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Abstract

Lithium batteries have revolutionized energy storage with their high energy density and long lifespan, but
challenges such as energy density limitations, safety, and cost still need to be addressed. Crystalline materials,
including Ni-rich cathodes and lithium anodes, play pivotal roles in the performance of high-energy-density lithium
batteries. Understanding the micro-scale behavior and degradation mechanisms of these materials is crucial for
improving macro-scale battery performance. Simulation methods, particularly machine learning (ML) techniques,
have become indispensable tools in elucidating these intricate processes because of great efficiency and
acceptable accuracy. ML methods depend on descriptors, which bridge the gap between crystal structures and
input matrices of models. These descriptors encode essential atomic-level details in crystal structures, enabling
predictions of material properties and behaviors relevant to lithium batteries. This paper reviews and discusses the
diverse array of descriptors employed in the simulation of crystalline materials for lithium batteries with high
energy density. Case studies highlight the effectiveness of different descriptors in simulating cathode behaviors
such as Li/Ni disordering, screening of stable LiNi,;Co,,Mn,,0, (NMC811) configurations, and lithium deposition
behaviors at the anode interface. The discussed descriptors can also be applied to other crystalline cathode, anode,
and electrolyte materials in lithium batteries and advance the development of lithium batteries with superior
energy density.
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INTRODUCTION

The increasing lifespan demand for electric vehicles necessitates improvements in the energy density of
lithium batteries. To enhance energy density, battery material performance is crucial. Ni-rich cathode
materials and lithium anode materials are often studied for improving battery energy density" . In recent
years, machine learning (ML) has become widely used in the development of Ni-rich cathode and lithium
anode materials®”, with effective crystal descriptors for representing these crystalline materials enhancing
ML efficiency and enabling more precise predictions””. As illustrated in Figure 1, crystal structures and
properties are digitalized into crystal descriptors, including explicit crystal structure descriptors, graph
descriptors, and encoding methods to further optimize these descriptors. These descriptors are employed in
ML tasks such as property prediction”"?, atomistic simulations"*"*, and crystal generation"*'”, and the
outputs can then be used for large-scale materials discovery and development. This review focuses on the
recent advances of ML crystal descriptors and the applications of these crystal descriptors in Ni-rich
cathode and lithium anode materials, accelerating exploration on materials for high-energy-density lithium
batteries.

Among the crystal descriptors used in ML studies, traditional explicit descriptors were the first to be
proposed and utilized. Since then, various descriptors have been organized into toolkits for convenient use,
including Magpie'”, Pymatgen, Matminer, and DScribe*, among others. These explicit descriptors
typically include the basic parameters of a supercell that represent the crystal structure. Standard
parameters, such as lattice constants, atomic and bonding properties, symmetry operations, and macroscale
properties such as charge-discharge data can be easily extracted and have been used for decades in materials
science. In previous studies, these types of descriptors have been applied in property prediction tasks,
including energy, modulus, and other focused characteristics™****. For example, Guo et al. extracted explicit
descriptors from partial charging voltage curves and used ML models, including XGBoost, to predict the
battery impedance spectrum™. However, the limitations of explicit crystal descriptors become apparent
when more complex properties, related to local structures or interactions, need to be predicted or when the
models must generalize across a wide range of materials with various crystal structures or key
characteristics.

Traditional explicit crystal structure descriptors, while foundational and easily obtained, often fall short in
the accuracy and transferability required by modern ML models for predicting material properties,
especially in complex atomistic simulations. To address these limitations, researchers have developed
complex descriptors that provide a more detailed representation of crystal structures. One such
advancement is the development of atom-centered descriptors. From the smooth overlap of atomic
positions (SOAP) descriptor””, many-body tensor representation (MBTR) descriptor®”, to more complex
moment tensor potential (MTP) descriptor®* and atomic cluster expansion (ACE) descriptor®™, which
satisfied the requirement of completeness, these descriptors collect atom-centered information and
incorporate them together to describe the entire crystal structure. Another major advancement is the use of
graph-based descriptors” . In this approach, the crystal structure is naturally represented as a graph where
atoms are nodes, and the bonds between them are edges. Graph-based crystal descriptors allow for a more
detailed and flexible description of the crystal structure, and can be easily augmented with advanced
physical and chemical properties?***,

Atom-centered and graph-based descriptors well represent detailed information in crystal structures, but
complex encodings are necessary for special tasks. Graph neural networks (GNNs) have emerged as
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Figure 1. Crystal descriptors for ML-driven development of lithium battery materials. Different descriptors, which digitally describe
crystal structures, possess distinct strengths that help accelerate diverse ML tasks including property prediction, atomistic simulation,
and crystal generation. The results from ML tasks can be used as new input structures and properties for further model training and
prediction. ML: Machine-learning.

powerful tools for processing these atom-centered and graph-based descriptors. By using message passing
among descriptor components and incorporating equivariant constraints, GNNs can effectively capture the
complex relationships of the graph with fewer parameters'*”, making them highly suitable for tasks such as
property prediction and ML force fields (MLFF)"***), For instance, GNNs have been used to predict
electronic properties, stability, and reactivity of materials with remarkable accuracy******’. Another
innovative approach that is gaining traction is the use of graph-based descriptors combined with encoding
techniques such as Transformer networks. Originally developed for natural language processing,
transformers have shown great potential in capturing long-range dependencies and complex patterns,
which are often present in molecular and crystal structures™’. While GNNs excel at capturing local
interactions within a crystal, transformers can process more global, long-range interactions. This
combination can lead to more accurate and comprehensive predictions of material properties and enables
special ML tasks such as crystal generation. Although Transformer networks have seen various applications
in molecular structures'**”), their use in processing crystal structures is still emerging"”*.

In the following sections, a comprehensive overview of crystal descriptors and their applications in lithium
batteries with high energy density is provided. In the section on explicit crystal descriptors, we introduce the
widely used traditional explicit crystal descriptors along with a brief discussion of their applications. The
section on complex crystal descriptors covers advancements in atom-centered and graph-based descriptors,
which offer clearer crystal-structural descriptions and higher accuracy for predictions. To meet the demand
of more specific and complicated material simulation tasks, the section on encoding and embedding
enhanced crystal descriptors explores the development of embedding methods to enhance the capability of
descriptors, particularly for MLFF and crystal generation tasks. Eventually, in the section on applications of
crystal descriptors in high-energy-density lithium batteries, we discussed the detailed applications of crystal
descriptors in the ML-assisted development of Ni-rich cathode materials and lithium anode materials for
high-energy-density lithium batteries.
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EXPLICIT CRYSTAL DESCRIPTORS

Traditional explicit crystal descriptors, which are fundamental for converting crystal structures into inputs
for ML models, are often extracted directly from these structures and include parameters such as lattice
constants, atomic numbers, bond lengths, and more. A typical collection of these descriptors is provided by

Matminer*"

,an open-source Python library specifically designed to aid researchers in creating and
manipulating descriptors for materials science. Developed by the Materials Project team, Matminer [Figure
2A] is integrated with widely-used databases such as Materials Project (MP)"** and Open Quantum
Materials Database (OQMD)"", and provides a wide array of tools that enable efficient data retrieval,
descriptor calculation, and data analysis, with an extensive collection of pre-built descriptors, which
encompass structural, compositional, and electronic properties of materials. Descriptor functions
implemented in Matminer include, but are not limited to, compositional descriptors (stoichiometric
attributes, element property statistics), structural descriptors (radial distribution functions, bond length
statistics), and electronic descriptors (density of states, band structure features). These descriptors can be
readily computed for a given material dataset, providing a rich set of features that can be used in subsequent
ML tasks. Various research on materials for lithium batteries has been conducted by Matminer. For
instance, a study was conducted by Kim et al. to predict the average voltage and volume change of doped
Ni-rich cathode materials [LiNi,,,D,D", ;. O,] for lithium-ion batteries*". The descriptors used in this
model were chemical and structural descriptors generated based on Matminer, and additional features
including space group number, degree of de-lithiation, and gravimetric capacity. Another research by Min
et al. uses traditional descriptors [13 synthesis parameters, inductively coupled plasma mass spectrometry
(ICP-MS) and X-ray diffraction (XRD) features] combined with AdaBoost-ERT model to predict initial
0O,, X > 0.85)

11]

capacity, cycle life and the amount of residual Li of Ni-rich cathode materials (LiNi,Co,Mn,
from an experimental dataset with 330 data points, and further optimize the synthesis procedures'
Besides, the descriptors in Matminer were combined with SHapley Additive exPlanations (SHAP)
analysis'”** to understand the black-box-like ML and further explain Li/Ni disordering mechanism in

LiNiO, and LiNi, ,Co,,Mn,,O, (NMCs11) cathode materials"*>*,

Based on Matminer, Automatminer [Figure 2B] is developed as an automated ML (AutoML) library
tailored for materials science applications'®!. Automatminer aims to simplify the development of ML
models by automating the processes of feature engineering, model selection, and hyperparameter tuning.
Automatminer employs a modular architecture that integrates seamlessly with Matminer for data
acquisition, feature generation, and further model determination. It automatically selects and computes the
most relevant descriptors from Matminer, ensuring that the feature set is both comprehensive and tailored
to the specific prediction task at hand. This automated feature engineering process not only saves time but
also improves the likelihood of identifying the most predictive features. In addition to feature engineering,
Automatminer provides robust algorithms for model selection and optimization, enabling Automatminer to
identify the best-performing ML models for a given dataset. The automated hyperparameter tuning further
enhances model performance by systematically exploring the parameter space to find the optimal settings.
Additionally, Automatminer provides a platform called Matbench™ for benchmarking ML model
performance on material design tasks, benefiting the reproduction and improvement of existing ML-
assisted materials research.

COMPLEX CRYSTAL DESCRIPTORS

Explicit crystal descriptors are easy to prepare and use, but they often lack comprehensive details about
crystal structures, making them insufficiently precise or transferable across different systems. To address
this limitation, improvements have been made to crystal descriptors, leading to the development of more
complex representations. One of the advancements is atom-centered symmetry descriptors collected in the
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Figure 2. Explicit crystal structure descriptors and universal descriptor packages. (A) Matminer, including Magpie descriptors
representing composition, valence electrons and other basic parameters of crystal materials. This figure is quoted with permission®”,
Copyright 2018, Elsevier; (B) Automatminer, a tool for automatically creating complete ML pipelines for materials science, including
automatic featurization with Matminer, feature reduction, and an AutoML backend. Put in a materials dataset and get out a machine that
predicts materials properties. This figure is quoted with permission'®”, Copyright 2020, Springer Nature. ML: Machine learning; AutoML:

automated machine learning.

DScribe library”>* [Figure 3], including complex materials descriptors such as SOAP" in Figure 3A, atom-
centered symmetry functions (ACSF)* in Figure 3B, MBTR"! in Figure 3C, and Valle-Oganov
descriptor'® in Figure 3D. Similarly, MTP is proposed by Shapeev et al. and demonstrates high accuracy
among different MLFFs"*>*!. These atom-centered descriptors transform the local crystal environment into
different basis encoded functions, and all atom-centered functions are aggregated to fully represent a whole
material structure (both crystalline and molecular). For example, the generative adversarial network
(GAN)-based ML model Crystalor'* utilizes the SOAP descriptor to encode crystal structures and further
generate relaxed Li-M-N-O cathode structures from unrelaxed inputs.

Another type of complex crystal descriptor is a graph-based crystal descriptor. Among these, property-
labeled materials fragments (PLMF)"*” was proposed early and worked as a fragmented graph descriptor
composed of nodes with various combinations of atom properties and edges with atomic connectivity
determined by Voronoi polyhedral in crystal structures. As shown in Figure 4A, PLMF reduces the
complexity of crystal graph descriptors by decomposing them into smaller, representative subgraphs with
no more than three consecutive, non-repetitive edges. The crystal-wide properties, including lattice
parameters, density, and space groups, are concatenated to form the final descriptor. The PLMF descriptors
describe the crystal structures in more detail and have been proven efficient in predicting key crystal
properties (band gap energy, modulus, and so on) when combined with gradient boosted decision tree
(GBDT) model. They have also inspired other graph-based universal crystal descriptors. Furthermore,
SchNet [Figure 4B]"* improves the graph-based crystal descriptor by introducing GNN to convert the
whole crystal graphs (instead of fragmented graphs) into fixed-length vectors. Specifically, filter-generating
convolutional networks are employed to include the rotational invariance and periodic boundary conditions
thus better describing the whole crystal environment. As a result, SchNet is able to learn chemically
plausible embeddings of atom types and atomic environments with lattice constraints. Apart from property
prediction, the crystal descriptor proposed in SchNet is further improved to predict potential energy
surfaces and is applied in ML molecular dynamics calculations'.

Another widely used graph-based crystal descriptor is implemented in crystal graph convolutional neural
networks (CGCNN)"!, designed to predict material properties by representing crystal structures as graphs
[Figure 4C]. In CGCNN, atoms are represented as nodes, and bonds are edges. The network applies
convolutional operations on these graphs to learn the underlying physics and chemistry. The key features
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Figure 3. Atom-centered symmetry descriptors implemented in the DScribe library. (A) DScribe is a Python and C library for converting
materials into descriptors for ML research, reprinted with permission'’?, Copyright 2019, Elsevier; (B) SOAP descriptor, reprinted with
permission[zzl,Copyright 2019, Elsevier; (C) ACSF descriptor, reprinted with permission[ZZ],Copyright 2019, Elsevier; (D) MBTR
descriptor; (E) Valle-Oganov descriptor, reprinted with permission'”®!, Copyright 2019, Elsevier and Copyright 2023, AIP Publishing.
SOAP: Smooth overlap of atomic positions; ACSF: atom-centered symmetry functions; MBTR: many-body tensor representation.

include graph representation, which naturally captures the periodicity and connectivity of crystal structures,
versatility in predicting a wide range of material properties, and a data-driven approach that benefits from
extensive training on large datasets. CGCNN has been employed to predict high-voltage and high-
conductivity cathode materials for lithium-ion batteries'”. Due to its concise framework and strong
description ability, CGCNN has been a basic and benchmarking model in ML research on battery materials,
tasks including predicting average voltage, specific capacity™”, and oxidation potential*” of electrode
materials. To further incorporate local environment information in graph descriptors, MEGNet"*! was
developed by Chen et al. and exhibited superior performance on materials property predictions. The
descriptor in MEGNet includes global state variables [Figure 4D], which can represent external conditions
such as temperature or pressure, in graph convolution process and make it universal for both crystalline
materials and molecules. In detail, the global state vectors are updated along with atom vectors and bond
vectors using message passing mechanism proposed in message passing neural networks (MPNN)"***/, and
pooling technique is employed to ensure invariance in crystal and molecule structures. With these designs,
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MEGNet demonstrated superior performance in various property prediction tasks including band gap,
energy, formation energy, and so on. He et al. use MEGNet to predict energy order and obviously reduce
the number of Li-Mn-rich layered cathode calculations and further accelerate the simulation of Li-Mn-rich
cathode’s evolutions under different current densities”™. Since MEGNet has demonstrated aptitude in
material property domain, it often serves as baseline model for benchmarking when developing new
descriptors or new models on tasks including cathode oxidation potential prediction*>**”". A comparison of
the property prediction capabilities of these graph-based descriptors, combined with different ML models,
has been conducted and is presented in MatBench!*),

ENCODING AND EMBEDDING ENHANCED CRYSTAL DESCRIPTORS

Crystal descriptors serve as the initial input for ML models when processing crystalline materials in high-
energy-density lithium batteries, and they perform well in simpler tasks such as property prediction and
statistical analysis. However, more complicated ML tasks arise in the simulations of high-energy-density
lithium batteries, necessitating specialized encoding and embedding on descriptors to meet these task

requirements.

In recent years, ML has been extensively applied in fitting MLFF and accelerating molecular dynamics
simulations. One of the most commonly used MLFF model is DeepMD, with its descriptors implemented in
the DeepMD-kit">" software package [Figure 5A]. In this descriptor, the atomic positions in crystal
structure are used to generate the local environment matrix, which is then trained in the embedding layer to
generate final descriptor matrix for the fitting neural network. The DeepMD model had been further
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Figure 5. Encoding and embedding enhanced crystal descriptors for MLFF. (A) Crystal descriptor proposed in DeepMDY?”*, which is
further expanded in DPA universal model; (B) Crystal descriptor enhanced in M3GNet, as an update to MEGNet™®;(C) Crystal
descriptor enhanced in CHGNet, quoted with permission””® Copyright 2023, Springer Nature; (D) Crystal descriptor enhanced in
MACE"™”®" MLFF: Machine learning force field; M3GNet: MatErials 3-body graph network; CHGNet: crystal Hamiltonian graph neural
network.

extended to a universal atomic model, DPA"**"), with unified descriptors and can be applied in diverse tasks
including MLFF, property prediction, and structure generation when combined with different output layers.
Besides, MatErials 3-body graph network (M3GNet) improves MEGNet by incorporating 3-body
interactions and lattice matrix to obtain force and stress tensors [Figure 5B]. Crystal Hamiltonian graph
neural network (CHGNet) incorporates charge and magnetic moment information to consider electron
interactions and orbital occupancy, thus suitable for transition metal systems [Figure 5C], and has been
applied to simulate the phase transformation of Li,,MnO, and Li FePO, phase diagram”. Another widely-
used graph tensor MLFF model, MACE"*", includes four-body messages instead of traditional two-body
messages, thus obviously reducing the message passing cost of MPNNs [Figure 5D]. Besides, equivariant
GNN is used to process distance vectors between atoms and conduct the message passing among crystal
graphs, different from the distance scalars used in SchNet and MEGNet. Thus, MACE combines the
advantages of high-order message passing and equivariant MPNNs. MACE potential has been applied in
various fields of battery materials including probing Jahn-Teller distortions in LiNiO, cathode materials”.
These interatomic potentials enhance aforementioned crystal descriptors by well-designed network
structure to include more physical information, thus keeping ab-initio-level accuracy while offering
opportunity to perform traditional molecular dynamics calculations, and benefiting large-scale simulations
with high accuracy.

Apart from MLFF, crystal generation is another specific task related to the inverse design of crystal
materials””. To achieve reasonable generation results, specialized encoding of descriptors and neural
network construction is essential. The variational autoencoder (VAE) is widely used in processing and
generating new data with similar characteristics, and has been combined with basic graph descriptors for
materials development. For example, crystal diffusion VAE (CDVAE) is a framework that uses message-
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autoencoder; CGCNN: crystal graph convolutional neural networks.

passing algorithms to model atomic interactions in materials [Figure 6A]"", using SE(3) equivariant GNN's
adapted with periodicity (PGNNs) for both the encoder and decoder of VAE. Each atom in a material
structure passes messages to its neighbors, allowing the network to learn the dependencies and interactions
effectively. The key features of CDVAE include the dynamic exchange of information between atoms
through message passing, adaptability to different types of materials and properties, and computational
efficiency, making it suitable for large-scale simulations. Compared to CDVAE, Fourier-transformed crystal
properties (FTCP) [Figure 6B] employ a similar VAE framework, but further introduce embedding on atom
position and lattice matrix in the encoding-decoding process for crystal generation™. Besides, attention
mechanism is also an efficient way of embedding materials data"”*>****. The MOFormer model [Figure 6C],

based on the Transformer encoder, processes a tokenized MOFid input, which includes SMILES
tokenization for secondary building units (SBUs) and separate tokenization for topology and catenation'*.

This tokenized sequence, following the BERT structure with tokens and a fixed length of 512, handles
molecular representations. To enhance the performance of describing classical metal-organic framework
(MOF) structures, this model especially addresses its limitation in capturing geometric information and
introducing a self-supervised learning (SSL) paradigm using CGCNN", which processes 3D atomic
structures of MOFs. Inspired by the Crystal Twins framework, this approach employs the Barlow Twins loss
function to align the embeddings from both MOFormer and CGCNN. After SSL pretraining, the encoder
weights are fine-tuned for improved property predictions. This combined SSL pretraining significantly
enhances the performance of both models across datasets. Another diffusion model, MatterGen
[Figure 6D]™/, developed by researchers at MicroSoft, has also been applied to encode and process crystal
data and generate novel structures. MatterGen is trained to reverse a forward corruption process and add
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denoising signals to obtain new structures.

APPLICATIONS OF CRYSTAL DESCRIPTORS IN HIGH-ENERGY-DENSITY LITHIUM
BATTERIES

The application of these crystal descriptors and ML models has significant implications of the development
of lithium battery materials. The use of appropriate descriptors facilitates more accurate predictions of key
properties in high-energy-density battery materials, such as Li/Ni disordering behavior'®*/, structural
stability®™**, thermal stability®**”, lithium deposition”***), ionic conductivity**'*'*’,and other
important properties'*'"?. Several aforementioned cases would be discussed in detail here. By accelerating
the discovery of new materials with optimal properties, these descriptors can contribute to the development
of improved lithium batteries. Moreover, the ability to rapidly screen large libraries of materials using ML

models can significantly reduce the time and cost associated with experimental testing.

One of the most focused applications of crystal descriptors in lithium battery materials is property
prediction. For Ni-rich cathode materials, the Li/Ni exchange defect is easy to form and severally influences
the reversibility of lithium transportation in the batteries"'>""*. As illustrated in Figure 7A, explicit crystal
descriptors can be utilized in interpretable ML, and help explain the control mechanisms of doping effect on
Li/Ni exchange defect'®. Different doping elements and diverse local configurations for the antisite Ni ion
manifest coupled effects on the Ni-rich layered cathode materials. To understand the complex effects of
different doping elements and local configurations of antisite Ni ions, researchers used a random forest (RF)
model combined with SHAP analysis to identify important features influencing the Li/Ni exchange defect
formation energy (E,). The initial descriptor set, consisting of 257 features generated by the Magpie-Deml-
Pymatgen featurizer in Matminer™, was insufficient for accurate predictions (R* = 0.385). Recognizing this
limitation, the researchers conducted a detailed analysis to capture the unique physical and chemical
characteristics of Li/Ni exchanged layered cathodes, resulting in a customized 100-feature descriptor.
Combining these custom features with those from Matminer improves the model performance (R* = 0.566).
Ultimately, the 18 most relevant features were determined by correlation analysis, which reduced prediction
error, and this distinct descriptor enhances the ability of the RF model to understand Li/Ni exchange
configurations effectively. With this descriptor and RF-SHAP method, it is possible to efficiently identify
important properties that influence the Li/Ni exchange defect, and enable effective control of Li/Ni
exchange defect. Similarly, Kim et al. used descriptors generated by Matminer and self-defined descriptors
to predict the average voltage and volume change of doped Ni-rich cathode materials [LiNi,,,D, D", ..,O.],
finding doping elements including Y, B, and Ga exhibiting excellence in improving performance®
[Figure 7B].

For more accurate property prediction, graph-based descriptors might be more suitable. In one of our
recent ongoing studies, the MEGNet descriptor was utilized to rapidly predict the equilibrium structure and
the energy of NMC811 cathode materials and, finally, identify the stable NMCs11 structures. In this study,
the ML-assisted energy prediction model, MEGNet, augmented by transfer learning (TL), demonstrates
robust performance in energy prediction tasks despite a limited training dataset comprising several hundred
data points [Figure 7C]. This capability stems from leveraging domain knowledge from inorganic crystals,
enabling rapid adaptation and accurate predictions with minimal target domain input data. Additionally,
the ML-driven structure relaxation model, Crystalor'*”, effectively serves as a surrogate to costly density
functional theory (DFT) calculations combined with descriptors from MEGNet, enhancing the consistency
and reliability of predicting configuration stability for virtual configurations deviating from equilibrium
states. Integrating these ML workflows significantly streamlines the identification of the top ten stable
configurations from a vast chemical coordination environment encompassing over 500,000 potential initial
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configurations for NMC811. The predictions of these ML models consistently align with DFT results,
validating their efficacy in discerning stable configurations based on both energy and voltage profiles.
Moreover, the ML workflow serves as a potent tool for exploring the expansive latent space of complex
NMCS811 configurations, offering insights into configuration stability studies and revealing preferences for
uniformly distributed Ni, Co, and Mn atoms within stable structures.

Another application of crystal descriptors in high-energy-density lithium battery materials is fitting MLFF
to accelerate large-scale molecular dynamics simulations under ab initio accuracy. By utilizing embedded
crystal descriptors, MLFF merges the accuracy of ab initio calculations with the efficiency of classical force
fields and has been successfully applied to several systems. As illustrated in Figure 8, Lai et al. used MLFF to
systematically study the lithium metal anode and its interface!*"*). Firstly, The Li surface deep potential
(Li-SP) model was developed using descriptors of DeepMD framework!”” [Figure 8A, upside], and was
employed to investigate deposition behaviors and mechanisms in lithium metal batteries. In experimental
research, high current densities favor inhomogeneous deposition and subsequent Li-dendrite growth
attributed to electric field tip effects or uneven electrode surfaces*'**. Using Li-SP simulations, this



Page 12 of 20 Zhang et al. J Mater Inf 2024;4:17 | https://dx.doi.org/10.20517/jmi.2024.22

E -1.3
A B N
" - H
‘ Models p = P = ,.—_3
L : -ﬁ.ﬂ— RLE
Active —_————
300 660 800 2,540 Time (ps)

Learning
E raining _Exploration| ©8cC OFC OHP O Other

=
is‘!s% 2

Data sets abeling ‘Configurations

BCC (%)

¥ 8 3 8
Potential energy (eV)

)
0 8 10 35 Time (ps) Time (ps)

PC2

141 min

200 nm

c Time (ns) D 0 bar Initial configuration 500 bar

200 19 0 11 200 ps

Cu (100) Cu (110)

Similarity
28z $
‘Similarity

Vs
Vs

1000 200 0 60 200 ps

Figure 8. Crystal descriptors applied in MLFF for atomic simulation of lithium anode materials. (A) Schema of DeepMD and MTP
potential, adapted with permissionms'm‘],Copyright 2022, Wiley-VCH and Copyright 2023, Elsevier; (B) Lithium dendrite self-healing
simulation pairs with experimental observations, adapted with permission™”’, Copyright 2022, Wiley-VCH; (C) Li-Cu surface simulated
by MLFF, adapted with permission”™, Copyright 2022, Wiley-VCH; (D) Large-scale molecular dynamics simulations of Li dendrite
growth under different external pressures were performed with a MTP ML force field. External pressure was found to promote the
process of Li self-healing. This figure is quoted with permission™™, Copyright 2023, Elsevier. MTP: Moment tensor potential; MLFF:
machine learning force fields; ML: machine learning.

phenomenon was replicated to study dendrite growth mechanisms and explore suppression strategies
[Figure 8B]. Results showed two hemispherical dendrites merging into a larger structure upon contact,
accompanied by cavity formation that gradually disappeared during fusion, illustrating a “bulk self-healing”
process distinct from surface self-healing. Further simulations of Li crystal growth with cuboid cavities
demonstrated gradual shrinkage and transformation into amorphous Li, enhancing fluidity and promoting
cavity closure. Experimental validation through Li foil self-healing experiments at room temperature
confirmed the feasibility and universality of bulk self-healing in lithium metal, contrary to previous
simulation findings. These findings highlight the potential for mitigating dendrite formation in lithium-ion
batteries through controlled deposition conditions. To further study the mechanism of Li deposition on Cu
substrates for anode-free lithium batteries, the lithium-copper neural network interatomic potential (LiCu-
NNIP) model was trained based on DeepMD [Figure 8C]. The Cu (100), Cu (110), and Cu (111) surface
structures were constructed to investigate Li deposition characteristics"'®. The Cu (100) and Cu (111)
surfaces exhibited flat Li-Cu interfaces with ordered Li layers, suggesting surface-limited Li diffusion
without alloying. Conversely, on the Cu (110) surface, alloying occurred as evidenced by Cu-Li atom
exchange, resulting in a disordered interface. Quantitative analysis using the surface similarity analysis
(SSA) method compared Li monolayer structures with standard Li crystal surfaces, revealing that initial Li
layers significantly influenced subsequent layer structures, with the first two layers being particularly
influential. Additionally, simulations employing an MTP model explored the role of external pressure in
facilitating dendrite-free Li formation during Li crystal growth with hole defects at 300 K"'¥ [Figure 8A,
downside]. Results indicated that external pressure accelerated the closure of small holes, while large holes
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persisted without pressure but gradually shrank and disappeared with its application [Figure 8D]. The
presence of amorphous Li atoms near the holes enhanced self-healing by increasing fluidity compared to
crystalline Li. These findings underscore the role of external pressure in promoting Li self-healing,
particularly for challenging hole defects, facilitating their gradual closure and disappearance.
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Table 1. Comparisons among different kinds of ML crystal descriptors discussed in this review

Type Typical implementation Description Applications
Explicit crystal Electronic/chemical Matminerm, Descriptors relevant to the electronic Small datasets,
descriptors descriptors Automatminer™®”, self- structure of crystal: ionization energy, property prediction,
defined magnetic moment, charge, etc. interpretable tasks
Structural descriptors Matminer[m, Descriptors relevant to the structure of Small datasets,
Automatminer™®”, self- crystal: lattice parameters, cell volume, property prediction,
defined density, bond information, etc. interpretable tasks
Complex crystal ~ Atom-centered DScribe?#: SOAP™, Descriptors use atom-centered information Large datasets,
descriptors descriptors ACSF®? MBTR™ Valle-  and basis-functions to represent crystal accurate property
Oganov descriptor o4 structure prediction
Graph-based descriptors PLMF[“J, SchNetUSJ, Descriptors use fragmented or whole Large datasets,
CGCNN™ MEGNet™"“® crystal graphs to represent crystal accurate property
structure prediction
Encoding and High-order graph message DeepMDm’m, Combining high-order graph message pass Large datasets, MLFF
embedding passing, equivariant M3GNet™, CHGNet"?, and/or physical equivariant limitations
enhanced crystal  constraints MACE"7®] with descriptors to learn crystal
descriptors information with fewer parameters
compared to learn from scratch
Generative models CDVAEH()J, FTCPUQ], Combining VAE, attention mechanism, Large datasets,
MOFormer[SZJ, and/or diffusion model to meet the crystal generation
MatterGen"”’ requirement of generative tasks

ML: Machine learning; SOAP: smooth overlap of atomic positions; ACSF: atom-centered symmetry functions; MBTR: many-body tensor
representation; PLMF: property-labeled materials fragments; CGCNN: crystal graph convolutional neural networks; MEGNet: MatErials graph
network; M3GNet: MatErials 3-body graph network; CHGNet: crystal Hamiltonian graph neural network; MLFF: machine learning force fields;
CDVAE: crystal diffusion variational autoencoder; FTCP: Fourier-transformed crystal properties; VAE: variational autoencoder.

As for crystal generation, which is a crucial step of inverse design, embedded crystal descriptors also found
applications. Inverse design has been consistently discussed in the development of novel materials with
targeted properties"*”, which starts from the specific properties and then finds materials with targeted
properties. When an existing material database cannot satisfy the requirements on properties, generating
and screening novel structures becomes essential. Inverse design has been applied in generating materials
with specific symmetry [Figure 9A], magnetic, electronic and mechanical properties [Figure 9B]*”. Among
these properties, modulus is crucial to obtaining dendrite-resistant solid-state electrolytes and artificial
solid-electrolyte interphase materials"*****. Similar approaches can be extended to other key properties, such
as lithium conductivity and thermal stability, thereby enhancing the inverse design of lithium battery
materials, including solid-state electrolytes and coatings for electrodes.

From fundamental research to applied engineering, different types of crystal descriptors with diverse
augmentations are suitable for different kinds of tasks in advancing the development of high-energy-density
lithium battery materials. As summarized and compared in Table 1, the wide range and versatility of crystal
descriptors allows systematic comparisons across different crystalline materials, thereby elucidating
structure-property relationships and facilitating materials design for high-energy-density lithium batteries.
To be more detailed, in the study of Li/Ni disordering, explicit crystal descriptors enable the identification
of diverse atomic configurations and their effects on structure stability and electrochemical properties. For
stable configuration screening of NMCs11, the graph-based crystal descriptors facilitate the identification of
optimal atomic distributions that enhance structural integrity and mitigate degradation during charge-
discharge cycles. In the realm of lithium deposition behaviors, equivariant-network-enhanced crystal
descriptors help construct MLFF and explain the mechanisms governing dendrite formation, surface
roughness, and electrolyte interactions, crucial for developing strategies to enhance battery safety and
longevity. As for crystal generation and inverse design, generative-model-enhanced crystal descriptors make
it possible to create reasonable virtual crystal structures, which is beneficial to designing novel lithium
conductors as solid-state electrolytes.
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CONCLUSION AND OUTLOOK

Crystal descriptors have been extensively researched as ML model inputs in the study and development of
materials for Ni-rich cathode materials and lithium anode materials in high-energy-density lithium
batteries. These descriptors play a pivotal role in digitalizing the structural and electronic properties of
crystalline materials, facilitating predictions and understanding of their performance and behavior in
battery applications. Moreover, the crystal descriptors serve as crucial inputs of ML models for further
property prediction, computation acceleration, structure generation and other potential applications in
advancing materials science. In this article, we provided a comprehensive overview of the types of crystal
descriptors and their corresponding applications in advancing the material research for high-energy-density
lithium batteries. Explicit crystal descriptors, which are straightforward to develop and apply, have been
widely used in the property prediction and mechanism elucidation of various Ni-rich cathode materials.
More advanced descriptors, including atom-centered and graph-based descriptors, offer a more detailed
representation of crystal structures, enabling more precise prediction tasks. Additionally, some encoding
and embedding methods have been developed to suit crystal descriptors for complicated tasks including
MLFF and crystal generation, thus enabling ML-assisted molecular dynamics simulations and inverse
design.

While the advancements in crystal descriptors and ML models are promising, several challenges persist in
their widespread application. One of the primary challenges is the need for large, high-quality datasets to
effectively train these models. For complex properties such as ionic conductivity, collecting and curating
such datasets is time-consuming and expensive, often requiring extensive experimental or simulation data.
The models themselves must also be robust and generalizable to be useful in real-world scenarios, where the
materials or conditions may differ from those seen in the training datasets. Another significant hurdle is the
interpretability of these ML models. Although advanced models such as GNNs with equivariant constraints,
transformer, and generative models deliver accurate predictions, the underlying reasons for their
predictions often remain opaque. While specialized neural network frameworks are proposed continuously,
the “black box” nature makes it difficult to understand how specific crystal descriptors lead to certain
material property predictions, posing a barrier to gaining deeper scientific understandings. Developing
methods for interpreting and explaining these predictions is essential, with efforts aimed at making ML
models more transparent and providing clearer insights into their physical and chemical mechanisms.
Moreover, integrating different types of descriptors and models adds another layer of complexity.
Combining the strengths of various approaches - such as graph-based descriptors with diffusion models -
requires careful design and optimization. Striking a balance between crystal descriptor complexity and
computational efficiency is crucial to making these tools viable for practical applications in enhancing
performance of high-energy-density battery materials.
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