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Abstract

Electrocatalysis plays an important role in the production of clean energy and pollution control. Researchers have
made great efforts to explore efficient, stable, and inexpensive electrocatalysts. However, traditional trial and error
experiments and theoretical calculations require a significant amount of time and resources, which limits the
development speed of electrocatalysts. Fortunately, the rapid development of machine learning (ML) has brought
new solutions to scientific problems and new paradigms to the development of electrocatalysts. The combination
of ML with experimental and theoretical calculations has propelled significant advancements in electrocatalysis
research, particularly in the areas of materials screening, performance prediction, and catalysis theory
development. In this review, we present a comprehensive overview of the workflow and cutting-edge techniques of
ML in the field of electrocatalysis. In addition, we discuss the diverse applications of ML in predicting performance,
guiding synthesis, and exploring the theory of catalysis. Finally, we conclude the review with the challenges of ML
in electrocatalysis.
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INTRODUCTION

The concept of electrocatalysis was originally a branch of electrochemistry, and after nearly a century of
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development, it has become a multidisciplinary subject, including chemistry, solid-state physics, materials
science, and other fields. Currently, electrocatalysis is widely used in important technological fields such as
energy conversion and storage, environmental pollution control, and the synthesis of green materials. On
the other hand, with the depletion of fossil fuels and the increasing environmental pollution caused by their
consumption, finding sustainable and clean energy sources to pursue energy transformation and
development has become one of the primary goals of scientific research. Therefore, electrocatalysis has

received significant attention due to its critical role in these studies"?..

The factors that influence electrochemical reactions are multifaceted, with catalysts being the core among
them. In addition, the development of inexpensive, efficient, and durable catalysts for specific reactions has
always been the primary task of electrocatalysis research. However, traditional empirical experimental
research methods suffer from the drawbacks of being time-consuming, costly, and inefficient™*. Theoretical
models and generalized paradigms, represented by thermodynamic laws, have laid the theoretical
foundation for material research, making it no longer purely empirical. However, with the deepening of
scientific research, the theoretical models become increasingly complex and difficult to solve practical
problems”. By the mid-20th century, with the rapid development of supercomputers and various
theoretical calculation methods, including the density functional theory (DFT)"” and molecular dynamics
(MD)", the physics-based simulation became an important tool for guiding material design''”’. However,
these methods still face problems such as insufficient consideration of experimental conditions, hypothetical

11]

structures without thermodynamic stability, and high computational costs!

Although the above-mentioned three paradigms have inherent limitations, they are still the mainstream
research methods in various scientific fields to the present day”. The application of these paradigms has
generated a substantial volume of data. Recently, with the advancement of the Materials Genome Project!”
and the rapid development of artificial intelligence (AI) technology, the combination of big data and AT has
emerged as the “fourth paradigm of science”"”. Machine learning (ML) is a pivotal subfield of Al which
leverages diverse algorithms to construct models that uncover latent relationships in historical data. These
models can then be utilized for data classification and prediction"*'". For example, with enough data of
high quality, generative models in ML can be used to predict the closest material to the target material
without having to blindly explore the vast chemical space”. Moreover, ML can also assist in the
interpretation of complex experimental data and provide insights into the underlying mechanisms of
material performance. Therefore, ML has been applied to many aspects of materials research, including
guiding synthesis, assisting characterization, discovering novel material, and developing theoretical
methods"". In this paper, we focus on the application of ML in electrocatalysis research. Figure 1
demonstrates that the development of ML-assisted electrocatalysis research is relatively recent and has
garnered significantly increasing attention since 2019.

This review introduces ML, summarizes the latest progress of ML in the discovery and optimization of
electrochemical catalysts, and discusses the challenges in this field. We provide a more comprehensive
summary of specific approaches to ML-accelerated electrocatalysis research compared to the published
reviews'”??, in addition to introducing some new techniques that can help streamline the ML process. We
believe that this review can provide researchers in related fields with a clearer understanding of ML-
accelerated electrocatalysis research.

19-22

ML WORKFLOW

Although Samuel® and Mitchell®* have proposed successive definitions of ML, these definitions are
currently not strictly recognized. Simply put, ML is an algorithm that can learn from data and improve
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Figure 1. Statistics on publications combining electrocatalysis and ML from 2016 to 2023 that were gathered by conducting a search
query with “electrocatalysis” and “machine learning” as keywords in the subject field on the Web of Science website. The data was
accessed on July 29, 2023.

performance for a specific task. ML algorithms can predict functional relationships without explicit
instructions, provide a mapping between inputs and corresponding outputs, or only provide relationships
between inputs®. In theory, as long as the training data is sufficient and reliable, the computer can
summarize the potential rules.

As shown in Figure 2, the ML process mainly consists of data collection, pre-processing, feature
engineering, algorithm selection, model training, and model evaluation. Many of these processes are general
techniques in the field of ML and are not unique to electrocatalysis and materials science. Therefore, this
section is mostly a conceptual introduction to these processes, and the technical details can be obtained in
specialized ML papers and books. Given that supervised learning is widely employed in the materials
domain, it is naturally the primary focus of this review.

Data collection

In ML research, data is the foundation upon which models are built, trained, and tested. The quantity and
quality of data are crucial factors that determine the efficacy of a ML model. The data sources include
material databases, experiments, theoretical calculations, and published literature. The development of
material databases originated in the 1880s*. To date, various types of material databases have been
established”"”?*, Table 1 summarizes some of the major databases in materials science. Databases have the
advantage of providing different types of data (such as crystal structures, thermodynamic properties, and
phase diagrams) on a wide range of materials quickly. However, the completeness of the recorded
information in these databases, particularly for experimental databases, may be insufficient, and the lack of
certain experimental conditions can hinder the user’s comprehensive understanding of the material.
Additionally, discrepancies may arise between data generated by various publications, experimental
methods, and conditions. In contrast, literature sources typically provide detailed experimental methods
and procedures, but data collection through literature is time-consuming and inefficient. The use of ML-
based text extraction methods can effectively improve data collection efficiency”*”, but the reliability of the
paper still needs to be carefully evaluated. Generating new material characteristic data through experiments
or theoretical calculations is also an important data collection method. This method can maximize the
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Table 1. List of commonly used databases for structures and property information of materials

Name Brief information Data source URL
Materials Project (MP)  Properties of known and predicted materials Calculation using https:.//
standard calculation materialsproject.org/
scheme
Open Quantum Thermodynamic and structural properties DFT calculation http://ogmd.org/
Materials Database
(QQMD)
AFLOWLIB The database has millions of materials and can predict new crystal ~ High throughput http://aflowlib.org/
structures calculation

ICSD Inorganic Crystal Structure Database Published structures https://icsd.products.

fiz-karlsruhe.de/en
Organic Materials Electronic structure database for 3D organic crystals Calculation https://omdb.
Database mathub.io/
ZINC 2D and 3D structures of commercially available molecules Calculation https://zinc15.

docking.org/
NREL Materials Properties of materials for renewable energy applications Calculation https://materials.
Database (photovoltaics, materials for photoelectrochemical water splitting, nrel.gov/

thermoelectrics)

Non-linear Optical Chemical formula, space group, and calculated band gap refractive ~ DFT calculation http://nlo.hbu.cn
Materials Database index of the material

DFT: Density functional theory.

control of variables (experimental methods and conditions or calculation methods). However, it is time-
consuming, laborious, and expensive. It is worth noting that researchers are often reluctant to record or
publish “failed” experimental data, but such data is also valuable for ML""**), When training ML models, the
inclusion of both successful and failed experimental data within the dataset can enhance the identification
of the key determinants of material properties.

Pre-processing

The pre-processing of datasets typically includes several steps, such as data cleaning, feature scaling, and
dataset splitting. Data cleaning is designed to remove “dirty data” from a dataset, which includes duplicates,
missing values, noise, inconsistencies, redundancies, and outliers in the database"". Young et al.
confirmed in their research that there is a significant error rate in databases containing structural
information, while even small errors in structural representation can result in substantial predictive
inaccuracies™. Therefore, it is crucial to identify and address these problems during the data pre-processing
*#l Feature scaling, also
known as data normalization, has two main purposes. Firstly, it maps the initial data range to a fixed

stage in order to ensure the validity and reliability of the subsequent analysis'

interval to avoid large differences in the value range of different features. Secondly, feature scaling removes
data dimensions and makes different features comparable to each other. It can accelerate the convergence
speed of gradient descent algorithms!*’. Data splitting is an essential procedure to divide the original data
into different sets, namely, the training set for training the model and the test set for evaluating the quality

[45]

of the model*. Sometimes, it is also necessary to set aside validation sets for model tuning

Feature engineering

Material data cannot be directly recognized by a computer and needs to be encoded into computer-
recognizable descriptors. As shown in Figure 31", the descriptors are obtained using different encoding
methods. There are four representative methods for encoding crystal solids: structural diagrams, coulomb
matrices, topological descriptors, and diffraction fingerprints"***’. Feature coding relies heavily on the
expertise of the researcher, and manual coding also tends to lead to incompatibility and low interpretability
of the model.
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Figure 2. The workflow of ML. CNN: Convolutional neural network; DBSCAN: density-based spatial clustering of applications with
noise; DNN: deep learning neural networks; DT: decision tree; GBR: gradient boosting regression; GBT: gradient boosting tree; KNN: k-
nearest neighbor; KRR: kernel ridge regression; LASSO: least absolute shrinkage and selection operator; LDA: linear discriminant
analysis; LR: linear regression; LVQ: learning vector quantization; MAE: mean absolute error; MG: mixture-of-Gaussian; ML: machine
learning; MSE: mean square error; PCA: principal component analysis; RMSE: root mean square error; RNN: recurrent neural network;
R2: R-square; SVC: support vector classification; SVM: support vector machines; SVR: support vector regression.

With the development of ML techniques, it is expected to automate the coding of atomic structures”**. In
particular, crystal graphical representations have attracted attention in recent years. In 2017, Isayev et al.
published seminal results in which they proposed a descriptor called property-labeled material fragment
(PLMF) [Figure 3B] for constructing a generalized property prediction model for inorganic crystalline
materials"”. One year later, Xie et al. developed a crystal graph convolutional neural network (CGCNN)
framework, which can learn material properties from atomic connectivity in crystals, providing a generic
and interpretable representation of materials”’. The model can provide an approximate accuracy to DFT in
the prediction of properties such as formation energy, band gap, and shear modulus. Since then, graphical
representations of materials have been rapidly developed, and various graph network models have been
proposed”**?. However, current graphical representations are more applicable to systems containing only
rigid bonds. This is because the presence of flexible bonds causes small changes in the spacing of the atoms,
making it impossible to determine the nearest atoms'™”’.

In addition to structural coding, the choice of descriptors is critical. Owing to the diversity of data types, a
large number of descriptors are usually generated from the collected data. However, not all descriptors have
utility value for specific problems. The selection of suitable descriptors for model training is of paramount
importance in addressing specific scientific problems. An appropriate descriptor set can speed up model
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Figure 3. (A) Illustration of the Coulomb matrix, Ewald sum matrix, and sine matrix for a periodic diamond structure[%].Copyright
2020, Elsevier; (B) Schematic representing the construction of the property-labeled materials fragments (PLMF)™”’. Copyright 2017,
Springer.

training and improve model quality””. In contrast, an overabundance of descriptors can lead to overfitting
and “The Curse of Dimensionality”", whereas an insufficient number of descriptors can result in
inadequate expression of material properties and poor performance of the trained model. A previous
reference””’! summarized some general rules that descriptor sets should follow.

Algorithm selection and model training

Table 2 lists some of the commonly used ML algorithms and representative examples of their use in
materials research™ 7. Detailed descriptions of these algorithms are widely available, but the difficulty lies
in choosing the most appropriate algorithm for a given task. On this issue, some generalized rules are
outlined in a previous reference®. However, these rules are based on simplifying assumptions. While they
can expedite the process of finding the most suitable algorithm, they do not offer a one-size-fits-all solution.
Following these rules may yield multiple suitable algorithms or, in some cases, none. To address this
challenge, researchers have developed meta-learning, also known as “learning to learn”". It involves
acquiring knowledge by learning from meta-data (algorithm configurations, parameter settings, other
measurable properties, etc.) of previous similar tasks and transferring it to new tasks to identify the best
algorithm and hyperparameter combination for the given problem” ™. Meta-learning has found
applications in the pharmaceutical field*"*! and energy materials design. For instance, in 2021, Sun et al.
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Table 2. List of commonly used ML algorithms for materials research

Algorithm model Application

ANN Material design[sgj

CNN Binding energies predictionm]

Clustering Spectral analysis[a]

GPR Adsorption energy predictionm]

Generative models New material discovery[63’64]

Gradient Boosting Algorithm Materials screening, discovery, and property prediction[ss’%]
KRR Molecular orbital energy prediction[m

RF Determine the importance of descriptors[és'w]

SVM Catalytic activity prediction and simplification of DFT calculations'®”"
SISSO Descriptor selection'’?

ANN: Artificial neural network; CNN: convolutional neural network; GPR: gaussian process regression; KRR: kernel ridge regression; ML: machine
learning; RF: random forest; SISSO: sure independence screening and sparsifying operator; SVM: support vector machines.

developed a meta-learning model that collectively predicts the adsorption capacity of various materials
under different pressures and temperatures'®,

Model evaluation and selection

The metric that quantifies the error of the model on the training set is known as the training error.
However, this metric solely reflects the ability of the model to fit the training set and falls short in assessing
its performance on the target problem. Our focus lies in understanding the error of the model on unseen
data, referred to as the generalization error. To accurately evaluate the generalization error, it is essential to
assess the model performance using a separate test set. In supervised learning, commonly employed model
evaluation methods include hold-out, bootstrapping, and cross-validation®. Regression models commonly
employ evaluation indicators such as the coefficient of determination (R2), mean square error (MSE), root
MSE (RMSE), and mean absolute error (MAE)®. Classification models incorporate precision, recall,
accuracy, and F1 score™*. The choice of evaluation methods and indicators depends on the availability of
the specific data and the objectives of the task™.

ACCELERATING ELECTROCATALYST RESEARCH USING ML

Accelerating electrocatalyst research using ML is a promising approach in materials science. There are two
main approaches to accelerate the study of electrocatalysts through the utilization of ML. The first approach
entails the utilization of ML models to prognosticate material properties, explore the current material space,
and conduct a screening of potential electrocatalysts that satisfy requisite criteria. These predictions are
subsequently validated through either experimental or computational means, thereby reducing the need for
trial and error and minimizing the associated expenses. The second approach facilitates the optimization of
existing catalysts and the discovery of new catalysts by providing valuable insights that inform the synthesis
and theoretical calculations of new catalysts.

Prediction of electrocatalyst performance

Activity and selectivity

In 1920, the French chemist Paul Sabatier proposed that the adsorption of reactants on a catalyst should be
neither too weak nor too strong. Weak adsorption impedes the occurrence of significant reactions, while
strong adsorption results in the formation of stable intermediate products that cover the catalyst surface,
impeding the sustainability of reactions™. In 2003, Norskov et al. used DFT calculations to demonstrate
that the adsorption energy of an intermediate can be a descriptor of catalytic activity and moderate
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adsorption energy generally contributes to a better catalytic activity® . However, adsorption energies
cannot be accurately measured experimentally, and DFT can only calculate the adsorption energy of a small
number of active sites on the catalyst surface. This limits the development of catalyst design based on this
descriptor. The development of AT has overcome this limitation. In recent years, ML has become a popular
method for catalyst design. Specifically, ML has been applied to predict the adsorption energy of reaction
intermediates on various catalysts and, in turn, predict the catalytic activity and selectivity of catalysts.

Alloys are common electrochemical catalysts. In the search for CO, electrocatalysts, Zhong et al.®” screened
244 different copper-containing intermetallic compounds from the Materials Project””, and they listed
12,229 surfaces and 228,969 adsorption sites. They used DFT to calculate the adsorption energy of certain
sites, and based on these data, a ML model was trained using a random forest (RF) algorithm. This ML
model was then used to predict the adsorption energy of CO on various adsorption sites. Combining the
predicted values with the volcano plot relationship™®, the best active sites were identified. The optimal sites
were then simulated by DFT, and the data obtained was fed back to the ML model for training. In this way,
an automated search framework was established to search for surfaces and adsorption sites with CO
adsorption energy close to the optimal value. The framework conducted approximately 4,000 DFT
simulations in total and generated a set of candidate materials for experimental testing. Experimental results
indicated that Cu-Al had the best activity and selectivity for CO, reduction. Park et al.””) used a CGCNN
model™ to predict the binding energy of *COOH on gold-silver nanostructures. The CGCNN model
exhibited a MAE of 0.024 eV for the *COOH binding energy prediction on the test set. They further
demonstrated a stable configuration of the *COOH intermediate on the Au,Ag, surface, in which C is
bonded to Au and O is bonded to Ag.

High-entropy alloys (HEAs) were discovered in 2004 and have recently emerged as discovery platforms for
catalytic materials”**”, demonstrating excellent catalytic performance in existing reports* ™. However, the
large number of possible active sites and the vast chemical space make it difficult to comprehensively study
them using traditional methods""*". The integration of ML has transformed the traditional research strategy,
enabling the comprehensive studies of HEAs. Batchelor et al. conducted a study on oxygen reduction
reaction (ORR), wherein they calculated the adsorption energy of *OH and *O on 871 and 998 different
2 x 2 unit cells, respectively"””. Notably, each of these unit cells was characterized by a distinct set of
random effective binding sites. Based on these data, they trained a model using ordinary least squares
algorithms to predict the entire span of available adsorption energy on the IrPdPtRhRu surface of HEAs.
The model was tested on a set of 3 x 4 non-symmetric unit cell surface sites. The root-mean-square
deviation (RMSD) of the adsorption energies of *OH and *O were 0.063 and 0.076 eV, respectively.
Pedersen et al. proposed a method for discovering selective and active catalysts for the reduction of CO, and
CO on HEAs"”!. By combining DFT with Gaussian process regression (GPR), the CO and H adsorption
energies of all sites on the (111) surfaces of disordered CoCuGaNiZn and AgAuCuPdPt HEAs were
predicted. This allowed for the optimization of the HEA composition, which, in turn, increased the
probability of the sites with weak H adsorption to suppress the formation of molecular hydrogen.
Simultaneously, it enhanced the likelihood of sites with strong CO adsorption to promote CO reduction. A
selectivity-activity plot was drawn using predicted adsorption energies [Figure 4], which describes how the
selectivity of CO,/CO reduction reactions (CO,RR/CORR) and the activity of CORR are expected to change
as the composition of HEAs varies.

In recent years, single-atom catalysts (SACs) have shown excellent performance in various catalytic
reactions and have become the forefront of catalysis research. ML has been used to predict material
properties in the design process of SACs, which reduces the number of DFT calculations and thus lowers
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Copyright 2020, American Chemical Society. CO,RR/CORR: CO,/CO reduction reactions.

the cost. In 2020, Zafari et al. used a deep learning neural network (DNN) to predict effective
electrocatalysts for nitrogen reduction reaction (NRR) in boron (B)-doped graphene-based SACs'*”. The
DNN model is shown in Figure 5, and Figure 6 illustrates the relation between the loss function, optimizer,
layers, input data, and targets. The output of the DNN was used to identify qualified candidate samples for
NRR, which were defined as having a probability of being an effective catalyst greater than 0.5. Multiple ML
methods were used to predict the adsorption and free energies of some intermediates during the NRR
reaction process. Among these models, the light gradient boosting machine (LGBM) showed the best
prediction accuracy (RMSE = 0.11 eV). In 2022, Sun et al. used GPR to predict the selectivity of syngas in
the process of CO, reduction over the surfaces of graphdiyne (GDY)-based SACs from the perspective of
adsorption energy"". Considering the influence of the acidity and basicity of the medium, four strategies
were employed to determine the selectivity of H, and CO. Distinct selectivity was obtained through different
comparison strategies, indicating that flexible control of the syngas composition must rely on a
comprehensive exploration of thermodynamic adsorption and electron regulation**..

Perovskite-type oxides are catalysts that offer several advantages, including high efficiency, low cost, and
environmental friendliness. However, the complex substitution of multiple elements in these catalysts
makes traditional research methods inefficient. Wang et al. proposed a surface center-environment feature
model and developed a ML approach based on this model to predict the adsorption free energies and
overpotentials of reactive intermediates (HO*, O*, and HO*) on chalcogenide oxide surfaces"". Their
strategy has proven effective in the targeted selection of chalcogenide catalysts with desired properties, and
there is potential for extending the surface center-environment model to other catalyst types in the future to
broaden its applicability.

Stability
In catalyst design, thermodynamic stability is a crucial factor and is often quantitatively described using
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formation energy. In 2015, Faber et al. proposed a set of crystal structure feature vectors that can be used via
ML models to predict solid-state formation energy"*".. Initially, the Coulomb matrix representation was
developed for organic molecules, while the Ewald sum matrix (extended Coulomb matrix) and sine matrix
were proposed for periodic systems. A dataset of 3,938 crystal structures was extracted from the Materials
Project, with 3,000 of them constituting a training dataset for a kernel ridge regression (KRR) model to
predict crystal formation energy and stability. Two years later, Seko et al. demonstrated a method to
generate a set of composite descriptors from simple elemental and structural representations for predicting
compound formation energy"””. This model achieved a prediction error of 0.041 eV/atom. Schmidt et al.
constructed a dataset of approximately 250,000 cubic perovskite systems using DFT calculations*. This
dataset was used to train and test a range of ML algorithms [ridge regression, RF, extremely randomized
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trees, and neural networks (NN)] for predicting inorganic solid-state energies. After conducting an average
of more than 20 training sessions and tests, the results indicated that the extremely randomized trees had
the highest prediction accuracy (MAE = 123.1 + 0.8 meV/atom). Ward et al. mapped the enthalpy of
generation calculated by DFT to a set of two types of attributes (composition-dependent attributes of
elemental properties and attributes derived from the Voronoi tessellation of the crystal structure of the
compound)"*. A decision tree model was tested on a dataset of 435,000 formation energies from the Open
Quantum Materials Database (OQMD). It achieved an average absolute error of 80 meV/atom in predicting
formation enthalpy.

In addition to using formation energies to describe structural stability, the design of sub-stable surface
structures can also be achieved by searching for the minimum energy path during transformations between
different surface structures. In 2000, Henkelman et al. proposed a modification of the nudged elastic band
method (NEB) for finding the minimum energy path based on DFT computations" . This method is more
reliable than classical force field-based dynamics methods, but it is computationally intensive and
challenging to apply to complex structures'". The development of ML overcomes these limitations. In
2018, Kolsbjerg et al. demonstrated that approximate structural relaxation with a NN enables orders of
magnitude faster global optimization using an evolutionary algorithm within a DFT framework!*?. This
significant increase in computational speed makes it possible to filter out the best energy paths from
hundreds of kinetic paths. In 2021, Yoon et al. proposed a deep reinforcement learning (DRL) environment
called CatGym for predicting thermal surface reconstruction pathways and their associated kinetic barriers
in crystalline solids under reaction conditions""”. For a given catalyst surface, the DRL agent iteratively
adjusts the positions of atoms and learns strategies for generating kinetic pathways to nearby local minima
with different surface compositions resulting from surface segregation. The reconstruction pathway to the
global minimum surface configuration generated by the DRL agent agrees well with the minimum energy
path calculated using NEB.

All of the above strategies evaluate structural stability from an energy perspective, and there are other
strategies. In 2016, Ulissi et al. developed a strategy to efficiently generate surface Pourbaix maps using a
Gaussian regression process based on a small amount of conformational free energy calculated by DFT""*.
Such surface phase maps can not only show the most stable surface structure as a function of pH and
potential but also help to understand surface chemistry. They generated a Pourbaix map [Figure 7] of the
IrO, (110) surface using only 20 electronic structure relaxations, whereas about 90 are required using typical
search methods. And the same efficiency was obtained on the MoS, surface. In 2021, Vulcu et al.
investigated the stability and surface changes of the electrodes by comparing Raman spectra recorded before
and after electrochemical treatment""”’. However, due to the great similarity between the data generated by
the analysis and the spectra, ML algorithms were used for discrimination. Five modeling approaches [the
decision trees, the discriminant analysis, support vector machines (SVM), k-nearest neighbors (KNN), and
ensemble classifiers] were used in this research. The findings demonstrated that sulfur-doped reduced
graphene oxide (S-RGO-Pt) has higher molar stability in alkaline media.

Quantitative structure-property relationship

The activity of electrocatalysts is not simply dominated by a few properties but is the result of the
interaction and mutual limitation of multiple features and properties. Therefore, it is important to reveal the
structure-property relationship for the rational design of electrocatalysts. Quantitative structure-property
relationship (QSPR) has been widely used in materials research fields"'**"”, but its application in the field of
electrocatalysis has only recently shown some promising advancements. Parker et al. used non-linear and
non-parametric extra trees classifier to classify 1,300 Pt nanoparticles into disordered and ordered structures
based on the degree of surface disorder and growth rate*”. Subsequently, non-linear and non-parametric



Page 12 of 23 Hu et al. J Mater Inf 2023;3:18 | https://dx.doi.org/10.20517/jmi.2023.23

110) IrO, Surface Determine Dominating Set (Initial Training)
2

2 Bridge Sites *

o Measure AGO([Ny, ..., Ny])

Sites and add to training set 1
4 Sub Gaussian process (GP) model
AL, (predict AG? for unobserved states)
Surf. SN
Oxy. Predict state most likely to contribute to
Sites lower hull of the Pourbaix diagram
C -
51
B
E’ -6
& -7
@ -g
o 1
=~ -9
-15 -10 0.5 00
Applied Potential [V]

Figure 7. Demonstration of Pourbaix diagram construction for an IrO, surface. (A) Illustration of three types of adsorption sites
considered for a 2 x 2 IrO, slab; (B) Algorithm for Pourbaix diagram construction using a ML model to guide simulation choice; (C) Final
Pourbaix diagram, with the states forming the lower hull labeled. Dashed lines are predicted states of unmeasured configurations' .
Copyright 2016, American Chemical Society. ML: Machine learning.

extra trees regressors were used to investigate the relationship between the structural properties of the two
types of particles and the ORR, hydrogen oxidation reaction, and hydrogen evolution reaction (HER). The
results show that small particles of disordered materials perform better for hydrogen precipitation reactions
and hydrogen oxidation reactions. In addition, for ordered structures, increasing (111) surface area would
promote ORR, while increasing (110) surface area would enhance hydrogen evolution and hydrogen
oxidation reactions. Esterhuizen et al. used an interpretable ML model, the generalized additivity model, to
quantify and explain the relationship between the geometry of the adsorption site and the strength of
chemisorption. Through several case studies, they explained the relationship between the basic
electronic, geometrical, and compositional features of Rh, Pd, Ag, Ir, Pt, and Au alloys and the
chemisorption strengths, coordination metals, and strains of O, S, OH, and CI adsorbates. Based on the
available feature shapes, three key features of the adsorption sites were identified as affecting the
chemisorption strength on the metal alloy phases: the strain in the surface layer, the number of d-electrons
in the ligand metal, and the size of the ligand atom.

The mapping between material synthesis, material characteristics, and performance is illustrated in
Figure 8A. The synthesis conditions of electrocatalysts affect their structure and, thus, performance, while
simple QSPR does not consider the synthesis conditions. Based on QSPR, Ebikade et al. developed a data-
driven quantitative synthesis-structure-property relationships (QS’PRs) method to enhance the
performance of nitrogen-doped carbon (NDC) for hydrogen precipitation reactions"*”. Figure 8B outlines
the active learning algorithm based on Kriging methods that were used to construct a predictive model. The
NDC synthesis process was used as the objective function, with the synthesis conditions being the input
function and the total N content being the response to be optimized. Combined with other ML tools, the
optimal pyrolysis conditions for the preparation of NDC can be effectively determined, as well as the
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electrochemical properties of resulting NDC catalytic materials.

Descriptor identification

Finding important parameters that determine the catalytic performance of materials has been a focus of
research in the field of electrocatalysis. Over the past few decades, several descriptors have been developed
to reveal the structure-performance relationship, including descriptors for adsorption energy of reaction
intermediates, electron descriptors represented by d-band centers, structural descriptors, and universal
descriptors*. These descriptors have provided important guidance for the development of electrocatalysts
but still have some limitations, such as being difficult to measure and having poor universality. In recent
years, ML has become a new, fast, and effective tool for descriptor development or key parameter
identification*****,

Wexler et al. combined DFT and ML to study the activity of Ni,P for the HER'. They used a regularized
RF algorithm to discover the relative importance of structural and charge descriptors and found that the
Ni-Ni bond length was the most important descriptor for HER activity. This finding sheds light on the
mechanism of dopant-induced changes in the reactivity of Ni,P. Jager et al. established complex descriptors
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to accurately and reasonably predict adsorption energies*. They investigated the smooth overlap of atomic
positions, many-body tensor representation, and atomic central symmetry function in predicting the
hydrogen adsorption free energy (AGy) of 91 MoS, clusters and 24 copper-gold clusters. After a comparative
analysis, the smooth overlap of atomic positions descriptor was used to explain the adsorption energy. In
addition, it was concluded that merging data from different nanoclusters could significantly reduce the need
for fitting potential energy surfaces.

Weng et al. used symbolic regression (SR) to guide the design of novel oxide perovskite catalysts for oxygen
evolution reaction (OER) [Figure 9], A descriptor, p/t, was identified from 4.32 x 10" candidates, which
has high accuracy and low complexity. The p and t represent the octahedral factor and tolerance factor,
respectively. This accelerated the discovery of new high-performance oxide perovskite catalysts for OER.
Fung et al. studied the descriptors of the catalytic activity of nitrogen-doped graphene-based SACs for HER
by constructing the correlation between the d-state center and AG,"*". Notably, AGy, is a widely studied
descriptor for the interaction between molecules and metal surfaces in HER"**'**l, However, the computed
results showed a relatively weak correlation between the d-state center and AG, (R* = 0.66). Other
descriptors were also studied, such as the formation energy of single-atom positions, the number of filled
and unfilled d-states near the Fermi level, and atomic properties of single atoms, ionization potential,
electronegativity, number of d-electrons, covalent radius, and Zunger d-orbital radius. In addition, as shown
in Figure 10, the performance of several commonly used ML models for predicting AGy is compared,
including KRR, RF, NN, and sure independence screening and sparsifying operator (SISSO).

Compared with metal catalysts, metal oxide catalysts have more localized and complex electronic structures.
This causes the lack of suitable activity descriptors to replace expensive DFT calculations in predicting the
catalytic activity of metal oxides. Xu et al. demonstrated the use of a compressed sensing method (SISSO) to
identify the algebraic expressions of surface-derived features as descriptors"**. Subsequently, they utilized
the primary electronic and geometric features to predict the adsorption enthalpies of intermediates on
doped RuO, and IrO, electrocatalysts in OER. The results showed that none of the primary features was
uniquely important, and the descriptor was significantly superior to previously emphasized single
descriptors in terms of accuracy and computational cost. Andersen et al. explored the possibility of using
the SISSO method to identify low-dimensional descriptors"*?. These descriptors are used to predict the
enthalpies of adsorption on various active sites of metals and oxides. Zafari et al. used two-dimensional
(2D) transition metal borides (MBene), defect-engineered materials, and p-conjugated polymers (2DCP)-
supported SACs to promote N, reduction to NH, while suppressing HER™*. By building a ML model
(LGBM) based on the dataset, a new NRR descriptor combining a bond orientation parameter (BOP) and
simple element features was proposed. Linear feature correlation analysis showed that N-N bond length was
highly correlated with catalytic activity. This indicated that activation of N, was crucial for the high
performance of the catalyst. In 2022, using DFT, ML, and a cross-validation scheme, Wan et al. selected the
best performing RF regression model (with an RMSE of 0.24 V/0.23 V for ORR/OER) from models
constructed by five different supervised ML algorithms"*”. This model was used to characterize the easily
accessible physical and chemical properties of carbon-nitride-related SACs with respect to the ORR/OER
overpotential. Three promising oxygen electrocatalysts with higher activity than noble metals were
identified, including RhPc, Co-N-C, and Rh-C\N,. Further model analysis determined the number of
electrons in the d orbitals of the metal active centers as the most effective descriptor. The study successfully
predicted the overpotentials of ORR and OER on carbon-nitride-related SACs and demonstrated the
superiority of the ML model over traditional experimental approaches and theoretical models.
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ML interatomic potential

The potential-energy surface (PES) is defined as a function of the potential energy of the resulting atomic
configuration if atomic coordinates are provided"*. The complexity of PESs varies depending on the
chemical system described. PESs may depend on only a few coordinates or may be highly complex high-
dimensional functions. Theoretically, PESs can be obtained by solving the Schrodinger equation for the
chemical system, which is the most accurate method. Despite its accuracy, the exact solution of the
Schrodinger equation for practical systems is currently not available. Even the approximate solution of the
Schrodinger equation is limited by the computational cost and is difficult to use for systems with large time
and length scales, such as the most widely used DFT""*?,

To address the difficulties of PES calculations, researchers have developed an alternative to PES-interatomic
potential models. These models parameterize the interactions between atoms in a relatively simple
functional form and are widely used in materials science*’. MD simulations aided by the use of interatomic
potential models enable access to larger time and length scales and enhance the ability to simulate chemical
systems with atomic numbers up to hundreds of thousands"*". Initially, the potential functions were mainly
constructed manually, but now they are mainly constructed by ML. In recent years, many ML models for
potential or force field prediction have been published. These include various NN potentials (NNPs)!"*"47,
graph networks"**'*”, Gaussian approximation potentials (GAP)"****], SVM"**), moment tensor potentials
(MTP)"*, gradient-domain ML (GDML)"** and many more. ML interatomic potentials have emerged as
valuable tools for materials research"”, but their application to electrocatalysts is limited, with few studies
reported so far.

Artrith et al. combined first-principles calculations with large-scale Monte Carlo simulations, assisted by an
NNP, to study the equilibrium surface structure and composition of bimetallic Au/Cu nanoparticles"*. To
ensure the accuracy of NN, up to 3,915 Au/Cu nanoparticles (with a size of 6 nm) were extensively sampled
under different chemical potentials and synthesis conditions. They demonstrated that NNPs based on first
principles provide a promising approach to accurately investigate the relationship between solvent, surface
composition and morphology, surface electronic structure, and catalytic activity in systems consisting of
thousands of atoms. Chen et al. used local ML potentials (MLPs) to obtain structural descriptors and
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Figure 10. Comparison of DFT calculated versus ML predicted AG,, using (A)KRR; (B) RF regression; (C) NN regression; and (D) SISSO
regression™>". Copyright 2020 American Chemical Society. DFT: Density functional theory; KRR: kernel ridge regression; NN: neural
network; ML: machine learning; RF: random forest; SISSO: sure independence screening and sparsifying operator.

achieved local structure optimization by combining simple physical properties with graph convolutional
NN"*. Subsequently, they selected 43 high-performance alloys from 2,973 candidates as potential
electrocatalysts for hydrogen precipitation reactions. Some of the 43 alloys have been validated in
experiments. Li et al. combined the quantum mechanical path integral-based rate theory of cyclic polymer
MD with an NNP of first-nature principle accuracy to calculate the surface reaction rate"””. They applied
this approach to the example of NO desorption on a Pd (111) surface. The results indicated that the
resonance approximation and neglect of lattice motion in the conventional transition state theory can
respectively overestimate and underestimate the entropy change during desorption. These lead to opposite
errors in the rate constant prediction, thereby resulting in a situation where the errors cancel out. After
taking into account the anharmonicity and lattice motion, the study correctly revealed the surface entropy
change during the desorption process, which is usually neglected due to the apparent local structural
changes.

ML interatomic potentials have gained rapid momentum in recent years, and a large number of reported
examples have demonstrated their potential value. However, they currently face several challenges. The first
is the generation of reference data. Constructing MLPs requires the generation of extensive reference
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datasets using electronic structure calculations, which need to be performed at a highly converged level"**.

This process is very demanding and time-consuming, which makes empirical force fields orders of
magnitude faster than ML models. Reducing the size of the reference dataset is a current endeavor”*”. The
second challenge is the poor transferability of ML models due to the high-dimensional feature space, which
is inherent to high-dimensional fitting functions and is known as “The Curse of Dimensionality”"*. Tt
means that when confronted with different material systems, old ML models may lead to serious failures,
necessitating the training of new models from scratch. To address this problem, it would be beneficial to
develop more automated database generation methods and potential training methods"*".

CHALLENGES AND PROSPECTS

Significant progress has been made in utilizing ML to accelerate the optimization and discovery of
electrocatalysts. However, there are still some challenges that need to be addressed in order to fully realize
the potential of ML in this field.

First of all, in terms of data, ML requires a large and reliable dataset to ensure its quality of learning.
Currently, there are problems such as inadequate data acquisition efficiency, a large amount of published
data not being included in databases, and important experimental data not being recorded in the literature.
For example, factors such as the shape of the reactor and stirring speed can affect the catalytic
performance™ but may not always be reported in experimental data. Additionally, researchers are often
unwilling to publish “failure data” that can be used for ML"”\. In addition to the size and comprehensiveness
of the data, the quality of the data should also be considered, as different data sources can cause some errors.

Secondly, in terms of workflow, while ML modeling can theoretically be completed with limited
professional knowledge, the success of the model currently depends heavily on the experience of
researchers. This is because the properties of materials are affected by various physical and chemical factors
and process conditions. A large number of influencing factors make redundant features difficult to avoid,
thereby leading to dimensional catastrophes”. These issues can result in poor prediction performance and
high model complexity. To address these challenges, it is important to select appropriate descriptors, which
requires a thorough understanding of catalysis theory. Moreover, selecting the algorithm is also difficult, as
there is no single algorithm suitable for all problems. Many researchers choose multiple algorithms during
modeling and use the test set to select the best performing algorithm. This undoubtedly increases workload.
To solve this problem, promoting collaboration between scientists in different fields (mathematics,
computer science, materials science, and catalysis science) would be an effective way.

Thirdly, the interpretability of the model is an issue. The conventional ML models are difficult to formalize
and are, therefore, regarded as “black boxes”. As a result, it is difficult to extract scientific knowledge that
can be applied to general situations from ML models. Developing interpretable ML models is an effective
solution to this issue, and there have been some related reports and research efforts in this area*>'*'*,

The above issues are some of the specific challenges currently faced in accelerating electrocatalyst
development using ML. In addition, there are also problems, such as poor model generalization and
difficulty in surpassing DFT calculations.

The previously mentioned problems are indeed challenging, but they do not address the fundamental
aspects of chemical science discovery. It is important to acknowledge that while ML has accelerated specific
research tasks, it has not yet fully influenced the field of electrocatalysis as a whole. This is primarily due to
the lack of a systematic and standardized data-driven approach, which is essential for accelerating scientific
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discovery at its core. For a more comprehensive discussion on this topic, constructive comments can be

found in a recent review!'®”.

Overall, ML has the potential to have a significant impact on the future of scientific research in this area, as
problems continue to be solved and a standardized system is established.
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