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Water electrolysis, a key enabler of hydrogen energy production,

presents significant potential as a strategy for achieving net-zero emissions.
However, the widespread deployment of water electrolysis is currently limited
by the high-cost and scarce noble metal electrocatalysts in hydrogen evolution
reaction (HER). Given this challenge, design and synthesis of cost-effective and
high-performance alternative catalysts have become a research focus, which
necessitates insightful understandings of HER fundamentals and material
engineering strategies. Distinct from typical reviews that concentrate only

on the summary of recent catalyst materials, this review article shifts focus to
material engineering strategies for developing efficient HER catalysts. In-depth
analysis of key material design approaches for HER catalysts, such as doping,
vacancy defect creation, phase engineering, and metal-support engineering,
are illustrated along with typical research cases. A special emphasis

is placed on designing noble metal-free catalysts with a brief discussion

on recent advancements in electrocatalytic water-splitting technology.

The article also delves into important descriptors, reliable evaluation
parameters and characterization techniques, aiming to link the fundamental
mechanisms of HER with its catalytic performance. In conclusion, it explores
future trends in HER catalysts by integrating theoretical, experimental

and industrial perspectives, while acknowledging the challenges that remain.

1. Overview

Among various carbon-free energy
sources, hydrogen has been regarded as a
promising energy carrier due to its green
and high-efficiency properties, holding
the potential as a high-energy resource
for energy storage and transportation.!’
Hydrogen can be generally produced
from fossil fuels, specifically natural
gas, and renewable energy sources such
as water, wind and solar power. Ma-
jor industrial methods for large-scale
hydrogen production include steam
methane reforming, coal gasification
and water electrolysis.l?l The first two
processes constitute 95% of industrial
hydrogen production,®! but their heavy
reliance on the use of fossil fuels raises
significant energy and environmental
concerns. Conversely, water electrolysis
is a more promising technology for
carbon-free hydrogen production, as it
avoids the use of non-renewable fossil
fuels and does not produce harmful
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emissions. The economic costs of electrolyzed water constrain
its potential for significant market growth in industrial hydrogen
production. Urgent attention is required to address this issue, fo-
cusing on technological advancements and material innovations
to change the current circumstances.

Water electrolysis is an energy-consuming reaction that re-
quires energy input to overcome the obstacles in the electrochem-
ical process to produce gas. Hydrogen evolution reaction (HER)
is the key reaction process involved in water electrolysis, requir-
ing appropriate catalysts to overcome the overpotential generated
during hydrogen production.[*! Therefore, the primary objective
of enabling efficient HER is to develop catalysts that are active and
stable so as to minimize the reaction overpotential. Research on
HER mechanism has been ongoing and has gained momentum.
Over the past few decades, significant progress has been made
through the accumulation of experimental knowledge, leading to
a fundamental understanding of HER in its simplest form. The-
oretical models based on density-functional theory (DFT) have
emerged as crucial tools for exploring the catalytic process of
HER. DFT offers in-depth insights into the atomic-level catalytic
mechanism, enhancing our comprehensive understanding of the
electrocatalytic process.® Descriptors facilitate the integration of
theoretical and experimental results, enable qualitative assess-
ment of catalysts and guide material design.[%]

Most commercial HER electrocatalysts are based on platinum-
based noble metals and their derivatives.”] Although noble
metal-based catalysts like platinum (Pt) exhibit low overpo-
tential in electrocatalysis, their high cost impedes large-scale
application. Consequently, researchers are focusing on cost-
effective, noble metal-free catalysts for hydrogen evolution
electrocatalysis.[®1!] Extensive studies have identified the essen-
tial attributes of excellent catalysts, including high intrinsic activ-
ity, efficient charge transfer, and a high density of active sites.!1213]
These characteristics are fundamental in guiding catalyst design.
Based on them, relevant strategies that enhance both the intrinsic
activity and external modulation of catalysts are being developed.
The exploration of controllable optimization strategies is crucial
for significantly enhancing energy and power density, catalytic
activity, efficiency and durability, thereby meeting the future de-
mands for electrochemical energy conversion and storage.

Certainly, vast review articles concentrate only on the summary
of reported materials and their electrochemical performance.
Distinct from these typical articles, this work shifts focus to ma-
terial engineering approaches, e.g., doping, phase and strain en-
gineering, metal-support interaction, and propose catalyst design
through a top-down design method. Catalytic materials can be en-
gineered for the following purposes: 1) enhance active-site den-
sity; 2) decrease interfacial transfer resistance and improve con-
ductivity; 3) enhance reaction kinetics and reduce hydrogen ad-
sorption Gibbs free energy and 4) establish stable structure. The
article concludes with a forward-looking view on future HER cat-
alysts and advanced techniques.

2. Mechanistic and Theoretical of HER
2.1. HER Mechanism

Prototypical catalytic hydrogen production usually occurs in an
electrolytic cell that composes of aqueous electrolyte, cathodes
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and anodes. With supplied current, this electrolytic cell involves
two seemingly simple reactions, HER and oxygen evolution re-
action (OER). Catalysts are necessarily placed onto cathodes and
anodes to enable HER and OER, respectively, of which electro-
chemical processes vary in the aqueous electrolyte with varied
pH. The overall reactions are provided below.

Total reaction : H,0 - H, + %Oz (1)

In acidic solutions:

Cathode : 2H* + 2e™ - H, (2)
Anode : H,0 — H* + %Oz+ 2e” (3)

In neutral and alkaline solution:

Cathode : 2H,0 + 2e~ —» H, +20H" “4)
Anode : 20H™ - H,0+ %02 + 2e” 5)

Theoretical thermodynamic voltage of electrolyzed water is
1.23 V (101.3 kPa, 25 °C) based on the Nernst equation. However,
overpotentials at the anode (1,,) and cathode (1) and ohmic polar-
ization (n,,,) undesirably enlarge the water electrolysis voltage
(Ep) in practical scenarios.’! The below equation demonstrates
that enhancing the water electrolysis efficiency necessitates the
reduction of overpotentials.

E, = 123V+ n,+ 1.+ fgper ©)

HER is a two-electron transfer yet multi-step process where
“adsorption-complexation—desorption” occurs on the surface of
the catalyst. A wealth of data accumulation and experimental
analysis has significantly enhanced our knowledge of the kinet-
ics and mechanisms of the HER. The well-established reaction
mechanisms and theoretical models in HER are concisely sum-
marized in Figure 1.

In acidic electrolyte, the first step is the Volmer process where
hydrated hydrogen ions (H,0") diffuse and adsorb at the active
reaction sites (*) on the catalyst surface, followed by their combi-
nation with electrons (Equation 7), leading to the formation of hy-
drogen adsorption intermediates (H*) (Figure 1a). Subsequently,
these intermediates can undergo two types of complexations: the
first is known as the Heyrovsky reaction, in which H* combines
with H;O™" in the solution and electrons and results in desorp-
tion and the production of H, (Equation 8). The second process
is referred to as the Tafel reaction, wherein two H" intermediates
combine and subsequently desorb to generate H, (Equation 9).

Volmer reaction : H,;0" + % + e~ > H"+ H,0 (7)
Heyrovsky reaction: H;0*+H"+ e~ - H,+ H,0+ = (8)
Tafel reaction: H*+ H* - H, + 2x 9)

Similarly, two distinct HER reaction pathways, the Volmer—

Heyrovsky reaction (Equations 10 and 11) and the Volmer-Tafel
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Figure 1. HER mechanisms in acidic and alkaline conditions, simple theoretical models and influencing factors. (More important models and influences

are indicated in bold).

reaction (Equations 10 and 12), are involved within alkaline elec-
trolyte (Figure 1b). Herein, H,O functions as the sole proton
donor in the environment and undergoes dissociation to generate
H* and OH" ions. Subsequently, H" form at the active reaction
site (*).

Volmer reaction : H,0+ % + e~ - H*+ OH~ (10)
Heyrovsky reaction: H,O+H"+ e” - H,+OH™ + * (11)
Tafel reaction: H*+H* - H, + 2% (12)

Prior to the formation of adsorbed H” species in alkaline elec-
trolyte, efficient catalysts are required to break H—O—H bonds
of water. As a result, the activity in alkaline media is signifi-
cantly lower by 2-3 orders of magnitude in comparison to acidic
solutions.!'*1%] In addition to focusing on reaction pathway of the
hydrogen ions, it is important to consider the activation energy
required for water dissociation and the resulting effects of OH~
production. Consequently, the reaction mechanism of HER in al-
kaline conditions is more complex.[1¢]

2.2. Main Descriptor for HER Performance

To explore the mechanism and operating principles of the HER at
the atom scale, theoretical calculations, especially DFT, are em-
ployed to derive HER descriptors. DFT is pivotal in these the-
oretical calculations and contributes to two aspects. First, it al-
lows for the quantitative determination of adsorption energy and
free energy through energy calculations, enabling an analysis
of their interrelationship. Second, DFT utilizes band structure
analysis to derive the well-established band theory. Understand-
ing the structure-activity relationship of HER catalysts through
these descriptors enables a thorough assessment of their catalytic
activity.’]
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The computational hydrogen electrode (CHE) is commonly
used to simulate various electrocatalytic reactions due to its ther-
modynamic rigor and computational efficiency.!'’! In the case
of HER, this simplified model can be used to calculate the hy-
drogen adsorption energy using gaseous H, as reference state
(18]

(Figure 2a):

AE,. = E—E. - %EH (13)

where E refer to the total energy of catalyst hydrogen
adsorption, E- refer to the catalyst energy, and E,; refer to the
energy of gaseous H,. Subsequently, the Gibbs energy of hy-
drogen adsorption (AG,.) can be calculated according to the
Equation (14).

AGy. = AE; + AE,; — TAS+AG,, (14)
where AE,,; is the change of zero-point energy. AS represents
the change in entropy when gaseous H, transforms into ad-
sorbed H* under standard conditions, which is roughly half the
entropy of gaseous H,. The pH effect on the thermodynamics
is described by A G,;; = pH X k;Tln 10, where k; is the Boltz-
mann constant. CHE model has shown considerable success in
predicting the activity and intermediates within HER processes.
However, CHE model primarily focuses on thermodynamics but
tends to overlook the factors related to kinetics, solvation, and
capacitance.

AGy;. acts as a descriptor for the catalytic activity of a reaction.
Incorporating the steps of the HER and the reaction potential bar-
rier, a standard free energy diagram is constructed (Figure 2c).
The Sabatier principle that effective reactions require optimal
interactions between the catalyst surface and reaction interme-
diates — neither too strong or too weak.['?! According to the
above principle, a AG,,. value greater than zero indicates weak
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hydrogen binding ability, leading to low catalytic activity. Con-
versely, when AG,.< 0, it signifies a strong hydrogen binding
ability and promotes proton-coupled electron transfer (PCET).[2]
Therefore, an ideal HER catalyst exhibits a AG,. value close to
zero.2! This concept led to the development of “volcano plot”.[22]
Plotting the AG,,. values from DFT calculations of various
metal-based catalysts against the exchange current densities(j,)
from experimental tests, the volcano plot aids in assessing intrin-
sic catalytic activity and guiding catalyst performance optimiza-
tion (Figure 2b).[2*24

The kinetics of the HER are crucial in the design and optimiza-
tion of HER catalyst performance. The overall reaction rate is gov-
erned by the rate-determining step (RDS) which could be one
of the various elementary reactions like Volmer, Tafel, or Hey-
rovsky in the HER process. The energy barrier (AGpyps) for dif-
ferent RDSs exhibits variability with a lower barrier indicating
faster reaction kinetics (Figure 2d). By strategically influencing
the RDS of certain pathways, the activity of HER catalysts can be
enhanced. Currently, the Tafel slope is used to understand the
HER reaction mechanism and identify RDS. The kinetic expres-
sions and corresponding Tafel slopes are summarized in Table 1.

While the Butler—Volmer equation sheds light on the kinet-
ics and reaction mechanism of electrode reactions, it falls short
in explaining the influence of factors such as catalyst structure,
solvent, and electrode material on the kinetics.[?*! To fully grasp
these aspects, it is essential to gain insight into the microscopic
perspective of electron transfer between substances. To elucidate
the correlation between the rate of charge transfer, reorganiza-
tion energy, and Gibbs free energy change, it is beneficial to inte-
grate Marcus theory. It provides a more detailed understanding of
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microscopic charge transfer processes, particularly PCET on the
electrode surface. In the HER, the reaction involves two proton
transfers and two electron transfers: heterogeneous HER forms
intermediates through stepwise electron transfer-proton transfer
(ET-PT), while homogeneous HER may proceed either through
cooperative proton coupled electron transfer or stepwise ET-PT
(or PT-ET).I5?¢] Currently, to gain a more comprehensive under-
standing of these intricate kinetic processes, a combination of ex-
tensive experimental work and theoretical calculations is greatly
needed.[’]

The d-band model, which is a valuable tool for predicting the
chemical adsorption behavior of diverse adsorbates on metal sur-
faces, this extensively utilized model enables theoretical descrip-
tions of the reactivity and adsorption energy of reactions and in-
termediates on metal, metal alloy, and oxide surfaces.[?#?9 Tts
core principle is that the binding energy between adsorbates and
metal surfaces is primarily influenced by the electronic struc-
ture. As the s-band bonding process undergoes minimal energy

Table 1. Kinetic expressions and Tafel slopes for HER with different RDS.

Mechanism RDS Kinetic expression Tafel slope ®)
Volmer-Tafel Volmer i = 2]0[_e%¢ﬂ+e%n] 2,3{(:%[
Tafel n :Z_I |n(1+IL) zsngT
Volmer—Heyrovsky Volmer i = ZiO[—e%TF"-ye (]Jr;?)F”] ZﬁRT
Heyrovsky i = 210[—e%”+e%”] 2.303RT

. . . by . .
g i is exchange current, 5 is overpotential; )a is the electron transfer coefficient, a
= 0.5.
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changes, electrons in the d orbitals of transition metals become
the principal contributors to chemical bonding. Specifically, hy-
drogen interacts with the electrons in the metal d orbitals of the
catalyst, forming chemical bonds. Quantitative calculation of the
interaction between the d-band center of transition metals and
adsorbates enable the discovery of highly active novel catalysts
(Figure 2e).3% The adsorbate hydrogen binds to the transition
metal surface, occupying both bonding and antibonding orbitals.
The efficacy of the catalyst depends on the metal-H interaction
and the degree of orbital occupancy (Figure 2f). The strengthen-
ing or weakening of the metal—H bond is determined by the shift
of the d-band center in relation to the Fermi level.[21:2931]

Besides the above descriptors, specific descriptors have been
developed for certain types of catalytic materials. It is impor-
tant to recognize that each descriptor has its own limitations
and is not universally applicable to all catalysts. For instance, re-
garding transition metals, the lowest unoccupied state of disul-
fides serve as a crucial descriptor for surface activity.l??] In the
case of non-metal carbon materials, band theory acts as an ac-
tivity descriptor that can predict the catalytic activity.[**3*] Ad-
ditionally, the generalized coordination number descriptor pre-
dicts the optimal geometric shape of catalytic sites, taking into ac-
count the interactions among nearest and next-nearest neighbor
elements.[3:3]

2.3. Influencing Factors of HER

The descriptors mentioned earlier are extensively utilized to vali-
date the HER performance of catalysts and to provide a mechanis-
tic explanation. However, under practical conditions, it is differ-
ent to obtaining accurate catalytic activity data or elucidating the
working principles only based on the simplified HER model.*’!
Other influential factors, including solvation, pH effects, hydro-
gen coverage and electric field effects should be considered.

The interaction between reaction intermediates and the sur-
rounding solvent is crucial in the HER. Of particular signifi-
cance is the electrochemical double layer, capable of withstand-
ing potential changes of several volts within a thin layer of 3-5 A.
The behavior of solvent molecules within such a strong electric
field can significantly impact the principles of electrocatalysis.[*®]
However, both experimental and computational detection of sol-
vation remains challenging, necessitating more refined models
for theoretical calculations. Currently, theoretical calculations of-
ten use two types of models: implicit and explicit.**! Explicit sol-
vent models are particularly used for examining the influence of
hydrogen bonding on reaction processes and the role of solvents
in proton transfer processes. They are, therefore, frequently em-
ployed to investigate HER mechanisms, despite their high com-
putational cost. Implicit solvent models, in contrast, are better
suited for understanding the effects of defects and dispersion
on the interactions between solute and solvent.*") Each model
offers unique insights, highlighting the need for continued de-
velopment in this area to fully comprehend solvation effects in
electrocatalysis.

In the experimental study, it is commonly observed that the
conversion of H;O0" to H,O can vary by approximately two or-
ders of magnitude with changes in pH, significantly affecting the
reaction rate. However, there is no consensus yet on the explana-
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tion of this pH effect. Currently, three main hypothesis are being
considered.l*!]

1) The first explanation resolves around the fluctuations in pro-
ton donors, which vary with the pH of the electrolyte.[*?] This
variation could influence the availability of protons necessary
for HER.

2) The second theory suggests that the unique structure of hy-
drogen bonding networks within the electrochemical double
layer might governs the pH-dependent kinetics of HER.[**)
The way these networks are organized could affect the reac-
tion rate.

3) The third hypothesis points to the role of interface solvent dy-
namics and water recombination effects, which are believed
to depend on the pH values.*#*I This involves how the be-
havior of solvent molecules at the interface influences the re-
action kinetics.

Water electrolysis releases H* which binds to the catalyst sur-
face and undergoes hydrogen recombination to produce molec-
ular hydrogen. The slow hydrolysis dissociation reaction in neu-
tral/alkaline media results in low H coverage on the HER cata-
lyst surface, which inhibits HER catalysis.[*?! In addition, in elec-
trochemical processes sensitive to surface interactions, hydro-
gen coverage and competing adsorption between active species
cannot be neglected, which can significantly affect reaction
efficiency.[*’l Furthermore, low-dimensional semiconductor cat-
alysts for the HER, such as transition metal dichalcogenides, are
particularly responsive to external electric fields. In alkaline envi-
ronments, the directional movement of interface water is altered
by local electric fields. This directional movement of interface wa-
ter, dictated by the electric fields, plays a key role in affecting the
catalytic activity of these materials.[*?]

3. Experimental Methods and Characterization
Techniques

Electrochemical testing methods and characterization tech-
niques are important for catalyst performance evaluation, mech-
anism investigation and material optimization. Figure 3 corre-
lates the evaluation protocols with important parameters for no-
ble metal-free catalysts. By comprehensively analyzing these in-
dicators, comprehensive evaluation approaches and optimization
results can be obtained and used to guide catalyst designs and ap-
plications.

3.1. Electrochemical Parameters
3.1.1. Electrochemical Activity

Cyclic voltammetry (CV), Linear sweep voltammetry (LSV) and
Electrochemical impedance spectroscopy (EIS) are three com-
monly used protocols to evaluate the electrochemical perfor-
mance of catalysts by specific metrics, including overpotential,
Tafel slope, exchange current density, and double-layer capaci-
tance (Cy).

Overpotential refers to the disparity between the practical po-
tential and the equilibrium potential with an applied current,*!
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partially induced by the ohmic resistance of electrolyte and
physical contact among accessories, > which necessitates the
compensation of iR where R represents the ohmic resistance.
The Tafel slope obtained from plotting overpotential against the
logarithm of exchange current density, serves as a key eval-
uation parameter for electrochemical activity. A smaller Tafel
slope suggests that the catalyst can produce a certain output of
current at a lower potential, indicating superior electrocatalytic
activity.

While the parameters mentioned above can evaluate the
overall catalytic performance of materials, they may not effec-
tively measure the intrinsic properties of catalysts. To address
this, four main indicators are suggested, including turnover
frequency (TOF), specific activity (SA), electrochemical sur-
face area (ECSA), and mass activity (MA). TOF refers to the
rate of reactions that occur per active site per unit of time,
considering factors like pressure, temperature, reactant ratio
and reaction progress.’!l SA calculates the current density of
the catalyst per unit electrochemical active surface area and
unit catalyst mass. Combining TOF with SA allows for com-
paring the intrinsic activity of various HER catalysts and an
approximate assessment of the density of effective catalytic
sites. ECSA quantifies the effective surface area of the cata-
lyst under electrochemical conditions, usually estimated through
measurement. It is used to evaluate the electrochemical ac-
tivity and surface reactivity of catalysts, indicating the ability
of catalyst for exchanging electrons and ions.’?l Meanwhile,
MA measures the catalytic activity per unit mass of the cat-
alyst, considering both the total activity and mass of the cat-
alyst, which is useful for evaluating the overall performance
and efficiency. However, quantifying the number of active sites
poses a challenge due to the dynamic nature of catalyst sur-
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faces and the reconstruction they undergo during the reaction
process.[33]

3.1.2. Electrochemical Stability

While research on the activity of HER electrocatalysts has been
extensive, stability is another crucial aspect for practical applica-
tions, often seen as a key factor for potential commercialization.
There are primarily two traditional methods for catalyst stabil-
ity testing, one by chronopotentiometry or chronoamperometry;
the other by CV that usually cycles for above 5000 times to eval-
uate the practical catalytic performance. In addition to these ap-
proaches, in situ characterization techniques are used to precisely
detect catalyst dissolution during the reaction, thereby offering
a more durable evaluation of stability,** e.g., differential elec-
trochemical mass spectrometry and flow cell-inductively coupled
plasma-mass spectrometry.

In addition to comprehending the electrochemical stability
testing of catalysts, it is crucial to make comprehensive assess-
ments. These assessments should consider factors such as the
catalyst’s structural changes before and after testing and the im-
pact of catalyst loading. Following the test, surface remodeling,
active site poisoning, and demetallization may occur during the
reaction.’*>¢] At the same current density, a balance between
loading and catalyst stability must be achieved. While increas-
ing the catalyst loading to some extent can enhance catalytic ac-
tivity, it does not necessarily guarantee improved catalytic sta-
bility. In fact, stability may even decrease over time due to po-
tential aggregation or accumulation between catalyst particles
at high loadings. This aggregation creates localized regions of
high current density, leading to accelerated catalyst degradation,
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Table 2. Physio-chemical characterization methods for HER catalysts.
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Characterization technology

Parameters extracted

Advantage

Disadvantage

Ex situ Scanning electron microscopy

(SEM)
Energy-dispersive X-ray (EDX)

Transmitting electron
microscopy (TEM)

High-angle annular dark-field
scanning TEM
(HAADF-STEM)

Atomic force microscopy (AFM)

X-ray diffraction (XRD)

X-ray photoelectron
spectroscopy (XPS)

Fourier transform infrared

spectroscopy (FTIR)

Brunauer—Emmett-Teller (BET)

In situ In situ X-ray absorption

spectroscopy

In situ Raman spectroscopy

In situ TEM techniques

In situ infrared spectroscopy

In situ mass spectrometry

Microscopic surface morphology

Element distribution

Microstructure

Atomic structure,
Morphology at the nanoscale

Surface mechanical properties

Chemical composition,
Phase

Chemical composition,
Oxidation states

Adsorbed species,
reaction intermediates

Porosity analysis,
Specific surface area

Charge transfer and ion

diffusion processes,
Edge structure,
Transition state

Structural transition,
Interfacial species on the
surface,

Material growth, Transformation
processes

Molecular adsorption,
Reaction product formation
processes

Generation and disappearance
of substances

Large sample observation capability.
Rapid imaging

High spatial resolution.
Non-destructive.

Rapid analysis.

Atomic level.

Thickness measurement.
Microscopic area selection.
High-resolution imaging.
Atomic resolution imaging.
3D reconstruction capability.

Multiple measurement modes.
sub-nanometer scale surface topogra-
phy images.

Quantitative analysis.

Non-destructive analysis

Surface sensitivity.
Non-destructive.
Quantitative analysis
Non-destructive analysis.
Fast response.
Quantitative analysis.

Good repeatability.
High sensitivity.
Non-destructive.

Real-time observation.

Elemental selectivity.

High energy resolution.

Fusion of structural and electronic in-
formation

Provided molecular characterization
spectroscopy in real-time.
Non-invasive.

High sensitivity.

Multiple imaging and analysis modes.
Multi-scale observation.

High spatial resolution

Flexible experimental conditions
Non-invasive.

Real-time monitoring of changes in
chemical characterization information
in the reaction

Multi-component analysis.

Detect species at low concentrations.

Can’t provide chemical information.
Need for conductive coating
Difficulty detecting
ments.

low-energy ele-

Elemental characterization rather than
quantification.

3) Overlapping peaks and spectral inter-
ference.

Complicated sample preparation.
Limited to nanoscale.

Destructive observation.

High sample preparation requirements.
Complexity of instrumentation.

Limited scanning speed.
Surface interaction effects.

Unable to observe amorphous materi-
als.

High sample preparation requirements.

Limited internal structure.

Limited depth of information.

High sample surface requirements.
Limited surface sensitivity.

Complex interpretation.

Susceptible to interference from the
ambient atmosphere.

Assumption limitations.

Single adsorbed molecule limitation.

It does not provide detailed information
about pore structure and size distribu-
tion.

Requires a high vacuum or inert gas en-
vironment.

Limited by catalyst transparency.
Complicated data processing and inter-
pretation.

Inability to detect non-polar species or
certain metal ions.

Complex data interpretation.

Low signal on inactive catalyst surfaces.

Demanding experimental conditions.
Sample limitation.

Affected by beam irradiation.
Complexity of species identification.
Weak detection of deeply adsorbed or
internal species

Reaction condition limitations.
Complexity of data interpretation

including increased corrosion or surface passivation. By under-
standing the factors influencing catalyst deactivation and the rea-
sons behind it, new strategies can be formulated to design cata-
lysts with enhanced stability, thus aligning with the demands of

practical applications.
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3.2. Physio-Chemical Characterization Methods

While electrochemical tests are fundamental in evaluating HER
catalysts, they alone do not provide a comprehensive understand-
ing. Supplementary characterization techniques are essential for
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Figure 4. Schematic representation of doping strategies to improve catalytic performance. The catalysts are modified by the unique properties of the
dopant atoms to achieve improved performance, which includes a) single-atom doping and b) hybrid doping.

a deeper understanding of catalyst structure, surface-interface
properties, product distribution, etc. These techniques help ex-
plain the observed trends in activity and stability during electro-
chemical measurements (Table 2). Currently, ex situ techniques
are commonly used to show the state of catalytic materials be-
fore and after reactions, which is crucial in determining changes
in catalytic performance and the location of active sites. How-
ever, ex situ techniques often fail short in providing a complete
and accurate understanding of the reaction mechanism. The ad-
vancement of in situ characterization techniques not only sheds
light on the real-time reaction process but also offers prelimi-
nary insights into catalyst pre-treatment, surface/structure recon-
struction processes, and the identification of genuine active sites
within the catalyst.’’ Additionally, in situ characterization can
provide reliable visual evidence of physical or chemical changes
in the electrocatalyst structure and local electrolyte.l>®!

4. Material Engineering Strategies for
High-Performance HER Catalysts

Noble metal-free HER catalysts are usually classified by compo-
sition, including metal sulfides,>*%! metal selenides,[®1-%3] metal
carbides,[**%] metal nitrides,!°*®’] metal phosphides(®®®°! and
metal-free catalysts.”%7! Transition metals (Mo, W, Co, Ni, Fe,
etc.) are considered promising substitutes for noble metals as
HER catalysts and are commonly used in laboratory investiga-
tions of noble metal-free catalysts.l”2] Conventional noble metal-
free catalysts exhibit a certain gap in performance compared to
noble metal catalysts. To achieve the goal of showcasing HER cat-
alytic performance comparable to noble metals at a low cost, it is
necessary to modify noble metal-free catalysts using different de-
sign strategies. The strategies discussed in this section center on
optimizing the performance of noble metal-free catalysts through
material engineering approaches, considering their unique char-
acteristics. The primary objectives of these strategies are to: 1)
enhance the density of active sites; 2) reduce interfacial transfer
resistance and improve electronic conductivity, facilitating more
efficient electron transfer during the reaction; 3) enhance reac-
tion kinetics and lower hydrogen adsorption Gibbs free energy,
making the process more energetically favorable and 4) improve
catalyst stability while maintaining catalytic activity, striking a bal-
ance between durability and performance.

Small Methods 2024, 2400158
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4.1. Doping

Atom-scale doping is an effective strategy for enhancing the
activity of catalysts. Figure 4 illustrates various types of dop-
ing approaches, with labels highlighting their effects on the
catalyst. Commonly, single-atom doping involves metallic and
non-metallic atoms, as well as heteroatoms, to modify HER
catalysts.l”>”*] The main goal of doping is to alter the coordina-
tion environment and electron density of the catalyst through
the unique properties of the dopant atoms. Such adjustments
optimize adsorption and desorption energies of reactants, con-
sequently enhancing catalytic activity. In addition, doping pro-
cess leads to partial substitution of catalyst structure, which al-
ters the electronic structure and thus makes it more conductive
for charge carriers diffusing within the electrochemical double
layer so as to improve adsorption at the catalytic surface.[””!

Dopant atoms interact with the orbitals of catalysts, leading
to a downward shift of the d-band center and a reduction in the
Gibbs free energy of hydrogen adsorption.[”®! This substitution
optimizes the local coordination environment, which can sig-
nificantly influence catalytic activity when various coordination
bonds are present.[”’! Different metal dopants have distinct ef-
fects on the catalyst. For instance, the doping of highly positively
charged metal element, e.g., Mo, promotes the nucleophilic ad-
sorption of water, enhancing the surface charge transfer.”®! In
alkaline conditions, Fe doping improves the ability of catalysts
to dissociate water during the reaction.””) Metal elements that
serve as active sites increase the number of such sites within
the catalyst, thereby boosting catalytic efficiency. Moreover, non-
metal doping is also highly effective in enhancing HER activity.
Non-metal doping modulates the charge transfer, increases con-
ductivity and employs affordable and readily available elements,
reducing the reliance on rare metals and the overall cost of cata-
lyst preparation. However, single-atom doping using non-metal
atoms can produce a redistribution of charge that may further
induce lattice distortions or amorphous structures.®) Although
it can increase the number of active sites, e.g., S,!8!] these sites
are relatively limited and may be less advantageous compared to
metal single-atom doping in terms of catalytic activity.

Hybrid doping, which combines different elements, emerges
as a promising approach in HER catalysis, often outperform-
ing monoatomic doping (Figure 4b). This method leverages the
synergistic effect to enhance both catalytic activity and stability
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Figure 5. Schematic representation of vacancy strategies to improve catalytic performance. Vacancy defects improve the utilization of active sites while
being able to increase the conductivity, where the vacancy strategy consists of a) atomic vacancy and b) exposure of active edges.

of the HER.[®2] Hybrid doping delivers multifunctionality upon
catalysts, as various heteroatoms can create different types of ac-
tive sites on the surface, each with unique catalytic activities and
selectivities.!®] Introducing heteroatoms can also modify the lat-
tice structure and chemical bond strength of the catalysts, and
meticulous modulation of these aspects can enhance the struc-
tural stability.[8]

The doping strategy proves effective in enhancing catalyst ac-
tivity with a minimal number of atoms, making it a cost-effective
approach. In doping engineering, precise control over the place-
ment and concentration of dopant elements is crucial. These el-
ements need to be positioned strategically to interact synergis-
tically with the active metal, avoiding adverse interactions that
could affect the structural stability and slow down the reaction.
In particular, the concentrations of dopant atoms play a signif-
icant role in determining the catalyst activity, thus requiring a
well-balanced approach to ensure both catalytic performance and
structural stability.

4.2. Vacancy Defect

The creation of vacancy defects serves dual purposes for en-
hancing HER activity. First, it exposes more active sites and
enhances the utilization of active sites within. Second, these
defects facilitate fast charge transfer and increase conductivity.
Currently, two main methods are employed to create vacancy
defects, introducing atomic vacancies and exposing active site
edges.

The introduction of vacancies in a catalyst, characterized by the
absence of atoms at specific lattice sites, is a refined method to
adjust the electronic structures of catalysts. Single-atom vacan-
cies, in particular, are effective in this regard (Figure 5a). The for-
mation of vacancies leads to decreased bonding energy, as the
localized electronic states of the vacancies hybridize with hydro-
gen electronic states, forming bonding states. Additionally, the
energy required for vacancy formation converts into an increased
hydrogen adsorption energy. This process promotes a preferen-
tial flow of residual electrons around other metal atoms, creating
an electron-rich region that enhances hydrogen adsorption.!]
The vacancy-based strategy enables the attainment of optimal
catalysts by modulating the content and surface morphology of
vacancies.®] However, similar to the doping strategies, it is also
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crucial to elegantly control the vacancy concentration, as exces-
sive vacancy generation can detrimentally impact electrocatalytic
performance and potentially damage the crystal strcutre.8¢]

The creation of active edges is another vacancy-creating ap-
proach for enhancing the HER activity (Figure 5b). To effectively
construct the active edges, there are three main approaches.®”]
1) Utilizing nanostructures. These structures include nanoparti-
cles, vertical nanocrystals, mesoporous double gyroscopic struc-
tures, and molecular clusters. 2) Introducing additional active
components by utilizing the active edges. 3) Fine-tuning the elec-
tronic structures. Active edges offer a higher concentration of un-
saturated bonds, leading to enhanced reactivity. DFT studies have
demonstrated that the Gibbs free energy of hydrogen adsorption
on active edges is close to zero, distinguishing them from other
active sites.[%8]

Vacancy defect currently serves as an effective design strat-
egy for enhancing the catalytic performance of HER. The cat-
alytic performance is directly influenced by the atomic radii and
electronegativity differences among various elements. Hence, in-
vestigating the catalytic process mechanism of vacancy defects
induced by different elements and exploring the synergistic ef-
fects between different vacancies are crucial directions for future
development. Moreover, it is essential to dedicate attention to
studying the dynamic evolution of vacancies during the catalytic
process to gain a deeper understanding of the catalyst activity’s
origin.

4.3. Phase Engineering

Phase engineering plays a crucial role in constructing high-
performance catalysts, as the crystal phases are closely linked the
intrinsic properties of catalysts, such as d-band position, conduc-
tivity, structure and chemical stability.®*] Phase transitions in-
duce changes in electronic configuration, splitting of electronic
energy levels, and modifications in ligand environments, thereby
influencing the activity of catalyst and selectivity (Figure 6a).[*"!
Integrating electrocatalytic activity with phase structure offers
valuable insights into catalyst design principles. The methods
employed to induce phase transitions involve charge injection
and induced thermal activation. The former can be achieved
by chemical stripping with insertion of Li or Na ions,°!! and
the latter involves strain fields and high-energy ion injection to
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Figure 6. Schematic representation of phase engineering affecting catalytic performance. a) Phase transitions of catalysts can reconfigure the electronic
state density and modify the energy band structure. b) Localized generation of phase mixing enables synergistic effects of different phases.

induce phase transitions.[2l MoS, is the most typical transition
metal sulphides compound used in crystalline phase transfor-
mations, including 1T, 2H, and 3R phases. Crystal field theory
provides an explanation for the phase transition of transition
metal-based catalysts.[®*] The rate of phase transition is deter-
mined by the energy barrier between the two phases, with a
lower energy barrier corresponding to a faster phase transition
process.

In addition, the activity of catalysts can be further optimized
through interfacial synergy by utilizing mixed phases generated
via local phase transitions (Figure 6b). The ensemble effect of
synergy between two or more structures on the Faraday elec-
tron transfer process can be induced through the accumulation
of surface active sites, interfacial charge transfer and modula-
tion of the electronic structure.® By exploiting the energy level
differences between crystalline phases, heterogeneous junctions
can be formed at interfaces, resulting in a directional transfer
of electrons. This generates electron-enriched regions in the in-
terface of the phase-junctions, thereby optimizing the electronic
structure of the catalyst.®”! Furthermore, phase mixing can en-
hance the covalent bonding between atoms, capable of improv-
ing the robustness of the lattice and enhancing the stability of
the catalysts.[’] By employing these strategies, it is possible to
construct mixed-phase catalysts in catalytic materials with vari-
ous crystalline phases and regulate their mixing ratios to further
enhance the HER activity.

Phase engineering is a commonly used strategy for HER cat-
alyst design, but the investigation of amorphous phases should
not be overlooked. The amorphous phase holds significant po-
tential due to its abundant active sites and flexible structure, ne-
cessitating exploration of controllable synthesis strategies. Cur-
rently, phase regulation is still synthesized using a trial-and-error
method. More efficient methods are needed to achieve precise
regulation.

4.4. Strain Engineering

Strain engineering, a technique to modify strain, is highly effec-
tive in tailoring the properties of catalysts. It involves the appli-
cation of tensile or compressive strains which result from lattice
expansion or contraction, as well as strains induced by substrates.
By manipulating the lattice constants, strain engineering can al-
ter the intrinsic atomic spacing, modify the energy levels of the
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bonding electrons, significantly reduce the energy barrier for the
HER, and thus optimize the HER dynamics.[?’]

When tensile strain is applied, atomic spacing increases, caus-
ing a decrease in d-band electron overlap between adjacent atoms
(Figure 7a). This reduction narrows the bandwidth and shifts
the center of the d-band closer to the Fermi energy level, en-
hancing the interaction force between the metal and hydrogen
atoms. Conversely, compressive strains shift the center of the d-
band downwards, weakening the metal-H interaction and reduc-
ing the H adsorption energy. Compressive strain is particularly
suitable for materials with strong H-binding energy, as it further
decreases the H adsorption energy, making it more favorable for
H, precipitation. This strategic manipulation of strain opens up
new possibilities for designing and optimizing catalysts for the
HER. Furthermore, the induction of the substrate can also re-
sult in strain effects on the catalyst bound to it. The impact of
substrate-induced strain largely relies on the geometrical distri-
bution and curvature of the substrate, which in turn reduces the
internal resistance to charge transfer and thereby enhancing the
performance.*®]

It is important to note that strain engineering is often im-
plemented alongside other strategies, making it challenging to
isolate its specific effects. Incorporating strain engineering as a
supplementary enhancement strategy to improve catalytic per-
formance in conjunction with other strategies is an effective de-
sign tool. Despite the acknowledged benefits of strain engineer-
ing, a gap remains in our understanding, primarily due to the
lack of studies focusing exclusively on property changes induced
by strain effects and revealing the exact mechanisms relevant
to strain engineering. Therefore, further investigation into the
sole impact of strain engineering is crucial for a more accu-
rate and comprehensive understanding of this strategy in catalyst
optimization.

4.5. Heterogeneous Interface

Heterogeneous interfacial structures typically form between two
or more distinct components. Figure 8 summarizes the effect of
generating different heterogeneous interfaces on catalytic reac-
tions. Creating heterogeneous interfacial structures can tune the
electronic properties and adsorption behavior of the catalyst so
as to influence the reactivity of the reactants on the catalyst.[?!
Strong coupling interactions resulting from heterogeneous
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Figure 7. Schematic representation of the effects of strain engineering on catalytic reactions. a) Effect of lattice strain generation, which includes tension
and compressive stresses. b) Strain engineering resulting from substrate induction.

interfaces can also enhance the durability of the electrocatalytic
process. Generally, heterogeneous interfaces give rise to two dis-
tinct reaction pathways:[*! 1) the first involves the heterogeneous
interface serving as a channel for electron transfer, with the reac-
tion primarily occurring on one of the components; II) the sec-
ond involves the heterogeneous interface acting as a channel for
providing reaction intermediates, leading to the adsorption and
desorption processes of the different components, respectively.
Heterogeneous interfaces integrate active centers from differ-
ent moieties, inducing electron redistribution around the reac-
tion centers and concentrating a significant number of central

b

Increased conductivity

stalline heg
0‘\1 e/’o o
) Do

Improvement of
resistance to toxicity

Grain boundaries between grains

electrons at the interface. This results in the generation of ad-
ditional active sites, the formation of multi-site reaction path-
ways, and a reduction in the energy barrier for electrochemi-
cal reactions.'®! The majority of heterogeneous structures in-
volve the regulation of two distinct components, namely binary
heterointerface (Figure 8a). Furthermore, ternary heterogeneous
structures have also garnered attention (Figure 8b).['!] In com-
parison to binary heterogeneous structures, ternary structures ex-
hibit more intricate interface structures and yield a higher num-
ber of active sites. Additionally, the introduction of a third com-
ponent can augment the adsorption sites on the catalytic reaction

Generated more
heterogeneous interfaces

Channel

Amorphous Reduced the particle size

of the crystal structure

Figure 8. Schematic representation of the role of four different heterogeneous interfacial structures, including a) binary heterointerface structure, b)
ternary heterogeneous structure, c) polycrystalline heterointerface structure and d) crystalline-amorphous heterointerface structure.
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surface, diminish the coverage of toxic substances, thereby im-
proving the durability of the catalyst. Nevertheless, it is crucial
to consider the complexity associated with synthesizing ternary
catalysts and the limitations concerning to more intricate perfor-
mance optimization.

Given the complexity and uncertainty in creating desired
heterogeneous interfaces between various components, select-
ing materials with compatible crystal structures and proper-
ties is crucial. In comparison to binary heterogeneous interfa-
cial structures, polycrystalline types offer a larger specific sur-
face area and an increased number of reactive sites for cat-
alytic reactions (Figure 8c).l'%2 Polycrystalline heterostructures
exhibit grain boundaries between the grains, which can impede
grain diffusion and growth. These grain boundaries also act as
barriers to the diffusion and adsorption of toxicants, thus en-
hancing the catalytic durability and stability of the catalyst.[%]
Therefore, the influence of factors such as grain boundaries
and crystal structure inhomogeneity must be considered dur-
ing the design and synthesis process. While the construction
of polycrystalline heterointerfaces is relatively straightforward,
it is necessary to account for the complex effects of grain
boundaries and the regulation of crystal orientation. Addition-
ally, conventional characterization methods tend to provide an
overview of the structure, necessitating more precise character-
ization techniques to analyze the details of the grain boundary
regions. Furthermore, the use of heterogeneous structures re-
sulting from crystal-amorphous interactions can optimize cat-
alyst activity (Figure 8d).[1°* This is attributed to the introduc-
tion of an amorphous phase, which reduces the particle size
of the crystal structure and thereby increases both activity and
durability. Achieve precise control and modulation of heteroge-
neous interfacial structures remain a significant challenge in
the field, which necessitates the development of refined syn-
thetic methods and techniques to precisely control the atomic
arrangement, lattice matching and chemical composition of
interfaces.

Heterogeneous interfaces as a common design strategy for
non-precious metal catalysts is crucial for improving catalytic
activit. However, few studies have been able to scientifi-
cally explain the process of complex heterointerfaces, which
hinders the further improvement of constructed heterointer-
face catalysts. In the future, it may be possible to develop
more reliable and controllable growth and assembly tech-
niques to achieve precise control and assembly of heteroge-
neous interfaces, which could potentially modulate catalytic
performance.

4.6. Metal-Support Interaction

The performance of catalysts is significantly influenced by the
physical and chemical interactions between active components
and carriers. Support plays a dual role in catalysts: first, it
facilitates the dispersion of nanoparticles, thereby increasing
the utilization of catalytic active sites; second, it serves as a
medium for electron transport and enables the diffusion of the
catalyst.

The strong metal support interaction (SMSI) is the prototypi-
cal metal-support interaction (Figure 9a).[1%] In SMSI, the metal
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is dispersed on the surface of the carrier, allowing for efficient
charge transfer from the surface of the metal-based catalyst to
the support. This process is known as the hydrogen spillover
effect (HSPE). The action of the HSPE overcomes the free en-
ergy of hydrogen adsorption and facilitates the desorption of H
as a molecule.l'%! The strong chemisorption of metals on the
support hinders their agglomeration and enhances atom utiliza-
tion, thereby facilitating effective and long-lasting catalysis of the
HER.

Another type of metal-support interaction is electronic metal
support interaction (EMSI). EMSI refers to the redistribution of
charge at the interface between loaded metal nanoparticle and
the support. The interaction and electron transfer between the
metal and the support can alter the electronic state and electron
density of the metal surface. The support can modify the elec-
tronic structure of the metal surface through electron donation
or acceptance. Commonly used supports include carbon-based
materials (such as graphene oxide,'"’] porous carbon,['%! and
N-doped carbon),['1 MOF,[11% and MXene.!®] It can be present
as substrates or coatings. As a substrate, they form an elec-
tron cloud that can modulate the adsorption capacity of reac-
tants on the metal surface and the configuration of reactants
at the active site (Figure 9b). Simultaneously, the energy bar-
rier of the reaction process is lowered, facilitating the dissoci-
ation of H,0 and desorption of H,.!''l Coating, carriers pro-
vide a larger specific surface area, mitigating the adverse ef-
fects of monolayer aggregation(Figure 9c).['12] Additionally, in-
terfacial interactions enhance charge transfer ability and ex-
hibit superior electrochemical performance.[''*] Moreover, the
use of cladding, a special structure, can impede migration from
the catalyst surface and ensure structural stability and activity
durability.

Metal-support interaction pose several challenges in cata-
lysts. First, these interactions occur at the interface, neces-
sitating compatibility and interfacial matching between the
metal and the support. Factors such as lattice matching and
differences in thermal expansion coefficients among materi-
als can result in interfacial stress and instability, potentially
impacting catalyst performance. Additionally, it can induce
structural alterations and surface remodeling of the catalyst,
which may influence its activity, selectivity, and lead to catalyst
deactivation.

4.7. Current Situations Using Noble Metal-Free Catalysts

The noble metal-free catalysts prepared based on the above
strategy are intended to be applied to the technology of
industrial hydrogen production from electrolyzed water to
achieve cost reduction and efficiency improvement.1*117]
Currently, there are four primary technologies for hydro-
gen production through water electrolysis:['*®! alkaline wa-
ter electrolysis (AWE), proton exchange membrane electroly-
sis (PEM), anion exchange membrane electrolysis (AEM), and
solid oxide electrolysis (SOE). Table 3 provides the basic pa-
rameters and characteristics of these four water electrolysis
technologies.

Nevertheless, hydrogen production using laboratory-prepared
noble metal-free catalysts typically occurs at low current
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Electronic Metal-Support Interaction

% Enhancing structural
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stability and durability
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Catalysts-supporting nanoparticles

interface

Catalysts-supporting
. interface

Strong chemosorption
Figure 9. Schematic representation of metal-support interaction. Support can facilitate the dispersion of catalytic nanoparticles as well as increase the
conductivity. There are two main forms of a) strong metal-support interactions and electronic metal-support interactions, where the electronic metal-
support interactions are in the form of b) substrate and c) coating structures.

densities (1-100 mA cm™). It is imperative to investi- current densities, it is crucial to consider the impact of gas bub-

gate non-precious metal catalysts at high current densities
(>1000 mA cm™2) on an industrial scale.['!?] Limited documenta-
tion exists regarding noble metal-free catalysts operating at high
current densities, but notable advancements have been made.
The utilization of a hetero-interfacial strategy in Ni(OH),/Ni,;S,
catalysts has facilitated strong electronic coupling, enabling them
to achieve a current density of 1000 mA ¢cm=? with 238 mV
overpotential.[1?l Moreover, NNAs catalysts prepared on nickel
foam using electrodeposition were grown with non-equilibrium
helical dislocations. Due to the special crystalline and morpholog-
ical characteristics, NNAs require a low overpotential of 469 mV
at 5000 mA cm~2 current density in alkaline HER, which has a
great potential for application in AEW.1"?!] In the presence of high

ble on catalytic performance. The rapid formation of numerous
bubbles can aggregate at the interface between the catalyst and
electrolyte, hindering the reaction at the active sites of the cata-
lyst and thus impairing its performance.['??]

5. Summary and Outlook

It is true that the performance of current state-of-the-art noble
metal-free catalysts still falls short of the requirements for prac-
tical applications. Figure 10 provides a summary of various re-
search directions that noble metal-free catalysts can pursue in
the future, considering the theoretical foundations, experimen-
tal investigations and industrial applications.

Table 3. Basic information on the four major electrolytic water-to-hydrogen technologies, including electrolytes, operating environments, advantages,

limitations, and levels of technological maturity.

Technology Alkaline water electrolysis Proton exchange membrane Anion exchange membrane Solid oxide electrolysis
(AWE) electrolysis (PEM) electrolysis (AEM) (SOE)

Electrolyte 30-40 wt.% KOH H,SO,/HCIO, KOH/Pure water Y,03/Zr,04

Operating 70-90 °C 50-80 °C 50-85 °C 700-1000 °C

condition 1-30 bar 15-30 bar 15-30 bar < 30 bar

Advantage 1) Available inexpensive 1) High dynamic response. 1) Stable operation. 1) High conversion effi-
noble metal-free cata- 2) High hydrogen evolution pu- 2) Low cost. ciency.
lysts. rity. 3) Feasibility of using noble 2) Decrease the voltage.

2) Low cost. 3) High ionic conductivity and metal-free catalysts. 3) 3. Increase the rate of
3) Rapid start/stop. current density reaction.

Limitations 1) Dealkalization re- 1) Poor electrolyzer life. 1) Slow dynamic response. 1) High ohmic loss.
quired  after  gas 2) High capital cost. 2) Low conductivity. 2) Poor durability.
production. 3) High platinum group metal 3) Poor alkali resistance. 3) 3. Inconvenient

2) Low hydrogen pro- loading required for the elec- start/stop.
duction rates. trodes.
3) Sensitivity to differen-
tial pressures
Technology Mature Preliminary Early development stage

readiness level
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Industrialization
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Figure 10. Future perspectives on noble metal-free HER catalysts in three directions: theoretical, experimental, and industrialization. a) Theoretical
computational studies of HER at multiple scales. b) Realizing the interpretability of machine learning models. c) Improving the precision control of
catalyst preparation. d) Preparation and design of new catalysts with improved activity and stability. e) Study of catalyst processes at different stages. f)
Establish more accurate characterization techniques by combining characterization methods with ML. g) Preparation of catalysts that can be adapted
to industrial production environments, such as self-supported structures and package structures. h) Setting of catalyst performance specifications for

industrial production.

5.1. Development of Interpretable High-Precision Theoretical
Models

The study of the origin of hydrogen precipitation activity of dif-
ferent catalysts is presently mainly based on DFT for atomic scale
simulation, and the main computational programs are mainly
VASP, CP2K and Quantum-Espresso.[12*124] Previous research
on catalytic mechanisms lacks investigation into complex surface
interfaces and actual reaction situations. There is an immediate
necessity for more precise models to explore the intrinsic nature
of catalysis at the atomic scale, enabling better comprehension of
the mechanisms behind HER, the dynamic alterations of active
sites, and the ability to predict more suitable materials. Scien-
tific methods that incorporate multiple scales, such as integrat-
ing quantum mechanics calculations, molecular dynamics sim-
ulations, and continuum models, have the capability to simulate
the formation and reaction processes occurring on catalyst sur-
faces at the active sites. These methods can be combined with
macroscopic reaction kinetics to achieve comprehensive multi-
scale modeling and computation (Figure 10a). Another potential
direction for the advancement of multi-scale computational mod-
eling methods is the coupling of ab initio constrained thermody-
namic and microscopic dynamic models.

Machine learning (ML) is an essential tool for data mining and
analysis, which enhances the conventional approach to discover-
ing novel catalysts by leveraging accumulated experience and sig-
nificantly reducing the costs associated with trial and error.!'’]
A critical step in the machine learning process is data collec-
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tion. Electrochemical catalysts commonly rely on three primary
sources of data: experimental data, computational and simula-
tion data, and large databases.['?%] Some databases contain the ba-
sic properties of the underlying material, including descriptors,
crystallographic properties of the material, and physicochemi-
cal properties, avoiding the expensive costs associated with self-
built databases. To guarantee the quality of the machine learn-
ing model, it is crucial to thoroughly assess the collected data
for completeness, consistency, accuracy, and validity.'?”128] ML
possesses the unique ability to identify hidden patterns or cor-
relations in high-dimensional data, enabling the exploration of
non-linear relationships and implicit rules in catalyst activity and
stability for the HER (Figure 10Db).112*13%1 While commonly used
black-box models can predict descriptors such as adsorption or
formation energies, interpreting the internal logic of these com-
plex models proves challenging. Interpretable machine learn-
ing methods integrate the predictive power of black-box models
with the physical interpretability of physics-based models to im-
prove the prediction of real catalytic materials’ behavior under
reaction conditions.['3!] However, these computational tools typ-
ically require substantial amounts of data for training and opti-
mizing behavioral patterns. Meta-learning is a promising solu-
tion for small datasets. It can learn relationships from correla-
tion models trained on large datasets and apply this prior knowl-
edge to small datasets. Similarly, developing reverse design mod-
els, like STONED,!132] enables model iteration and optimization
with reduced data demands when combined with active learning
techniques.
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5.2. Optimization of Catalyst Design and Preparation

It is worth noting that there are still challenges in how to
precisely control catalysts based on design strategies in order
to fully exploit their catalytic performance. The use of elec-
tron beam-induced precise atomic doping and multi-atom as-
sembly in scanning transmission electron microscopy (STEM)
holds the potential to combine machine learning automated
data processing and image feedback to achieve the vision of
atomically precise manufacturing (Figure 10c).['**] Biomimetic
catalysis design, inspired by natural concepts, holds promis-
ing prospects for development. For instance, investigating
the metabolic pathways of hydrogen-producing microorgan-
isms like microalgae and incorporating their principles into
catalyst production design may lead to unforeseen outcomes
(Figure 10d)."**] Enzyme catalysis, known for its remarkable
reaction kinetics in nature, provides an opportunity to ex-
plore enzyme structure, elements, and reaction mechanisms
for novel noble metal-free catalyst design. Drawing inspira-
tion from the structure and active sites of [Fe-Fe] hydroge-
nase, novel iron-based bifunctional catalysts can be synthe-
sized to efficiently transfer H, and protons under near-neutral
conditions.['*] Furthermore, the catalytic promiscuity observed
in enzymes may offer insights for the design and prepara-
tion of dual-functional noble metal-free catalysts. In biologi-
cal enzymes, residues near the active center play a crucial role
in regulating enzyme activity. In polymers, by utilizing Co-
porphyrin as the reaction center and incorporating three differ-
ent side-chain groups to simulate the residues controlling ac-
tivity in biological enzymes, these side-chain groups can reg-
ulate the hydrogen evolution activity of the catalyst.['**] The
structures found in nature can transcend their own forma-
tion methodology. Covalent organic frameworks (COFs) based
electro-catalysts have the ability to precisely manipulate pore
structures and functional groups through chemical manipula-
tion. This facilitates the accurate introduction of active sites
into long-range ordered channels and accessible surfaces of
COFs.[1%7]

5.3. Comprehensively Understand the Various Stages of Catalysts

While considering catalyst performance, it is vital not to overlook
the long-term stability of catalysts. Most catalyst research liter-
ature focuses solely on the three steps of “design-preparation-
testing”. However, a more comprehensive approach is needed,
taking into account each stage of catalysis, including activa-
tion, active phase, and deactivation, and conducting an anal-
ysis of the causes of deactivation (Figure 10e). The activation
stage reflects the initial rate of hydrogen evolution, and a pro-
longed activation time indicates lower efficiency in the initial
reaction stage, thereby reducing the overall efficiency of the re-
action process. The deactivation mechanism of hydrogen evo-
lution electrocatalysts is a complex issue, encompassing ox-
ide formation, gas bubble formation, corrosion and dissolu-
tion, accumulation of reaction intermediates, and loss of ac-
tive sites.l®* Investigating the factors leading to catalyst deac-
tivation can serve as a reference for the early-stage design of
catalysts.[138]
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5.4. Next-Generation Testing Protocols and Techniques

Exploring the structure-composition-performance relationship at
the atomic level necessitates employing various advanced in situ
characterization techniques to monitor the operational struc-
tural evolution of catalysts. Current in situ testing techniques
are intricate and expensive in terms of testing and analysis
procedures. The incomplete dynamic tracking of physicochem-
ical properties on electrocatalyst surfaces under reaction con-
ditions, coupled with the insufficient provision of detailed in-
formation regarding catalyst surface evolution, underscores the
need to enhance the sensitivity, response time, and data acqui-
sition speed of in situ characterization methods. Furthermore,
precision in catalyst measurements warrants improvement. For
instance, a quartz microbalance can detect mass changes at
the nanogram-level, thereby offering a more accurate reflection
of mass variations pre- and post-catalytic reactions. Addition-
ally, emphasis should be placed on investigating the interfacial
properties of catalysts. In situ liquid-phase 4D ultrafast trans-
mission electron microscopy, employing a single-pulse electron
imaging mode, facilitates observation within nanosecond elec-
tron detection pulses, precisely controlling time delay, thus en-
abling the study of nanoscale kinetic processes at the gas-liquid
interface.['*] The combination of “characterization techniques
+ ML” can enhance testing speed and automatically interpret
complex data (Figure 10f). Examples include “XAS + neural
network”, “Raman + AI”, and “XRD + convolutional neural
network”.1129140.1411 The rapid progress of machine learning is an-
ticipated to enhance the sensitivity of low-dose testing in the test-
ing process and attain real-time feedback.

5.5. Bridging the Gap Between Experimental and Industrial
Applications

Industrial production is conducted at a high current density,
and efficient hydrogen evolution necessitates significant charge
transfer and rapid reactions at active sites. Mechanical stirring,
elevated reaction temperatures, and high electrolyte concentra-
tions are commonly employed in industry to enhance catalytic ef-
ficiency, which requires catalysts with greater stability. Currently,
the widely used Pt/C catalyst in industry possesses an electro-
chemically active surface area >65 m? g~! and particle size of ~2—
4 nm. In laboratory tests utilizing a three-electrode device (1 m
KOH, current density of 10 mA cm™2), the overpotential of the
commercial 20 wt.% Pt/C catalyst is ~38 mV, with a Tafel slope
ranging from 29-31 mV dec™1.'"] In contrast, noble metal-free
HER catalysts prepared by researchers exhibit an overpotential of
~35-150 mV and a Tafel slope exceeding 35 mV dec™'.['*2) While
noble metal-free catalysts have demonstrated competitive perfor-
mance compared to commercial catalysts at low current densi-
ties, there remains substantial room for improvement at high
current densities. Self-supported catalysts have exhibited excep-
tional performance at high current densities as they are in situ
grown on conductive substrates, ensuring electrical conductiv-
ity while minimizing binder usage (Figure 10g). For instance,
self-supported porous cobalt phosphide (Co-P) foam has demon-
strated remarkable stability in alkaline environments at a cur-
rent density of 1000 mA cm~2 for 3000 h without significant
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degradation.!'*?] To achieve catalysts with even superior stability,
metal particles can be encapsulated in mesoporous silica, zeo-
lites, or core-shell structures to extend the lifetime of active com-
ponents, mitigate rapid corrosion and structural collapse caused
by high-concentration electrolytes during hydrogen evolution.
The performance indicators and evaluations obtained in labo-
ratory settings are inadequate for assessing suitability on an in-
dustrial scale; therefore, it is imperative to establish catalyst per-
formance evaluation standards relevant to industrial applications
(Figure 10h)."*3] For example, R, ; which quantifies the required
overpotential as the current increases, can serve as an indicator
for evaluating catalyst performance at high current densities.!'*4]
When addressing large-sized electrodes, performance evaluation
standards for industrial applications should also consider factors
such as mass transfer efficiency, electric field distribution, and
other relevant considerations. We believe our perspective arti-
cle will provide practical solutions transitioning the experimental
outcomes!*5-1#7] to real-world applications.
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