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alkaline media: combining theory and experiment

Hyeonjung Jung,t Seokhyun Choungt and Jeong Woo Han

*

Water electrolysis is a promising solution to convert renewable energy sources to hydrogen as a high-
energy-density energy carrier. Although alkaline conditions extend the scope of electrocatalysts beyond
precious metal-based materials to earth-abundant materials, the sluggish kinetics of cathodic and anodic
reactions (hydrogen and oxygen evolution reactions, respectively) impede the development of practical

electrocatalysts that do not use precious metals. This review discusses the rational design of efficient

electrocatalysts by exploiting the understanding of alkaline hydrogen evolution reaction and oxygen

Received 5th August 2021
Accepted 19th October 2021

evolution reaction mechanisms and of the electron structure—activity relationship, as achieved by

combining experimental and computational approaches. The enhancement of water splitting not only
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1. Introduction

Clean energy transitions to replace traditional carbon sources
are being sought to mitigate fossil-fuel depletion, carbon
emissions and environmental pollution.”> Conversion and
storage of sustainable energy such as wind or solar energy to
hydrogen as an energy-dense carrier has been advocated as
a promising solution.? Electrochemical water splitting (2H,O —
2H, + O,) has been accepted as a potential hydrogen-production
technology, due to the availability of water as a reactant, and
stable output efficiency.*® It avoids emission of huge amounts
of carbon dioxide and does not exacerbate fossil-fuel depletion,
which are two major objections to conventional steam reform-
ing of natural gas to yield hydrogen.®

Water electrolysis consists of the hydrogen evolution reac-
tion (HER; water reduction to hydrogen gas) as a cathodic half-
reaction and the oxygen evolution reaction (OER; water oxida-
tion to oxygen gas) as an anodic half-reaction. The thermody-
namic potential requirement for splitting water into hydrogen
and oxygen is theoretically 1.23 V vs. standard hydrogen elec-
trode (SHE) under the standard conditions, but it always takes
more energy (overpotential) than this in practice. To minimize
the overpotential requirement and achieve efficient water elec-
trolysis, it should be conducted in either a highly acidic
medium or a highly alkaline medium.'*"* Acid electrolysis is
usually performed using a proton exchange membrane (PEM),
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deals with intrinsic catalytic activity but also includes the aspect of electrical conductivity and stability.
Future perspectives to increase the synergy between theory and experiment are also proposed.

and has the advantages of high energy efficiency and fast
hydrogen production rate, but uses expensive noble-metal
electrocatalysts. Promising and relatively inexpensive transi-
tion metal oxides (TMOs) for OER catalysts mostly suffer from
serious instability such as decomposition and metal dissolution
in acidic and strongly oxidative environments at high operation
voltages.™ Alkaline electrolysis overcomes some of these insta-
bility problems and extends the scope of electrocatalysts to
earth-abundant materials.'**> However, the alkaline medium of
water splitting causes slow HER kinetics due to the low proton
concentration.’*™ Therefore, increase of both activity and
stability in alkaline media for the OER and HER has been huge
research topics in electrochemistry.

To obtain an economically viable alkaline electrolyzer, the
first choice should be to replace noble metal-based catalysts (Pt/
C, IrO,) with inexpensive, earth-abundant metal-based cata-
lysts, given that catalysts account for a large portion of the stack
price.?® Although water electrolysis is considered a promising
hydrogen-production method, the sluggish OER kinetics at the
anode and sluggish HER kinetics at the cathode under alkaline
conditions remain primary impediments to the development of
low-cost electrocatalysts.*** Emerging materials based on
earth-abundant transition metal (TM) elements have been
evaluated for the alkaline HER and OER, and if applicable can
solve the long-standing problem of low price efficiency. TMs
and TM alloys have been widely studied theoretically and
experimentally as HER catalysts.”*>* Emerging TM materials
with ligands such as sulfides,>** phosphides,®="*
carbides,**** and hydroxides**” have been extensively investi-
gated owing to their high activity comparable to noble metal-
based catalysts.
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For the OER, substantial research efforts have been devoted
to investigating the activity of TMO catalysts that use perov-
skites,*** spinels, layered oxides including hydr(oxy)
oxides**”*® and other types of oxides®**** owing to their low
cost, easy synthesizability, rich selection of structural combi-
nations, and environmentally benign nature. Furthermore, they
are stable in alkaline solution and have moderate conductivi-
ties, which make them good candidates for the electrocatalytic
OER. Non-oxide catalysts like metal chalcogenides that include
sulfides,*** selenides,’®”* and carbides’*”” have also been re-
ported as promising electrocatalytic materials for the alkaline
OER.

For these emerging materials to be widely accepted and
further developed, the atomic-level mechanisms of catalysis
must be understood and exploited. These mechanisms can be
identified using interdisciplinary theoretical methods and high-
resolution characterization and imaging techniques. Compu-
tational simulations that use density functional theory (DFT)
have illuminated the intrinsic properties of catalysts by
observing the properties of transition states and reaction
intermediates, and have provided insights that enable rational
design of catalysts.” The simulations provide the interaction
energies of atoms or molecules on a catalytic surface with
sufficient accuracy, and thereby provide thermodynamic data
for the targeted reaction. The nudged elastic band (NEB)
method enables identification of the minimum-energy path
(MEP) for a given chemical process if both the initial and final
states are known, and provides kinetic data.” DFT calculations
can also investigate the charge distribution and electronic
structure of catalyst systems, whereas such information is not
easily obtained experimentally.®” Finding the relationship
between the thermodynamic properties of catalysts and their
electronic structural properties is an important step in
increasing the performance of catalysts. By exploiting a deep
understanding of material properties at the atomic scale,
a combination of theoretical approaches with experimental
methods has been successfully implemented to study catalytic
activity, search for new material combinations, and eliminate
inefficient trial-and-error searches. In addition, computer speed
and memory are being increased rapidly, so high-throughput
screening of material search spaces is being performed exten-
sively by considering the accumulated knowledge about activity
descriptors.

The blooming of the massive ab initio calculation database
has opened up a new possibility of exploring the limitless
material search space by means of machine learning (ML)
techniques. Recently, ML-based high-throughput screening
studies have successfully discovered a large number of new
catalysts for the HER'™ and OER.* Furthermore, ML
approaches have expanded our understanding on the physical
nature of catalytic materials for water splitting, igniting the
huge research interest of data-driven ML studies in the mate-
rials design field.

Several great review articles have covered the HER, OER, and
overall water splitting catalysis, but a comprehensive theory-
specialized perspective on the topic is missing. Two
reviews'®*! have considered only one side of the water-splitting
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electrode. Many other researchers focused on specific materials
such as homogeneous Co catalysts,**** heterogeneous Ni cata-
lysts,® borides and sulfides,® specific morphology (low
dimensional (1D/2D) and single/double atomic coordina-
tion),**” precious metals,*® photocatalysis,® or bifunctional
catalysts.”® Some other reviews have focused on specific design
strategies such as support, interface and strain engineering.**>
Here, we will consider the specificity of alkaline media while
addressing a universal strategy to develop cost-efficient
catalysts.

This review looks at recent progress towards overcoming the
slow kinetics of the HER and OER under alkaline conditions, by
combining computation and experimentation. First, several
powerful descriptors for the HER and OER are introduced,
focusing on the strategies to which the descriptors are applied
in rational design to increase intrinsic catalytic activity. For the
HER, hydrogen-binding strength has been a widely applied
descriptor that can be tuned by electronic structure engi-
neering, various nano-structuring concepts, and new active
materials identified using machine learning. Several influential
papers regarding the water dissociation barrier descriptor are
highlighted, as a result of their efforts to increase the under-
standing and ability to manipulate the descriptor. The function
of promoter species in the electrolyte is highlighted with
important theoretical and experimental findings. For the OER,
the descriptors for determining the two major mechanisms, i.e.,
the adsorbate-evolution mechanism (AEM) and lattice-oxygen
oxidation mechanism (LOM), are introduced; oxygen vacancy
formation energy, electron donating ability of B cations in the
ABOj; perovskites, oxygen 2p-band center (Op) and metal 3d-
band center (Mgq). In the AEM, several activity determining
descriptors such as the Gibbs free energy difference of adsorbed
O and OH intermediates (AGo, — AGon) and electronic struc-
tural descriptors including e, orbital occupancy, metal-oxygen
covalency, and number of excess electrons (NEE) are explored.
In the case of LOM, metal-oxygen covalency, oxygen anion and
vacancy diffusion are discussed experimentally and computa-
tionally, with practical examples. Although the alkaline envi-
ronment generally provides better catalyst stability than the
acidic environment, the stability issues still exist under alkaline
conditions and have not yet been completely elucidated. The
stability and electrical conductivity of the materials are
summarized comprehensively. The relationships among
stability, conductivity and activity are reviewed, considering
several strategies to increase the stability and the electrical
conductivity.

We hope our review broadens the design principles of inex-
pensive catalysts for alkaline water splitting reactions by
combining theory and experiment, and that it extends insight
into the hydrogen oxidation and oxygen reduction reactions
(HOR/ORR), which share similar intermediates with the HER
and OER, and CO, and NO, reduction that involves water
dissociation reactions similar to those in the alkaline HER. We
will also cover important experimental and computational
considerations of alkaline media, so our design principles may
also be applicable to other alkaline environmental reactions.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2. Alkaline hydrogen evolution
reaction

2.1. HER mechanism under alkaline conditions

The HER under alkaline conditions involves water dissociation
and coupling of hydrogen atoms. The general consensus on the
mechanism has been well established to occur in two sequential
steps; first, the water dissociation step occurs:

H,O + e~ — H* + OH™ (Volmer step, 120 mV dec™),
then the hydrogen evolution step occurs
H,O + H* + ¢~ — Hjy) + OH™ (Heyrovsky step, 40 mV dec™),
or

H* + H* — Hy, (Tafel step, 30 mV dec ')

The protons under the alkaline conditions are obtained by
the Volmer reaction, which dissociates water molecules. These
hydrogen atoms then recombine by either the Heyrovsky
recombination reaction or the Tafel recombination reaction.
For those two steps, hydrogen binding energy (HBE) is a deter-
minant in predicting the reaction rate of the HER. Under acidic
conditions, the H atom is the sole intermediate of the HER, so
the HBE determines the HER activity, following the Sabatier
principle that the key intermediate should have modest binding
strength, neither strong nor weak. Strong binding of the catalyst
to the H hinders the hydrogen desorption in the subsequent
Tafel or Heyrovsky steps; weak binding hinders the Volmer step.

Despite the successful implementation of the HBE
descriptor in acidic media, HBE could not solely explain the
HER under alkaline conditions due to the complexity of the
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reaction environments. Long-standing debates have been con-
ducted on the much lower HER activity in alkaline than in acidic
media for the state-of-the-art Pt and Au catalysts (Fig. 1a).”®
Although the HER mechanism under alkaline conditions is still
elusive, many researchers consider that the Volmer step is the
activity-limiting reaction, in which excess energy is required to
overcome the high water dissociation barrier. The Markovic
group have reported a series of results which implied that the
water dissociation is a key step which actually limits HER
kinetics.* Oxophilic sites such as Ni(OH), can accelerate the
water dissociation, increasing the HER activity three to five
times under alkaline conditions, so it may serve as the active
site for the water dissociation step (Fig. 1b). Therefore, along
with HBE, other important descriptors have been highlighted
including hydroxyl binding energy (OHBE), water dissociation
barrier, solvated electrolyte cations, chemical dynamics in the
double layer and co-adsorbed spectator species.

First, HBE as a practical descriptor under alkaline conditions
will be discussed in Section 2.2, focusing on four aspects: (1) the
volcano relationship between HBE and alkaline HER activity, (2)
the linear relationship between HBE and the electronic struc-
ture, (3) nano-structuring of materials towards the optimal
HBE, and (4) machine learning approaches towards the optimal
HBE. Then, the importance of the water dissociation barrier,
OHBE, and ‘dual active site’ strategy in the alkaline HER will be
covered in Section 2.3. Finally, the role of electrolyte species will
be discussed in Section 2.4, and conductivity issues will be
covered in Section 2.5.

2.2. Hydrogen binding

2.2.1. Volcano activity relationship. HBE has been widely
accepted as the most important single descriptor to predict HER
activity under acidic conditions, because the optimal HBE
dictates the thermodynamics of hydrogen coupling and
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Fig.1 (a) pH-dependent current—potential polarization curves at rotation rates of 1600 rpm and sweep rate of 50 mV s~ for Au(111) and Pt(111).
Reproduced from ref. 93 Copyright 2013, Springer Nature. (b) Overpotential  required for a 5 mA cm™2 current density, in 0.1 M HCIO4 and 0.1 M
KOH for bare metal surfaces (Cu, Ag, Au, Ru, Ir, Pt, V, Ti and Ni) and Ni(OH),-modified surfaces. Reproduced from ref. 46. Copyright 2012, Wiley.
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desorption reaction. Thus, classical efforts of theorists in the
field mostly focused on the HBE to identify the HER activity. The
Norskov group has proposed a theoretical framework that
a simple hydrogen adsorption calculation can be used to
understand the trend in the acidic HER exchange current
density.** They found that the Pt positioned near the apex of
a volcano-like relationship under acidic conditions when the
HBE was used as a descriptor.

Although many other influential factors such as OHBE, water
dissociation barrier, and electrolyte dynamics should be
considered to obtain a complete picture of HER kinetics under
alkaline conditions, the HBE is still widely used as a HER
activity descriptor under alkaline conditions due to its practi-
cality. Sheng et al. provided important experimental evidence
that the HER under alkaline conditions follows the HBE trend

View Article Online
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by performing the fundamental study of combining theoretical
HBE calculation and the exchange current density measure-
ment (Fig. 2a).>® Their results also demonstrated that HBE and
current density have the volcano relationship under both acidic
and alkaline conditions. A follow-up study that also combined
theory and experiment® showed that HBE was correlated well
with current density, and overpotential in universal pH. Durst
et al. reached a similar conclusion that the HBE serves as
a powerful descriptor of the HER under alkaline conditions by
conducting control experiments using platinum-group metals.*”
In addition, several reports have successfully described the high
alkaline HER activity of carbides and selenides using HBE as
a single descriptor. Vrubel et al. found that Mo,C shows excel-
lent activity and stability under both alkaline and acidic
conditions comparable to that of the Pt/C catalyst, which was
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Fig. 2

A-site ionic electronegativity

(a) Exchange current density as a function of HBE. Reproduced from ref. 95. Copyright 2013, Royal Society of Chemistry. (b) Overpotential

as a function of HBE. Reproduced from ref. 100. Copyright 2004, Springer Nature. (c) Overpotential as a function of the d-band center of the
heteroatom doped Ni catalyst. Reproduced from ref. 101. Copyright 2019, American Chemical Society. (d) Schematic of the electronic properties
considered; electronic conductivity, carrier density, carrier mobility and adsorption energy. (e) Exchange-current density as a function of PBP.
Reproduced from ref. 102. Copyright 2020, American Chemical Society. (f) Soft XAS spectra at the O—K edge collected in TEY mode, FY modes,
PDOS calculations of Co 3d and O 2p orbitals for three perovskites, charge-transfer models of Co?*, Co®*, and Co** in covalent systems. (g)
Inductive effects and electron exchange interactions between A-sites and B-sites in perovskite overpotential at 10 mA cm™2 as a function of A-
site ionic electronegativity. Reproduced from ref. 103. Copyright 2019, Springer Nature.
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confirmed by the optimal HBE."* The HBEs of monometallic
carbide surfaces have been evaluated by DFT calculations in
low-coverage and high-coverage carbide systems, which showed
a clear correlation between HBE and exchange current density
under the alkaline conditions."” Zheng et al synthesized
a phase controlled CoSe, by modifying the d-electron states of
the Co atoms via P doping, hence optimizing the HBE in alka-
line solution.™

2.2.2. Electronic structure. The atomic binding energies
are widely associated with the electronic structure of the surface
atoms, as the electronic structure of the catalyst surface affects
the binding strengths of the adsorbates.®®® As a result,
adjusting the electrical structure by alloying, doping, and phase
transition is a common strategy for the material design. Three
descriptors for the electronic structure will be explored in this
section: d-band center, projected berry phase, and electroneg-
ativity. The HBE is linearly correlated with the d-band level of
the materials, which represents their bonding and anti-bonding
occupancy. The antibonding orbitals would be less occupied if
the antibonding band position is high, where the d-band center
position is high. Therefore, the adsorbate binding strength
increases as the surface's d-band center upshifts relative to the
Ey. For a material with a high d-band position, such as Ruy,p, the
hydrogen binding is too strong to be thermodynamically
favorable for the H* desorption process. On the other hand,
a material with a low d-band position relative to Eg, such as Pt,
generally has a weak hydrogen adsorption strength, and thus
the HER could be limited by the hydrogen binding process. A
series of studies conducted by Greeley et al. revealed principles
to design metal-alloy catalysts for hydrogen production and
hydrogen utilization (Fig. 2b);'*® the d-band center position
relative to the Fermi level shows a strong correlation with
hydrogen bonding, and this correlation suggests that the elec-
tronic structure of the materials dictates the HBE. A follow-up
study** identified 15 candidates from 736 materials by consid-
ering stability factors such as segregation and islanding. These
studies have provided a general guideline that theorists can use
to design materials by considering the electronic structure, and
suggested many candidates that experimental researchers can
test. Heteroatom doping can be used to finely control the elec-
tronic structure of the surface, which can optimize the HBE of
the materials. Jin et al. found that nitrogen and phosphorus
dual doping on a nickel catalyst can induce a charge distribu-
tion in the metal and yield optimized HBE (Fig. 2c)."**

Xu et al. found that the ‘projected berry phase’ (PBP) value,
which depends solely on the topological structure and elec-
tronic structure, has a good linear relationship with HER
exchange current density (Fig. 2d and e).'* They found that the
PBP descriptor is linearly correlated with the HBE, electronic
structure, work function, Fermi level and d-band center model.
To test the idea, and to apply the strategy in practical search for
an HER material, they considered the PBP to select Pt;Cu model
catalyst, and synthesized it. It showed superior HER activity,
and thereby confirmed the relationship between the electronic
structure and HBE.

Tuning the A site ionic electronegativity (AIE) of perovskite

materials'® is a good example of a rational strategy suggested by

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Shao and coworkers to design novel materials by optimizing the
electronic structure. Comparison of cobalt-containing single
perovskites ABO;_; and a double perovskite family AA'B,O¢_.
(A’ =lanthanide) showed a solid volcano relationship between
AIE and the HER activity (Fig. 2f and g). They found that
a material with AIE = ~2.33 would have better catalytic activity
than Pt/C; measurements using (GdgsLags)BaCo,0s55:5
confirmed this prediction.

Despite some studies that questioned the ability of the
electronic structure to serve as a universal descriptor,* this
approach has been effective in providing an important physical
background for materials design and enabling a direct corre-
lation between catalytic activity and surface electronic
properties.

2.2.3. Nano-structuring. Materials that have similar elec-
tronic structures to those of platinum and other noble metals
may have comparable catalytic activity. Carbides have been
spotlighted as they have a similar electronic structure to plat-
inum. Vrubel et al found that molybdenum carbides and
borides show remarkable performance comparable to that of
the Pt/C catalyst.'* Mo,C showed excellent activity and stability
under both alkaline and acidic conditions. Doping and heter-
ostructuring have arisen as general strategies to optimize the
HBE by tuning the electronic structure of the materials. Liu
et al. found that nitrogen atom doping in the Mo-C lattice
induces a special electron transfer (Mo,C — C — N), which
helps the C atoms to act as both electron acceptor and donor.'®”
The catalytic activity of the cobalt-doped Mo,C catalyst was
further increased by hetero-structuring with N doped CNTs, and
achieved overpotential (719) = 170 mV, and stable current
density.'*

Monometallic carbide surfaces have been evaluated by using
DFT to investigate the HBE in low-coverage and high-coverage
carbide systems.'” Analysis results identified carbides that
maximize the HER; when synthesized, they showed a clear
correlation between the adsorption free energy of H (AGy) and
exchange current density concluding that HBE is a useful
guideline for HER activity in predicting carbide activity under
the alkaline conditions. In addition, the coverage dependent
AGy implied that the surface coverage effects are three times
more sensitive on the carbide system than on the pure-metal
system. This result may suggest a viable design strategy to
optimize the HBE on carbide and similar systems (Fig. 3a and
b).

Norskov and his coworkers conducted several pioneering
studies that have broadened the material space of sulfides for
HER materials.’®® They opened up the potential application of
MoS, in the HER by showing the theoretical HBE of the material
followed by in-depth characterizations. They found that the
edge sites of the MoS, have similar adsorption behavior to Pt,
whereas the MoS,(0001) facet was inactive to the H binding.
Subsequent studies maximized the fraction of active edge sites
by nanostructuring.” Although MoS, showed poor activity
under alkaline conditions, breakthrough results were obtained
by introducing conductive elements such as Ni and Co, which
can foster the water dissociation steps.*®
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Chemical Society. (c). Calculated charge density distribution for o-CoSe;|P and free energy diagrams for hydrogen adsorption. Reproduced from
ref. 110. Copyright 2018, Springer Nature. (d) High-resolution STEM images of an as-exfoliated WS, monolayer 1T superlattice and the free
energy diagram of H* adsorption. Reproduced from ref. 111. Copyright 2013, Springer Nature. () H* adsorbed on the NizB/MoB heterosturcture;
free-energy diagram (at U = 0 V) for the HER on the NisB/MoB, NizB and MoB structure. Reproduced from ref. 113. Copyright 2020, Elsevier. (f)
mo of recently reported catalysts and calculated Gibbs free energy for H* adsorption on different catalysts. Reproduced from ref. 106. Copyright
2019, Wiley.

Active and stable phases of dichalcogenides also have been induces shift of the density of states near the Fermi level.
evaluated as HER catalysts. Zheng et al. developed 0-CoSe, by Similar activity enhancement strategies by strain engineering
phase transforming c-CoSe, with controllable P doping that can be applied generally under the alkaline conditions."*?
provided weakened electronegative sites and thereby tuned the Heterostructuring is another nano-structuring strategy that
d-electron states of the Co atoms.™® Their nano-structuring can tune catalyst activity. Huang et al. designed a grain
strategy, phase transformation by hetero-atom doping, has boundary structure between NizB and MoB which serves as the
achieved high HER activity and stability in alkaline solution. active center with induced strain.'** The grain boundary
The active sites of 0-CoSe, are always closer to the optimal HER  enriched with bimetallic borides created additional defects and
activity than c-CoSe, (Fig. 3c). large voids, which served as hydrogen-binding sites and yielded

WS, also shows phase-dependent reactivity. Voiry et al. near-optimal HBE (Fig. 3e). Ouyang et al. developed an efficient
found that the abundant 1T phase of WS, has high HER heterostructure HER catalyst comprising Co/Bf-Mo,C@N-CNTs.
activity." In the 1T WS, phase, the exfoliated nanosheet The heterointerface site enriched the active sites, resulting in
structure of WS, has a certain amount of tensile and compres- much lower overpotential, which was confirmed by over-
sive strain, which contribute to HER activity. DFT calculation potential measurement and theoretical analysis (Fig. 3f).**
revealed that the 1T phase is stable enough owing to a high 2.2.4. Machine learning approaches. Based on the accu-
phase transformation barrier. In addition, an ideally introduced mulated understanding of the HER catalytic descriptors and the
tensile strain controlled the optimal free energy of atomic increasing number of available open-source database, machine
hydrogen adsorption (Fig. 3d). The applied tensile strain learning (ML) has been widely applied in the search for novel
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HER materials across the infinitely large search space. In this
section, pioneering ML-based high-throughput studies will be
discussed. Physical insights on the activity descriptors derived
from ML will also be covered.

Tran et al. provided an automated machine learning scheme
to seek materials, which can automatically identify the best
candidates for the HER from millions of possible structures by
using only the HBE descriptor.’** In this study, they obtained
1499 intermetallic bulk structures from the Materials Project
database, and possible surfaces were cleaved from the bulk
structures. The HBE on each surface was calculated using DFT
to make a fingerprint-like input database combined with three
atomic features. The surrogate ML model was then trained by
the input database using the Tree-based Pipeline Optimization
Tool (TPOT), and the trained ML model was used to predict the
HBE of unknown candidate materials. They identified all
possible surface structures and suggested that even for the
same materials the HBE can vary depending on the coordina-
tion structure. The model identified 102 candidate HER alloys,
and all have optimal HBE (Fig. 4a).

Back et al. conducted a machine learning aided screening
process of HER materials using available databases such as
Materials Project and GASpy databases.™ A convolutional
neural network called CGCNN was used to predict the HBE and
CO poisoning tolerance. They discovered 18 promising alloy
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combinations and 4 cost-effective materials by considering the
HBE descriptor, and confirmed that data-driven search for
materials can be easily performed using a single powerful
descriptor. Sun et al. performed DFT combined with ML for the
high-throughput screening study of atomic transition and
lanthanide metals anchored on graphdiyne.*® They first calcu-
lated the adsorption strengths of all possible HER intermedi-
ates on the catalyst surfaces, and then together with electronic
structure features as the input data, they trained an ML model
using bag-tree algorithm. The trained machine learning model
predicted almost the same HBE as the result calculated by DFT,
and the results were passed to experimentalists for further
investigation (Fig. 4b). Zheng et al. combined DFT and machine
learning models to identify 8 MXenes as promising HER
candidates from 299 MXenes.'"” In addition, they provided data-
driven physical insights into the material that S groups are HER-
regulating species due to the antibonding states (Fig. 4d).""”

The emerging machine learning techniques provide new
tools to help understand the most important factors in
designing HER catalysts. Wexler et al. studied the theoretical
activity of dopant-substituted Ni,P using DFT and