prediction of MAM
properties an urgent necessity. However, the scar-
city of training data currently hampers the progress
of machine learning initiatives in this direction.

Recently, Sharma et al.66 developed MHDNN
(Modified High-Dimensional Neural Networks)
(Figs. 9, 10). Figure 9 shows a MHDNN model,
trained by computationally expensive DFT data to
develop machine-learned potential energy surfaces
(PES). However, this model considers only ‘‘short-
range energy,’’ i.e., interaction between atoms closer
to each other than a cutoff radius Rc, irrespective of
physical nature of interactions. Atom-centered sym-
metry function (ACSF) represents structural infor-
mation. The atomic interactions are described by
the local chemical environments instead of using a
single neural network for the global PES.
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Accordingly, the sum of atomic energy (Ei
j) con-

tributes to total potential enegy,

Eshort ¼
Xn

i¼1

XNi

j¼1

Ei
j ð1Þ

Here, n is the number of elements in the system,
and Ni is the number of atoms of element i (Fig. 9).

In MHDNN (Fig. 9b), the weights and architecture
of all atomic neural networks (ANN) are same. This
ensures the invariance of total energy against
interchanging of atoms within the network. Thus,
MHDNN permits easy size extrapolation if new
atoms are added.

Fig. 6. (a0) 3D + 3D and (b0) 2D + 3D interfacial stress: (a1, b1) Structural variation during charge/discharge, (a2, b2) interface stress is high
between Si, Si (3D + 3D) but low between Si and graphene (3D + 2D). Reproduced with permission from Ref. 56.

Fig. 7. LixNb12WO33: Structural change of Wadsley-Roth crystallographic block upon lithiation (DFT study). Reprinted (adapted) with permission
from Ref. 63. Copyright 2019 American Chemical Society.
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Example Problem

Sharma et al.66 implemented MHDNN to study
formation energy of Sn-graphene interface (Fig. 10).
The MHDNN was trained by equilibrium energy of
several structures: single and bilayer graphene,
bulk Sn allotropes, a few Sn atoms on graphene
surface, and bulk Sn with different phases (a; b).
The machine learning-predicted (Epredict) and DFT-
computed (EDFT) energy agrees reasonably well
(Fig. 10).

While strides have been made in MAM through
machine learning, challenges persist because of the
intricacies of computational endeavors. In the
broader context of materials modeling, the work by
Sharma et al.66 remains a pioneering effort, partic-
ularly in the domain of interfaces. This underscores
the vast untapped potential within this realm. In
the subsequent section, we delve into some of the
open problems that demand exploration and
innovation.

Fig. 8. Chemo-mechanical instability of tetragonal MVO upon Ca intercalation at rectangular tunnel (DFT study). Work in progress by the author.

Fig. 9. Comparative schematics of HDNN for bicomponent (Sn|C) system: (a) HDNN by Behler and Parrinello (BPNN) for bicomponent systems
where weights and architecture of atomic neural networks (ann) are the same for single chemical species. Red-ann in set-a corresponds to Sn
atoms, and yellow-ann in set-b corresponds to C atoms and (b) modified HDNN in the present study for bicomponent systems. Weights and
architecture of all atomic neural networks (ann) are the same and correspond to the Sn|C system rather than single species. Atomic species are
differentiated by the added feature of atomic number. Reproduced with permission from Ref. 66. Copyright 2022 American Society of
Mechanical Engineers (Color figure online).

Fig. 10. Test structures Sn over graphene. Epredict and EDFT are total
energies predicted by MHDNN and DFT, respectively. The dashed
sphere with cut-off radius Rc = 8.9Å represents chemical
neighborhood that was observed for all atoms in the system.
Reproduced with permission from Ref. 66. Copyright 2022 American
Society of Mechanical Engineers.
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OPPORTUNITIES IN MODELING OF MAM

The landscape of MAM is rife with intricate
challenges and uncharted territories. The potential
for groundbreaking discoveries is vast, yet the
complexities involved necessitate focused efforts
and innovative approaches. Here, we outline a few
key challenges and open questions that beckon
exploration in the realm of MAM.

Table 1 summarizes some potential MAM systems
that can be studied to get started in this completely
open field.

Interface Mechanics of E-MAM Electrodes

Interface Adhesion Study

The adhesion between interfaces is a critical
factor in determining the stability and performance
of MAM systems. To assess the interface adhesion, a
fundamental step is computing the work of separa-
tion (Wsep), as outlined in Eq. 2, for various NP +
NP and NP + 2D materials systems (Table 1,

Fig. 11). This computation aids in quantifying the
energy required to separate two materials from the
interface, revealing insights into their adhesive
properties. A closer look at the equation56 and

considerations for its calculation can provide valu-
able insights:

Wsep ¼ S1 þ S2 � c12 ¼ Etot
1 þ Etot

2 � Etot
12

� �
=A ð2Þ

Here Si is the surface energy of slab i (i ¼ 1; 2), c12

is the interface energy, and Etot
i is the total energy of

material i (i ¼ 1; 2). Etot
12 is the total energy of the

combined system. A is the interface area.
In practical terms, this equation encapsulates the

energy associated with detaching two materials
from each other across an interface. The greater
the required energy, the stronger the adhesive
interaction between the materials is. Notably,
implementing DFT67,68 calculations using vdW-in-
clusive generalized gradient approximation
(GGA)69,70 functionals is a powerful approach for
computing Wsep in various NP + NP and NP + 2D
systems. As demonstrated in Fig. 4a, this process
involves determining the total energy of individual

materials (Etot
1 , Etot

2 ) and the combined system (Etot
12 ),

factoring in the surface energies (S1, S2) and
interface energy (c12).

Sharma et al.58 explored this concept in their
work, revealing that factors like intercalation (e.g.,
lithiation) do not significantly influence Wsep. This

Table 1. Different systems and parameters that can be studied

E-MAM
N-MAM Collect crystal structures from existing

databaseNanoparticles 2D Materials

Si – Silicon Graphene: pristine and defective Niobium Tungsten Oxides (NTO): Nb12WO33, Nb14W3O44,
Nb16W5O55, ……, etc.

Molybdenum Vanadium Oxides (MVO): Orthorhombic
(MoV2O8), Trigonal (MoV3O6), Tetragonal (MoVO5), ….,

etc.

Se – Selenium TMD: MoS2, WS2
Sn – Tin MXene: Ti2C, Ti3C2 (different termina-

tion)S – Sulfur
Ge - Germanium
NP + NP: Si + Si, Se + Se, ……

NP + 2D materials: Si + graphene, Sn + MoS2,
Se + Ti2C, …

Different NP size, shape (orientation)
Ion Intercalation Type: Only Li+ Ion Type: Li + , Ca + 2

Electrolytes: Non-aqueous (EC, DMC); Aqueous (LiTFSi)

Fig. 11. In E-MAM, NP-NP and NP-2D materials interface.
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implies that variations in interface adhesion due to
intercalation may not be a critical concern. Instead,
focus can be directed toward understanding and
controlling the intrinsic adhesion between different
materials at interfaces.

The analysis of interface adhesion serves as a
pivotal cornerstone in designing robust MAM sys-
tems, guiding the selection of materials and config-
urations that can withstand the demands of electro-
chemo-mechanical processes. By mastering the
intricacies of interface adhesion, researchers can
contribute significantly to the advancement of
energy storage technologies and related fields.

Correlating Potential Gradient (u) with Wsep

Sharma et al.58 shed light on a fascinating
correlation between the potential gradient (u) and
Wsep for interfaces involving Se/graphene and
Si/graphene systems (Fig. 4b2). This innovative
analysis holds the potential to unveil deeper
insights into the interplay between electrostatic
and adhesive properties at interfaces. The correla-
tion hinges on the gradient of the electrostatic
potential (u), which is computed perpendicular to
the interface. This gradient, represented as du=dz,
is calculated using the formula:

du=dz ¼ USe �Ugraphene

� �
=d ð3Þ

Here, USe and Ugraphene denote the electrostatic
potentials of Se and graphene, respectively,
obtained through DFT calculations. d signifies the
interface gap.

The correlation between u and Wsep opens doors
to a deeper understanding of how electrostatic
forces influence adhesive properties. The connection
between these two factors provides a novel perspec-
tive on interface behavior, potentially guiding mate-
rial selection, and design considerations. This
methodology could potentially be extended to
diverse systems, investigating the correlation
between u and Wsep for a range of interfaces.

By revealing the intricate interplay between
electrostatic potential and interface adhesion, this
correlation empowers researchers with a valuable
tool for predicting and optimizing the performance
of MAM systems. As scientists further explore this
avenue, new insights could emerge, ultimately
advancing the development of energy storage
technologies.

Interfacial Charge Transfer and Bonding Character

The analysis of interfacial charge transfer (q) and
bonding character in MAM interfaces offers a
profound insight into the intricacies of their elec-
trochemical behavior and structural stability.
Recent work by Sharma et al.58 (Fig. 4b1) high-
lighted the significance of Bader charge transfer in
understanding interface dynamics. Extending these

analyses to various interfaces could unravel further
complexities and correlations, enriching our under-
standing of MAM systems.

The assessment of interfacial charge transfer60,61

(q) involves quantifying the exchange of electrons
across the interface. This process not only influences
the electronic structure but also affects the adhesive
properties and electrochemical behavior of MAM
interfaces. To comprehend the relationship between
q and adhesive properties, similar analyses, like
those demonstrated by Sharma et al.,58 can be
conducted across diverse interfaces. The subsequent
correlation of q with the Wsep can shed light on the
role of q in interface adhesion. Unraveling the
bonding character at MAM interfaces is equally
pivotal. The electron localized function (ELF)71

offers a powerful tool for mapping the distribution
of electron density,60 revealing insights into the
nature of chemical bonds and their strength across
the interface. Employing ELF analysis across var-
ious interfaces can provide a nuanced understand-
ing of interfacial bonding. This information is vital
for predicting the chemo-mechanical stability, reac-
tivity, and durability of MAM systems.

These detailed analyses hold transformative
potential. By combining insights from interfacial
charge transfer and bonding character, researchers
can identify E-MAM configurations with favorable
Wsep, marking them for further investigation.
Notably, the absence of such interfaces in N-MAM
simplifies this aspect.

Fig. 12. (a) Interphase formation between MAM electrode and
electrolyte. (b) (b1) SEI formation, (b2) SEI mechanical properties
computation.
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Mechanics of MAM Electrode-Electrolyte
Interface and SEI Formation

Chemo-Mechanical Stability Between E-
and N-MAM Electrodes and Electrolytes

Interphase Formation, Structural Stability, and
Interface Stress Undesirable chemical reactions at
the electrode/electrolyte interface can initiate
chemo-mechanical degradation, compromising the
performance of MAM systems. For instance, the
dissolution of transition metals like Mn and Ni in
organic liquid electrolytes is a recurring issue with
many Mn-containing electrodes, leading to struc-
tural distortions.72,73 The consequences of these
reactions are particularly pronounced at the inter-
face, where structural integrity is compromised.
Prior to delving into processes of intercalation and
deintercalation (charge and discharge), it is imper-
ative to assess the electrode stability itself. Evalu-
ating electrode stability ensures that the
electrochemical reactions occur under controlled
conditions. Figure 12a shows a setup for elec-
trode/electrolyte interface stability calculations.

Classical MD simulations can provide insights
into interface stability for systems where suitable in-
teratomic potentials are available. However, for
complex systems lacking appropriate potentials,
ab initio molecular dynamics (AIMD)74,75 calcula-
tions offer an alternative. AIMD simulations delve
into quantum-level interactions, but their feasibility
decreases with system size due to computational
challenges. Chemical reactions between electrodes
and electrolytes generate interphase products at the
interface. In cases of unstable electrodes, the width
of these interphase products (d) continues to
increase over time. To comprehensively understand
the implications of these interphases, detailed anal-
ysis76 of their composition width and stress77 (rint) is
essential. Identifying the critical stress levels at
which interphases undergo rapid expansion is piv-
otal, as this threshold signifies the point at which
degradation becomes prominent.

Through this systematic analysis, researchers can
gain insights into the interplay among interphase
formation, structural stability, and mechanical
stress at electrode-electrolyte interfaces. Armed
with this knowledge, they can make informed
decisions regarding material selection, electrode
design, and the development of protective layers to
enhance the overall performance and durability of
MAM systems.

Correlation of Interphase Formation Energy (Ef )
and Maximum Interface Stress ðrintÞ Understand-
ing the correlation between the interphase forma-
tion energy40,41,50 (Ef ) and maximum interface
stress (rint) provides deeper insights into the driving
forces behind interphase growth and structural
stability. The Ef is a pivotal parameter that

characterizes the energy required to create inter-
phase products at the electrode/electrolyte inter-
face. The Ef can be computed with DFT for all cases
as:

Ef dð Þ ¼ E dð Þ � Eelectrolyte ð4Þ

Here, E dð Þ and Eelectrolyte are energies of inter-
phase and electrolytes, respectively. This value
signifies the thermodynamic stability of the inter-
phase in the given system. Maximum electrode/elec-
trolyte interface stress (rint) refers to the highest
stress due to chemo-mechanical interactions. This
stress can arise from factors such as volume
changes, chemical reactions, and interphase
growth. Identifying the critical threshold at which
rint triggers interphase growth and structural dete-
rioration is a key aspect of ensuring electrode
integrity.

By correlating Ef with rint, researchers can glean
insights into the interplay between thermodynam-
ics and mechanics at the electrode/electrolyte inter-
face. A strong correlation might suggest that higher
interphase formation energies correspond to higher
interface stresses. This insight could indicate that
energetically favorable interphase formation is
associated with increased structural strain. Con-
versely, a weak or negative correlation could indi-
cate that the interphase formation is driven by
mechanisms other than mechanical stress. This
could encompass electrochemical factors, interface
charge transfer, or dynamic interfacial processes. In
summary, the correlation of Ef and rint adds a new
layer of understanding to the behavior of MAM
systems at the electrode/electrolyte interface. This
correlation could help elucidate the complex inter-
play between thermodynamics stability and
mechanical stress, ultimately informing strategies
for designing stable and long-lasting energy storage
devices.

Mechanics of SEI Formation and Its Mechanical
Properties

In the journey of understanding MAM electrode-
electrolyte interfaces, the mechanics of SEI forma-
tion takes the center stage. This aspect is critical for
stable MAM systems, as described in Sec-
tion ‘‘Chemo-Mechanical Stability Between E- and
N-MAM Electrodes and Electrolytes.’’ Investigating
SEI formation during charge and discharge stages
offers valuable insights into the behavior of these
materials.

Mechanical Properties of SEI SEI formation during
intercalation and deintercalation stages is a
dynamic process that significantly impacts the
performance of energy storage systems. To explore
this phenomenon, researchers often mimic different
charge states by introducing various percentages of
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intercalated atoms near the interface region
(Fig. 12b).

Evaluating the mechanical properties of SEI
involves calculating its elastic constants (Cij), which
provide insights into its mechanical compliance.
Through MD or AIMD simulations, researchers can
study the SEI region (as extracted in Fig. 12b) to
compute these elastic constants. By subjecting the
SEI to small strains along the coordinated axes,
stress changes can be analyzed to derive the elastic
constants.

From the elastic constants, bulk (B) and shear (G)
moduli can be computed, providing essential infor-
mation about the SEI’s stiffness and mechanical
behavior. The bulk modulus (B) quantifies the
material’s response to hydrostatic compression,
while the shear modulus (G) characterizes its
response to shear stress. These properties are
pivotal in understanding how the SEI responds to
mechanical deformation.

Bulk (B) and shear (G) modulus can be computed
as:62

B ¼ C11 þ C22 þ C33ð Þ þ 2ðC12 þ C13 þ C23Þð Þ=9 ð5Þ

G ¼ C11 þ C22 þ C33ð Þ � ðC12 þ C13 þ C23Þð Þ=15
þ C44 þ C55 þ C66ð Þ=5 ð6Þ

Young’s modulus can be computed by assuming
isotropic linear elastic stress-strain relations. These
calculations will reveal whether SEI will be compli-
ant or stiffer than active materials. Moreover, these
computed properties can be used in future contin-
uum modeling.

Correlation of SEI Formation Energy ESEI
f

� �
and Its

Mechanical Properties SEI formation energy can be
computed with DFT as:

ESEI
f ¼ ESEI � EX þ Eelectrolyte

� �� �
=NSEI

X ð7Þ

Here, X ¼ intercalated atoms. NSEI
X is the number

of X atoms that have reacted to form the SEI. For

different X atoms, ESEI
f can be computed and

correlated with the SEI mechanical properties.

Correlating ESEI
f with the mechanical properties of

SEI offers a deeper understanding of how interfacial
chemistry impacts mechanical behavior. This corre-
lation can provide insights into the relationship
between SEI formation energy and its response to
mechanical stress. Such insights are invaluable for
optimizing MAM systems, improving their stability
and guiding material design strategies.

Impact of Mechanics on the Transport and Reaction
Kinetics at MAM Electrode-Electrolyte Inter-
face The mechanics of electrode materials and their
interactions with the surrounding electrolyte can
significantly influence the transport of ions and
reaction kinetics at the electrode-electrolyte

interface in electrochemical systems like batteries.
Understanding this interplay is crucial for improv-
ing the performance and durability of these energy
storage devices.

� Mechanical Stress Effects on Transport: The
activation energy barrier associated with trans-
port is dynamically coupled to local stress states.
Mechanical stress in electrode and electrode-
electrolyte interface can affect the diffusion of
ions within them. Compressive stress can hinder
ion diffusion, while tensile stress can enhance it.
Mechanical stress also affects the movement of
electrons within the electrode materials. In some
cases, stress-induced defects may act as charge
carriers or traps, affecting overall electron
transport kinetics.

� Mechanical Stress Effects on Reaction Kinetics:
Stress can modify the activation energy for
charge transfer reactions, leading to changes in
the rate of electrode processes like the insertion/
extraction of ions during charge and discharge
cycles. Compressive stress can enhance reaction
rates while tensile stress can slow them down.

Mechanics of MAM Electrodes During Charge/
Discharge

Study of Fracture, Interface Stress, and Sliding
During Charge/Discharge in E-MAM

As we delve into the mechanics of E-MAM during
the charge and discharge cycles, the focus shifts
towards understanding fracture mechanisms, inter-
face stress, and sliding behavior.

Interfacial Stress During Charge/Discharge Simu-
lating the interfacial stress that arises during
charge and discharge processes provides crucial
insights into the stability and mechanical behavior
of E-MAM systems. Grand canonical Monte Carlo
(GCMC)56 simulations, facilitated by software like
LAMMPS,78 can be employed to compute interfacial
stress under varying charge/discharge rates. Build-
ing on the work of Basu et al.,56 who used
ReaxFF77,79,80 potentials for stress analysis,56 suit-
able interatomic potentials can be utilized for
various interfaced systems.

The charging can be modeled in three-step
process:56 (1) intercalated atoms (e.g., Li) can be
introduced in regions defined close to NP surfaces,
(2) followed by application of a small external force
to these intercalated atoms to drive them into NP in
a process analogous to the voltage-driven intercala-
tion in an electrolyte cell,81 and (3) the freshly
intercalated system is allowed to relax. These steps
can be repeated for electrode intercalation to the
desired Li content. Discharging process can be
carried out by selecting intercalated atoms closest
to NP surfaces, which will be then pulled out by
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applying an external force in a direction opposite to
charging.

Interface Sliding During Charge/Discharge Inves-
tigating interface sliding is pivotal for understand-
ing the dynamics of electrode-electrolyte
interactions. The interfacial traction during sliding
is the derivative of Wsep regarding the sliding
distance l and can be computed from Wsep as a
function of intercalation content (e.g., Li content x
in LixSe, x = 0 to 1) according to:82

@c12

@l
¼ �@Wsep

@l

����
x

ð8Þ

The critical interface shear stress to initiate

sliding is thus the maximum of @c12

@l or

smax ¼ @c12

@l

���
max

. DFT calculations can be performed

to obtain Wsep profile and determine the @c12

@l profile
along the sliding. This analysis allows researchers
to gauge the conditions under which sliding behav-
ior is triggered.

Fracture Mechanisms During Charge/Dis-
charge Understanding crack initiation and propa-
gation (Fig. 13) during charge and discharge stages
is essential for ensuring the structural integrity of
MAM electrodes. The interplay among interfacial
stress, sliding behavior, and fracture can provide
insights into failure mechanisms. Through detailed
analyses and correlation with interface stress,
researchers can pinpoint the conditions under
which fractures are likely to occur. By exploring
these aspects, researchers aim to unravel the com-
plexities of mechanical behavior during charge and

discharge cycles in E-MAM systems. This under-
standing not only enhances the durability of energy
storage devices but also informs strategies for
materials design and electrode engineering to mit-
igate fracture risks and optimize performance.

Study of Stress, Fracture, and Volume Change
During Charging of N-MAM

This section delves into the intricate dynamics of
stress, fracture, and volume change within N-MAM
during charging. N-MAMs, particularly those struc-
tured with complex oxides like Nb-W-O and Mo-V-O,
offer unique insights and challenges. For most N-
MAMs, suitable interatomic potentials are unavail-
able yet for GCMC study. Therefore, different charg-
ing states can be mimicked by AIMD calculations
considering various percentages of X (X = monova-
lent (e.g., Li+) or multivalent ions (e.g., Ca+2) having
one- and two-oxidation states, respectively.

Study of NTO Structures

Block-type crystal structures with Wadsley–Roth
crystallographic shear phases are key elements
forming the NTO structures11 (Fig. 2).

Intercalation Mechanism, Structural Distortion,
Voltage Correlation Kocer et al.’s work,63 as shown
in Fig. 7, provides valuable insights into structural
changes during lithiation in Nb12WO33. AIMD
calculations can be harnessed to mimic different
charging states by varying the percentages of X
(monovalent or multivalent ions) at different loca-
tions within the structure.

The maximum X content corresponds to negative
voltage V. The V will be computed40,50 as
V ¼ �DEf=n. Here, Ef is the formation energy to
be obtained by DFT. n is the number of intercalated
X. For varying V (i.e., X contents), it is important to
study how local structural distortions lead to the
lattice contraction along specific crystallographic
directions, buffering the volume expansion of the
materials. For a deeper analysis of structural
distortions, following the procedure by Kocer
et al.,63 for different intercalated NTO structures,
three distortion measures need to be studied: (1) a
dimensionless bond angle variance D hoctð Þ; (2) the
quadratic elongation koct, and (3) an off-centering
distance doct. For different X, plotting V, D hoctð Þ, koct,
doct will provide insight into the structural distor-
tion at different charging states.

Stress and Fracture Employing DFT calculations,
researchers can analyze stress by applying strain83

at various charging states. This allows for the
investigation of stress distribution and its effects
on fracture initiation and propagation. By identify-
ing locations of crack initiation and understanding
how fracture propagates, researchers gain insightsFig. 13. Interfacial stress, sliding, fracture in E-MAM.
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into the material’s mechanical response during
charging.

Study of MVO Structures The complexities of MVO
(molybdenum vanadium oxides) structures14 add
another layer to the investigation. Different poly-
morphs (orthogonal, trigonal, tetragonal) with vary-
ing tunnel shapes (rectangular, pentagonal,
hexagonal, heptagonal) pose intriguing challenges.
Similar to NTO structures, analyses of structural
distortion, voltage correlation, stress distribution,
and fracture mechanics need to be performed for
MVO structures. Figure 8 shows complete struc-
tural degradation upon Ca intercalation inside
rectangular tunnel in tetragonal MVO. All activities
mentioned for NTO structures need to be performed
for various MVO (Fig. 14a) polymorphs.

Data-Driven Mechanics of MAM Electrodes

The emerging field of data-driven mechanics for
MAM electrodes holds promise for accelerating
material discovery and optimization. Building on
the foundational work by Sharma et al.,66 this
section outlines the need to extend and enhance
data-driven approaches in understanding the inter-
facial properties and behaviors of MAM electrodes
during charging and discharging processes.

A long-term question is: for E-MAM, can we
develop a machine learning framework that will
take various 2D/3D combination structures and
intercalation atoms and predict the interface adhe-
sion, interfacial stress, and interfacial charge trans-
fer at different intercalation stages (Fig. 15)?
Similarly, can we develop machine learning frame-
work for predicting various properties of N-MAM?

Need for More Training Data for Interface
Formation Prediction

The pioneering efforts by Sharma et al.58 in
predicting interface formation energy for Sn/gra-
phene interfaces demonstrated the potential of
machine learning in predicting material properties.
However, the scope needs to be broadened. Besides
E-MAM, machine learning framework for N-MAM
(e.g., naturally occurring oxide materials) is also
urgently necessary. A comprehensive training data-
set needs to be generated, primarily thorough DFT
calculations. This expansive dataset will enable
machine learning models to accurately predict
various required properties of MAM across a diverse
range of material combinations.

Implementation of Force and Stress Computation
in MHDNN

The incorporation of force and stress computa-
tions into machine learning (ML) models represents
a crucial step toward deeper insights. There can be
different approaches for implementation of force
and stress in machine learning modeling. The
approach described by Behler et al.84,85 serves as a
guide for this implementation. The force and stress
implementation in ML models is essential for
understanding how stress affects the structural
integrity and performance of MAM electrodes dur-
ing charge and discharge cycles.

Force Calculation The force component Fbp acting
on atom b in direction p ¼ x; y; zf g can be

Fig. 14. Chemo-mechanics of (a) MVO and (b) NTO during charging.

Fig. 15. Outlook: For E-MAM, a machine learning framework that
can take various combinations of 2D/3D systems and intercalation
atoms and predict different interfacial properties such as interface
adhesion, stress, charge transfer, etc. Similarly, we need machine
learning framework for N-MAM.
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computed86 by the negative derivative of Eshort Eq. 1
regarding coordinate Rbp as:

Fshort
bp ¼ � @Eshort

@Rbp
¼ �

XNelem

i¼1

XNi
atom

j¼1

@Ei
j

@Rbp

¼ �
XNelem

i¼1

XNi
atom

j¼1

XN
i
sym

k¼1

@Ei
j

@Gi
jk

@Gi
jk

@Rbp
ð9Þ

Ni
sym is the number of symmetry functions used to

describe the local environments of atoms of element
i.

Stress Calculation The stress tensor r contains a
kinetic and static contribution,86 r ¼ rkinetic þ rstatic.
The kinetic stress contribution (rkin) is a dynamical
property that will be computed from the atomic
velocities vi and the atomic masses mi. Its compo-
nents can be computed as –

rkin
mn ¼ 1

V

XNatom

k¼1

mkvkpvkq ð10Þ

with p and q being x; y; zf g and vkp and vkq being
components of the velocity vector. V is the volume of
the simulation cell. The static stress rstatic depends
on the atomic positions and can be calculated from
the forces. Defining the Cartesian coordinate differ-
ence as Rij;p ¼ Ri;p � Rj;p, the contributions of the
radial and angular symmetry functions for i will be
determined separately according to

rstatic;rad
i;pq ¼

XNatom

j¼1

Rij;pFjq

¼ �
XNatom

k¼1

XNk
sym

b¼1

@Ek

@Gkb

XNatom

j¼1

Rij;p
@Gkb

@Rjq
ð11Þ

with Fjq being the force component of atom j in
direction q. The angular stress contribution of atom
i is

rstatic;ang
i;pq ¼

XNatom

j¼1

Rij;pFjqþ
XNatom

k¼1

Rik;pFkq

¼�
XNatom

k¼1

XN
k
sym

b¼1

@Ek

@Gkb

XNatom

j¼1

Rij;p
@Gkb

@Rjq
þ
XNatom

r¼1

Rir;p
@Gkb

@Rrq

 !

ð12Þ

For the evaluation of elements of stress tensor,
the intermediate transformation of the Cartesian
coordinates to ACSFs will be considered in the force
components. The complete static stress tensor ele-
ments can be obtained by summing over all atomic
contributions

rstatic
pq ¼

XNatom

i¼1

rstatic;rad
i;pq þ rstatic;ang

i;pq

� �
ð13Þ

Implementation of Non-Local Long-Range Charge
Transfer (NLLRCT) in MHDNN

Most ML models in electro-chemo-mechanics
focus on short-range charge transfer. An atomistic
study87 (Fig. 16) demonstrated that the atomic
charge at one end is different because of different
surface termination on another end. Considering
the effect of ‘neighboring atoms’ only (short-range)
results in inaccurate prediction of charge (Q). Thus,
energy (E), force (F), and stress (r) prediction is
inaccurate since E;F;r ¼ f Qð Þ. Therefore, to
achieve more precise results, it becomes necessary
to incorporate long-range charge transfer (Fig. 17).

Behler et al.88 described the procedure of imple-
menting NLLRCT. Figure 17 shows the overall
structure of MHDNN with NLLRCT for a system
with n elements. The total energy consists of a
short-range part and an electrostatic long-range
part:85

Etotal R;Qð Þ ¼ Eelec R;Qð Þ þ Eshort R;Qð Þ ð14Þ

Fig. 16. Example of Long-range charge-transfer. (a) Different surface terminations (see bottom) lead to (b) different surface charge (see top).
Reproduced with permission from Ref. 87.
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The electrostatic part Eelec R;Qð Þ depends on a set
of atomic charges Q ¼ Qif g, which will be trained to
reference charges from DFT calculations, and the
atomic positions R ¼ Rif g. These charges will not be
directly expressed by ANN as a function of the local
atomic environment. Instead, they will be obtained
indirectly from a charge equilibrium scheme89

based on atomic electronegativities vif g that will
be adjusted to yield charges in agreement with the
DFT reference charges. The v s are local properties
defined as a function of the atomic environments. To
predict the atomic charges, represented by Gaus-
sian charge densities of width ai, taken from the
covalent radii of the respective elements, a charge
equilibrium scheme89 will be used. The Eelec will be
determined based on the partial charges resulting
from the fitted v. The short-range ANN will be
trained to express the remaining part of the total
energy Eref according to

Eshort ¼ Eref � Eelec ¼
XNatom

i¼1

Ei G if g;Qið Þ ð15Þ

The electrostatic force contribution in direction
p ¼ x; y; zf g will be computed as:85

Felec
p ¼

XNatom

j¼1

XNatom

i¼1;i 6¼j

Qi

Rij
� 1

2

Qi

Rij

@Rij

@p
�
XNsym;j

k¼1

@Qj

@Gjk

@Gjk

@p

" #

ð16Þ

The Felec Eq. 16 will be added to Fshort Eq. 9 to get

the net force, i.e., Fnet ¼ Felec þ Fshort. With this

Fnet, rstatic can be computed using Eqs. 11–13. The
rnet can be obtained by adding rkin Eq. 9 to rstatic.

CHALLENGES IN MODELING MAM, NEED
FOR EXPERIMENTAL VALIDATION

AND MECHANO-ELECTROCHEMICAL
ANALYSIS

The pursuit of modeling MAM brings forth sev-
eral challenges that researchers must address to
advance the understanding of these complex sys-
tems and their behavior in energy storage applica-
tions. The following challenges span different
aspects of modeling, from computational methods
to data availability.

Challenges in Density Functional Theory
(DFT) Calculations

MAM systems often involve large and intricate
structures, making DFT calculations computation-
ally demanding and time-consuming. DFT calcula-
tions of interfaced structures are computationally
very expensive. The complexity of crystal struc-
tures, the presence of multiple intercalation sites,
and cation disorder in certain oxide materials pose
significant challenges. These computational limita-
tions hinder the comprehensive exploration of MAM
systems through first-principles calculations. The
need for high computational resources and the
extended time frames required for simulations can
limit the scope of theoretical studies.

Challenges in Molecular Simulations

While MD simulations can handle larger systems,
the availability of accurate and suitable interatomic
potentials is a critical constraint. The ReaxFF
potential was used by Basu et al. for Si/Si and
Si/graphene systems but finding suitable potentials

Fig. 17. Non-local long-range charge transfer (NLLRCT) implementation.
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for other interfaced systems remains a challenge.
This limitation particularly affects systems like N-
MAM, where the lack of appropriate potentials has
hindered exploration. The development of accurate
interatomic potentials for diverse systems is essen-
tial for expanding MD simulations in MAM
research.

Challenges with Continuum Modeling

Continuum modeling, while valuable for studying
macroscopic behavior, falls short in providing
atomic-scale insights into interfacial phenomena,
charge transfer, and stress distribution. The chal-
lenge lies in bridging the gap between atomic-level
understanding and macroscopic behavior to com-
prehensively capture the chemo-mechanical
response of MAM materials.

Challenges in Machine Learning Modeling
Due to Lack of Training Data

Machine learning holds great potential in pre-
dicting material properties, but its effectiveness
depends on the availability of reliable training data.
Existing materials databases such as Materials
Project,90,91 OQMD,92 AFLOW,93 etc., often lack
data for interfaced or intercalated systems, which
are essential for MAM research. The work by
Sharma et al.66 serves as an example, but its
applicability may be limited because of the scarcity
of relevant training data. Generating a comprehen-
sive database for MAM materials requires collabo-
rative efforts within the scientific community to
address the data gap.

Addressing these challenges will require interdis-
ciplinary collaborative, innovative computational
techniques, and concerted efforts of researchers
across fields such as materials science, computa-
tional chemistry, and machine learning. By over-
coming these challenges, researchers can unlock the
full potential of MAM materials for next-generation
energy storage technologies.

Need for the Modeling Insights to Be
Compared and Validated Against
Repeatable Experimental Data

Examples of recent experiments on multiscale
active materials: Lakhnot et al. studied the aqueous
calcium-ion batteries, focusing on utilizing the
orthorhombic, trigonal, and tetragonal polymorphs
of MVO as host materials for calcium ions.
Orthorhombic and trigonal MVO structures outper-
form the tetragonal structure because large hexag-
onal and heptagonal tunnels are ubiquitous in such
crystals, providing facile pathways for calcium-ion
diffusion. Bhimani et al. investigated the use of
MVO as intercalation hosts for chloroaluminate
anions. They explored the trigonal polymorph of
MVO and observed stable cycling performance with
much improved Coulombic efficiency. We recently

performed DFT calculations (Fig. 8, unpublished)
and discovered that MVO structure can adsorb more
multivalent ions than the niobium tungsten oxide
(NTO) because of its larger surface area and distinct
geometric characteristics.

Need for synergistic computational and experi-
mental efforts: In energy storage research, compar-
ing and validating modeling against
repeatable experimental data is of paramount
importance for several specific reasons: (1) Perfor-
mance Optimization: Experimental validation
ensures that the model’s prediction align with
real-world battery behavior, enabling researchers
to fine-tune designs for maximum efficiency, energy
density, and cycle life. (2) Safety Assurance: Vali-
dated models help in assessing and mitigating
safety risks by predicting thermal behavior, reac-
tion kinetics, and failure modes accurately. (3)
Materials Development: For accelerating the devel-
opment process, validated models guide the selec-
tion and optimization of materials with improved
properties, such as higher energy density or faster
charge/discharge rates. (4) Cost Reduction: Vali-
dated models assist in optimizing manufacturing
processes, reducing waste, and improving the yield,
which can lead to cost savings. (5) Environmental
Impact: Validated models help assess the environ-
mental impact of different battery chemistries and
designs, aiding in the selection of more sustainable
options.

Necessity of In-Depth Investigation
of Mechano-Electrochemical Coupling
in MAM-Based Batteries

Studying mechano-electrochemical coupling in
MAM-based batteries is of utmost importance to
understand the intricate interplay between
mechanical stresses and electrochemical processes
that occur within a battery during charging and
discharging cycles. Some of the key examples of
mechano-electrochemical coupling are:

� Stress Development during intercalation/dein-
tercalation: During battery operation, intercala-
tion/deintercalation inside MAM may initiate
stress within electrode and electrode-electrolyte
interfaces. Mechanical stresses can lead to var-
ious structural and electrochemical conse-
quences. For example, high stresses can induce
electrode cracking, delamination, or particle
pulverization, which can degrade the perfor-
mance and cycle life of the battery. Stress-
induced fractures and particle detachment can
expose fresh electrode surfaces, affecting elec-
trochemical reactions, charge transport, and ion
diffusion. Some materials exhibit stress-respon-
sive behaviors, where mechanical stress alters
their chemical properties. It is important to
investigate whether MAM exhibits such behav-
iors.

� Impact on Solid Electrolyte Interphase (SEI) and
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Electrolyte Penetration: The SEI layer, formed on
the surface of electrode materials because of
repeated electrochemical reactions, is highly
susceptible to mechanical stress. Stress-induced
damage to the SEI layer can result in the
continuous growth of the SEI affecting ion
transport and capacity loss. Mechanical stresses
can also affect the integrity of the electrolyte,
potentially leading to electrolyte penetration
into the electrodes. This can cause side reactions
and degradation of electrode materials, impact-
ing battery performance and safety.

CONCLUSION

The current battery industry predominantly uti-
lizes microparticles as active materials, despite
their inherent limitations. While nanomaterials
offer various advantages, the industry hesitates to
adopt them because of certain drawbacks. The
concept of multiscale active particles, combining
the benefits of both nano- and micro-worlds, pre-
sents a promising way forward. However, computa-
tional modeling in this direction remains relatively
unexplored. This perspective has shed light on the
need for MAM and outlined four major areas for
computational investigation:

� Interface Mechanics of Engineered MAM:
Understanding the interfacial behavior of E-
MAM is crucial for their optimal design. Inter-
facial phenomena in composite electrodes, such
as NP-NP and NP-2D assemblies, need to be
studied to enable proper material selection and
design. Interface adhesion, charge transfer, and
potential gradient correlation are important
factors to consider.

� Mechanics of MAM Electrode-Electrolyte
Interaction and SEI Formation: The interac-
tion between MAM electrode and electrolytes
plays a vital role in battery performance. Inves-
tigating chemo-mechanical stability, SEI forma-
tion mechanisms, and mechanical properties of
SEI products are essential for enhancing elec-
trode stability and performance.

� Mechanics of MAM Electrodes During
Charge/Discharge: The chemo-mechanical
changes that occur in MAM electrodes during
charge/discharge cycles introduces stresses, vol-
ume changes, and potential fracture. Studying
these aspects is critical for preventing electrode
failure and optimizing battery durability.

� Data-Driven Mechanics of MAM Electrodes:
Developing machine learning frameworks for
predicting properties of MAM electrodes is
essential, given the computational complexity
of these systems. However, the lack of training
data is a major challenge that needs to be
addressed for accurate predictions.

While progress has been made in these areas,
significant computational challenges persist:

� DFT Calculations: DFT calculations for large
MAM systems are computationally expensive,
hindering their thorough exploration.

� Molecular Simulations: Stable interatomic
potentials for MD simulations are lacking for
many MAM systems, limiting their applicability.

� Continuum Modeling: Bridging the gap be-
tween atomic-level details and macroscopic
behavior remains a challenge in continuum
modeling.

� Machine Learning with Limited Data:
Developing effective machine learning models
for MAM materials requires a comprehensive
database, which is currently lacking.

Addressing these challenges will require collabora-
tive efforts from researchers across various disci-
plines. By tackling these open problems, the
computational community can advance the field of
multiscale active materials, leading to innovative
energy storage solutions for the future.

ACKNOWLEDGEMENTS

The author acknowledges the funding support
from National Science Foundation (award numbers
1911900 and 2237990) and Extreme Science and
Engineering Discovery Environment (XSEDE) for
the computational facilities (award number
DMR180013).

CONFLICT OF INTEREST

The authors declare no competing financial
interest.

REFERENCES

1. S. Chu and A. Majumdar, Nature 488(7411), 294 (2012).
2. S. Chu, Y. Cui, and N. Liu, Nat. Mater. 16(1), 16 (2016).
3. J.B. Goodenough, Acc. Chem. Res. 46(5), 1053 (2013).
4. J.B. Goodenough and K.S. Park, J. Am. Chem. Soc. 135(4),

1167 (2013).
5. M. Fichtner, K. Edström, E. Ayerbe, M. Berecibar, A.

Bhowmik, I.E. Castelli, S. Clark, R. Dominko, M. Erakca,
A.A. Franco, A. Grimaud, B. Horstmann, A. Latz, H. Lor-
rmann, M. Meeus, R. Narayan, F. Pammer, J. Ruhland, H.
Stein, T. Vegge, and M. Weil, Adv. Energy Mater. 12(17),
2102904 (2021).

6. M.S. Whittingham, History, evolution, and future status of
energy storage. Proceedings of the IEEE, 100 (Special Cen-
tennial Issue), 1518, (2012).

7. R. Jain, A.S. Lakhnot, K. Bhimani, S. Sharma, V. Mahajani,
R.A. Panchal, M. Kamble, F. Han, C. Wang, N. Koratkar,
Nat. Rev. Mater. (2022).

8. E. Pomerantseva, F. Bonaccorso, X. Feng, Y. Cui, and Y.
Gogotsi, Science 366(6468), eaan8285 (2019).

9. Y. Gogotsi, What nano can do for energy storage. ACS Nano
8(6), 5369 (2014).

10. Y. Yang and J. Zhao, Adv. Sci. (Weinh) 8(12), e2004855
(2021).

11. K.J. Griffith, K.M. Wiaderek, G. Cibin, L.E. Marbella, and
C.P. Grey, Nature 559(7715), 556–563 (2018).

Electro-Chemo-Mechanical Modeling of Multiscale Active Materials for Next-Generation
Energy Storage: Opportunities and Challenges



12. A.S. Lakhnot, K. Bhimani, V. Mahajani, R.A. Panchal, S.
Sharma, and N. Koratkar, Proc. Natl. Acad. Sci. U.S.A.
119(30), e2205762119 (2022).

13. A.S. Lakhnot, T. Gupta, Y. Singh, P. Hundekar, R. Jain, F.
Han, and N. Koratkar, Energy Storage Mater. 27, 506
(2020).

14. A.S. Lakhnot, R.A. Panchal, J. Datta, V. Mahajani, K. Bhi-
mani, R. Jain, D. Datta, N. Koratkar, Small Struct. (2022).

15. W. Qi, J.G. Shapter, Q. Wu, T. Yin, G. Gao, and D. Cui, J.
Mater. Chem. A 5(37), 19521 (2017).

16. J. Graetz, C.C. Ahn, R. Yazami, and B. Fultz, Electrochem.
Solid-State Lett. 6(9), A194 (2003).

17. X.H. Liu, L. Zhong, S. Huang, S.X. Mao, T. Zhu, and J.Y.
Huang, ACS Nano 6(2), 1522 (2012).

18. Y. Tang, Y. Zhang, W. Li, B. Ma, and X. Chen, Chem. Soc.
Rev. 44(17), 5926 (2015).

19. R. Jain, P. Hundekar, T. Deng, X. Fan, Y. Singh, A. Yoshi-
mura, V. Sarbada, T. Gupta, A.S. Lakhnot, S.O. Kim, C.
Wang, and N. Koratkar, ACS Nano 13(12), 14094 (2019).

20. P.-C. Tsai, B. Wen, M. Wolfman, M.-J. Choe, M.S. Pan, L.
Su, K. Thornton, J. Cabana, and Y.-M. Chiang, Energy
Environ. Sci. 11(4), 860 (2018).

21. E. Madej, F. La Mantia, W. Schuhmann, and E. Ventosa,
Adv. Energy Mater. 4(17), 1400829 (2014).

22. A. Van der Ven and M. Wagemaker, Electrochem. Commun.
11(4), 881 (2009).

23. X. Guo, B. Song, G. Yu, X. Wu, X. Feng, D. Li, and Y. Chen,
ACS Appl. Mater. Interfaces 10(48), 41407 (2018).

24. Z. Karkar, T. Jaouhari, A. Tranchot, D. Mazouzi, D. Guy-
omard, B. Lestriez, and L. Roué, J. Power. Sources 371, 136
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