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As hydrogen energy technologies gain momentum, the role of renewable energy in facilitating sustain-
able hydrogen production is becoming increasingly critical. As a hydrogen production method, water
electrolysis has attracted much attention from researchers due to its operational simplicity, the high pu-
rity of the hydrogen generated, and its potential for achieving zero carbon emissions throughout the
process. Numerous studies has been manipulated on platinum (Pt)-based catalysts, which exhibit supe-
rior performance in hydrogen evolution reactions. Within this category, Pt nanoclusters stand out due
to their unique attributes, such as quantum size effects and unique coordination environments. These
features enable them to outperform both Pt metal atoms and nanoparticles in hydrogen evolution reac-
tions regarding activity and stability. Here, we primarily delve into the reaction mechanisms underlying
Pt nanocluster-based hydrogen catalysts, with particular emphasis on the interactions between the metal
catalysts and their associated support materials. We provide an exhaustive summary of the strategies
employed in the synthesis, the structural analyses conducted, and the performance metrics observed for
Pt nanocluster catalysts when paired with various supporting materials. In closing, we explore the future
potential and challenges facing Pt nanocluster-based catalysts in the context of industrial water electrol-
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ysis, along with emerging avenues for their design and optimization.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

The relentless rise in energy demand has accelerated the con-
sumption of conventional fossil fuels, thereby exacerbating global
environmental deterioration [1-5]. As a result, the pursuit of sus-
tainable, eco-friendly energy sources and efficient energy storage
and conversion technologies are now imperative for fostering sus-
tainable development [6-12]. Hydrogen has numerous advantages
over other renewable energy sources (e.g., solar, wind, tidal). It not
only has a high energy density, but also produces only water as a
byproduct, minimizing its environmental impact [13-17]. Presently,
approximately 90% of hydrogen production is generated through
the process of reforming fossil fuels, which includes sources such
as coal, oil, natural gas, and byproducts from various industries.
While this method is prevalent, it poses significant environmental
challenges. The preparation process not only results in substantial
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pollution but also generates large volumes of CO, gas, exacerbating
global greenhouse gas emissions [18]. In contrast, the generation
of "green hydrogen" through the use of renewable energy sources
represents a more sustainable and environmentally responsible ap-
proach [19-26]. Among these methods, electrolyzing water to pro-
duce hydrogen stands out for its diverse array of advantages, such
as high hydrogen purity, high scalability, and ease of integration
with renewable energy systems for grid balancing and energy stor-
age [12,27,28]. Despite these benefits, the scalability of water elec-
trolysis remains constrained by the performance of the electrocat-
alysts employed in electrode reactions [29]. At present, platinum
(Pt) remains the best cathode catalyst for the hydrogen evolution
reaction (HER) because of its optimal hydrogen adsorption Gibbs
free energy (AGy+) [30,31]. Nevertheless, the considerable expense
of Pt poses a notable challenge, with commercial Pt/C cathode cat-
alysts requiring as much as 0.4-0.6 mg/cm? of the material [32].
Various approaches have been explored to minimize Pt loading,
primarily focusing on enhancing the intrinsic catalytic performance
and optimizing the utilization of active sites. These strategies in-
clude rationally designing the catalyst morphology and downsiz-
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Fig. 1. Schematic representation of the relationship between the electronic struc-
ture and size in Pt catalysts.

ing the catalyst to nanometer dimensions [30,33-35]. In the case
of bulk metals, such as Pt slab, the band structure is continuous,
with free electrons exhibiting oscillatory behavior. However, upon
size reduction to the nanocluster scale, there is a splitting of en-
ergy at the Fermi level and further changed to Free-atom-like d
states for single atoms. This change significantly affects the den-
sity of valence states. As a result, the transition from a continuous
density of states in bulk metals to discrete energy levels in nan-
oclusters leads to more pronounced quantum properties and dis-
tinct catalytic performance [36]. Generally, large Pt nanoparticles
are less effective at achieving high HER activity, primarily because
of their finite specific surface area, resulting in a scarcity of ex-
posed active sites [35,37]. Reducing the particle size enhances both
the utilization and dispersion of active sites; however, this comes
at the expense of stability. For instance, while Pt single atoms can
essentially expose all their active sites, they are prone to agglom-
eration because of their high surface free energy. This agglomer-
ation subsequently results in a decrease in catalytic activity [38].
Compared to nanoparticles and single atoms, Pt nanoclusters of-
fer a more balanced profile of attributes. The unique electronic
properties of these materials, coupled with their quantum size and
surface geometric effects, contribute to stronger electronic inter-
actions with supporting materials. This facilitates optimal charge
transfer, thereby enhancing the structural stability of the nanoclus-
ters. Therefore, Pt nanoclusters can achieve both structural stabil-
ity and HER catalytic activity. These characteristics position Pt nan-
oclusters as a promising avenue for real applications in sustainable
hydrogen production (Fig. 1) [39-43].

In this review, we will begin by providing an overview of the
HER mechanism and then delve into a discussion of the distinctive
properties of Pt nanoclusters that enable and enhance their role in
HER facilitation. We will then systematically summarize the syn-
thesis approaches, structural analyses, and electrocatalytic perfor-
mance of Pt nanoclusters when they are employed with various
support materials, including transition metal compounds, carbon
materials, and other amorphous substrates. In conclusion, we will
delve into the future prospects and challenges of Pt nanocluster-
based catalysts within the realm of industrial water electrolysis.
Furthermore, we intend to offer insights into possible avenues for
future research and development in this area.
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2. The HER mechanism

Electrochemical water reduction is a pivotal half-reaction in the
process of hydrogen generation at the cathode [29]. In different
electrolytes (H3O" as a reactant in acidic media, H,O as a reactant
in neutral and alkaline media), the generally accepted HER mecha-
nism on the catalyst surface involves three basic steps: the Volmer
step, the Heyrovsky step and the Tafel step [44].

« Volmer step

Acid : H30" + e~ + M =M - H* + H,0 (1)

Neutral and Alkaline: H,O+ e~ +M=M-H*+0H~ (2)
« Heyrovsky step

Acid: M—H*+H30"+ e” =H; +H,0+M (3)

Neutral and Alkaline: M —H* +H,0+e~ =H; +OH™ + M
(4)

- Tafel step

Acidic, Neutral and Alkaline : 2M —H* = H, + 2M (5)

In the HER process under all conditions, the hydrogen inter-
mediate (H*) attached to the catalyst surface originates from the
merging of a hydrated hydrogen ion with an electron. Subse-
quently, H, is produced through either the Heyrovsky step or the
Tafel step (Fig. 2) [31]. Notably, regardless of the specific reaction
pathway within the HER process, the involvement of H* is a com-
mon feature. Additionally, the Volmer, Heyrovsky, or Tafel reactions
could each act as kinetic rate-limiting steps in the HER. The Tafel
equation is instrumental in determining which step is rate-limiting.
Commonly, Tafel slopes of approximately 120, 40, or 30 mV/dec
suggest that the rate-limiting steps correspond to the Volmer, Hey-
rovsky, or Tafel reactions, respectively [45].

According to the Sabatier principle, the hydrogen binding en-
ergy (HBE) plays a vital role in the catalytic activity of the HER
[46]. When the HBE is too low on the catalyst surface, the adsorp-
tion of H* becomes inefficient. On the other hand, an excessively
strong HBE hinders the release of H* from the catalyst surface [47].
Therefore, the optimal HBE (where AGy- is close to zero) is essen-
tial, as it strikes a balance between these two fundamental steps,
as outlined by the Sabatier principle [47,48]. The volcano plot in
Fig. 3, which combines HBE and AGy- from experimental and the-
oretical calculations, allows for the evaluation of catalyst activity.
It is evident that the Pt group noble metals (PGMs), with Pt as a
representative, exhibit the highest activity and are among the most
promising HER catalysts [49,50]. Specifically, compared with other
noble-metal-based catalysts (Table 1) [35,41,51-56], Pt-based cat-
alysts demonstrate notable superiority across several parameters,
such as reaction kinetics, HER activity, and stability.
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Fig. 2. The kinetic mechanisms of the HER, including (a) the Volmer, (b) Heyrovsky, and (c) Tafel processes.
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Fig. 3. A volcano plot depicting log(ip) values as related to (a) the energy of the metal-hydrogen bond and (b) AGy-. Copied with permissions [49,50]. Copyright 2000,

Elsevier. Copyright 2010, American Chemical Society.

Table 1
Comparison of the performance among different noble-metal-based catalysts (tested in three-electrode systems).
Catlayst Noble metal Tafel slope Overpotential (mV) Stability Ref.
loading (pg/cm?) (mV/dec) @10 mA/cm? (h)
Pt nanocluster-based / 12 18 20 [35]
catalysts 2.55 23.51 11 / [41]
/ 78 62 800 [51]
44 40.99 6.9 24 [52]
Other-noble-metal-based / 21 19 22 [53]
catalysts (Rh/Ir/Ru) 213.03 27.5 233 200 [54]
73.3 212 22 17 [55]
10 35.2 50.4 6 [56]

3. Unique electronic and geometric configurations of Pt
nanoclusters

When the dimensions of a metallic material are diminished to
a specific critical range, a marked alteration in its chemical prop-
erties is invariably observed. Correspondingly, nanocatalysts ex-
hibit distinct physicochemical characteristics that significantly dif-
fer from those of their bulk material counterparts [57]. This piv-
otal discovery has catalyzed renewed interest in the structural and
electronic states of nanocatalysts. Theoretically, when the dimen-
sions of metallic nanoparticles are reduced to a scale smaller than
the de Broglie wavelength of electrons, disintegration of the con-
ventional band structure ensues, leading to quantum confinement
phenomena. In this regime, sub-nanometer clusters may exhibit
a plethora of isomeric configurations analogous to molecular iso-
mers. These isomeric states are characterized by disparate molec-
ular orbitals, the geometries of which are contingent upon their
respective electronic states. This intricate interplay between elec-
tronic and structural properties at the sub-nanometer scale eluci-
dates new dimensions in the scientific understanding and potential
technological utilization of nanoscale metallic catalysts. As a result,
the electronic structure of nanoclusters transitions between molec-
ular split energy levels and solid continuous energy bands (Fig. 1)
[58].

Unlike mononuclear metal complexes, where the electronic
structure is intrinsically tied to the coordination environment
influenced by ligands and solvents [59], metal clusters exhibit
markedly different behaviors. Specifically, the work function in
these clusters significantly varies based on the number of con-
stituent atoms. This variability arises from the orbital overlap be-
tween metal atoms within the cluster. Such orbital interactions en-
gender unique electronic properties, thereby differentiating metal
clusters from their mononuclear counterparts in terms of both
their electronic structure and associated reactivity [60]. By judi-
ciously modulating both the atomic composition and geometric
configuration of metal clusters, it is possible to engineer a highly
unsaturated coordination environment. This specialized coordina-
tion milieu fosters robust interactions with different molecules,

thereby potentially enhancing the catalytic efficacy and selectiv-
ity of the cluster [61]. For instance, a metal cluster of a specific
atomicity, such as Au;, can manifest in multiple geometric config-
urations (the geometries of Au;_, Auy, and Au;, differ owing to
variations in their charge states) [62,63]. Such flexibility in charge
states affords a dynamic means of modulating the catalytic prop-
erty of clusters within electrochemical processes [64]. Zhang et
al. [65] provided empirical and theoretical evidence underscoring
the size-dependent activity and stability of Pt nanoclusters over
Pt single atoms (Pt;) and bulk Pt. Experimentally, they evaluated
the electrochemical performance of variously sized platinum (Pt)
nanoparticles, specifically Pt;, Pty, Pt;, and Ptg, by methodically
controlling the Pt loading on fluorine-doped tin oxide (FTO) sub-
strates. The results indicated a clear trend in mass activity: Pty
< Pty ~ Ptp,y < Pt; ~ Ptg. Furthermore, hydrogen underpoten-
tial deposition (Hypp) analysis revealed that, when compared to
those of Pt; and polycrystalline Pt, Pt clusters (Pt; and Ptg) demon-
strated the highest Hypp currents. Theoretically, using DFT calcula-
tions, they analyzed the size-dependent HER activity under vary-
ing conditions. At high H coverage, compared with larger clus-
ters (Pt; and Ptg), Pt; is more susceptible to the weakening of
Pt-O bonds since there are no Pt-Pt bonds to stabilize it; thus,
Pt; is expected to be more easily soluble and less stable. On the
other hand, the strengths of Pt-Pt and Pt-O bonds were found to
not exhibit a monotonic relationship with the size of the clusters.
Specifically, the strength of Pt-Pt bonds follows the order Pt; >
Ptg ~ Pt;. This aligns with the trend in HER activity and stabil-
ity trend Pty < Pt; < Ptg. The reasons behind these trends are
intricate and were attributed to the concept of “ensemble size”.
Yan et al. [41] also experimentally discovered that electron-rich
Pt nanoclusters have better HER performance than oxidized Pt
single atoms and particles. Specifically, in the case of Pt single
atoms, there is a transfer of electrons from the Pt to the sulfur-
doped carbon supports. Conversely, when the size of the Pt re-
duces to clusters, the carbon supports donate electrons to the Pt.
As a result, electron-enriched Pt nanoclusters demonstrate signifi-
cantly higher HER activity compared to electron-deficient Pt single
atoms.
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Fig. 4. (a) Schematic showing the typical metal-support interaction types. (b) High-resolution XPS spectra (Pt 4f) and (c) normalized XANES spectra (Pt L;-edge) for
PtNC/BP2000-300 and PtNC/S-C-500. (d) Analysis of differential charge density in the PtNC/S-C and Pt;/S-C systems. In this analysis, positive and negative electron density
isosurfaces are represented by yellow and cyan colors, respectively. (b-d) Copied with permission [41]. Copyright 2019, Nature Portfolio. (e) A diagrammatic representation
of the d-band theory model, Copied with permission [77]. Copyright 2022, American Chemical Society. (f) The PDOS (Pt 5d) comparison between Pt/TiO, and Pt/TiO,-0,. (g)
The calculated AGy- values for TiO,, Pt/TiO,, Pt/TiO,-O, and Pt/graphene. Copied with permission [35]. Copyright 2023, Wiley-VCH.

To conclude, the geometric structure of metal nanoparticles is
more stable than that of single atoms. This enhanced stability
primarily arises from the reduced surface energy associated with
the higher coordination environment. However, metal nanoparti-
cles with high coordination numbers have lower lying d-bands,
which leads to lower activity [66]. In contrast, Pt nanoclusters
strike a balance, possessing suitable surface-free energy and rel-
atively lower surface coordination. This unique combination allows
them to maintain a relatively more stable structure while also pre-
serving robust electrocatalytic activity. Consequently, for Pt nan-
oclusters as HER catalysts, a detailed examination of the activ-
ity modulations attributable to their inherent electronic and geo-
metric peculiarities is imperative. This investigation is essential for
a comprehensive understanding of the catalytic efficiency mecha-
nisms inherent in Pt nanoclusters and is instrumental in advanc-
ing the development of next-generation, high-performance cata-
lysts for hydrogen evolution.

4. Identification of metal-support interactions

Pt nanoclusters are an important type of hydrogen evolution
catalyst due to their unique size, shape, and composition control-
lability. Several strategies have been developed to engineer and
modulate these properties. One of the key strategies is to immo-
bilize Pt nanoclusters on supports to enhance their stability and
control their spatial distribution. However, it is important to note
that the support material is typically not inert, and the interplay
between Pt and its supporting material can give rise to new inter-
facial phenomena, collectively referred to as metal-support interac-
tions (MSIs) [42]. MSIs have an important impact on the electronic
properties of catalysts. Typical MSI phenomena involve elements
such as charge transfer [39,43,67,68], interfacial sites [35,41,69-
72], and strong metal-support interaction (SMSI) (Fig. 4a) [73-76].
These elements often interact together to promote the catalytic
performance of electrochemical hydrogen evolution.

Yan et al. [41] demonstrated that HER catalysts with Pt clus-
ters confined on sulfur-doped carbon supports had a joint effect
on charge transfer and interfacial sites through experimental char-
acterization and theoretical calculations. Clearly, in comparison to
the Pt cluster directly supported on carbon black (PtNC/BP2000),
the PtNC/S-C catalyst exhibited a lower binding energy, as indi-
cated by the X-ray photoelectron spectroscopy (XPS) results (Fig.
4b). Additionally, the normalized X-ray absorption near edge struc-
ture (XANES) spectra of PtNC/S-C demonstrated a reduced white
line intensity relative to that of PtNC/BP2000 (Fig. 4c), suggesting
that the S sites are favorable for providing electrons to Pt nanoclus-
ters due to carrier transfer. In addition, Bard charge analysis also
demonstrated that single-atom Pt and Pt clusters have diametri-
cally opposite charge transfer directions from the support, thereby
achieving different electrocatalytic hydrogen evolution properties
(Fig. 4d).

Additionally, when Pt clusters engage with the support mate-
rial, electronic reconfiguration occurs. This leads to either an up-
ward or downward shift in the d-band center of platinum, affecting
the adsorption characteristics of the reaction intermediates, which
in turn impacts the electrocatalytic performance. According to the
d-band theory, the strength of intermediate adsorption is directly
correlated with the position of the antibonding band. (Fig. 4e) [77].
An increased electron occupancy in the antibonding energy band
diminishes the portion of the band situated above the Fermi en-
ergy level. This leads to less stable bonding interactions and con-
sequently results in weaker adsorption of reaction intermediates.
Wu et al. [35] illustrated the interaction between Pt clusters and
different supports by partial density of states (PDOS) analysis. This
analysis showed that Pt/TiO,-Oy exhibited a lower d-band center
than Pt/TiO,, implying a reduced strength in hydrogen adsorption
(Fig. 4f). A further comparison of the hydrogen adsorption free en-
ergies revealed that Pt/TiO,-O, had the weakest adsorption of hy-
drogen, which is consistent with the d-band theory (Fig. 4g). These
results illustrated the influence of interfacial oxygen vacancies on
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the metal-support interaction, promoting the hydrogen evolution
performance of the catalyst.

5. Interactions between Pt nanoclusters and different supports

Pt nanoclusters possess distinct morphological and structural
attributes, enabling them to pair effectively with a diverse range of
support materials to achieve commendable electrocatalytic perfor-
mance in hydrogen evolution. Specifically, fine-tuning the nature of
the interactions between Pt nanoclusters and different supports—
including metal oxides, carbides, hydroxides, and carbon-based
materials—can further enhance the efficacy of catalysts in the HER
(Fig. 5). Subsequently, a clear elucidation of the catalytic reaction
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mechanism becomes possible, offering valuable insights that can
guide the design of next-generation Pt nanocluster-based catalysts
for hydrogen evolution.

5.1. Pt nanocluster-based oxide electrocatalyst

5.1.1. Interfacial interaction

Metal oxides have become one of the important supports
for hydrogen evolution catalysts due to their chemical inertness,
porosity and high electrical conductivity [78]. For decades, a va-
riety of metal (Ti, Sn, Mn, Nb, and W) oxides have been used as
supports in electrocatalytic reactions [74,79-82]. The activity of the
composite catalysts is enhanced through interfacial interactions af-
ter hybridization with Pt nanoclusters [83,84].

Cheng et al. [83] obtained a PtOx/TiO, catalyst by an impreg-
nation method, and the Pt nanoclusters (~0.75 nm) were isolated
and scattered on the surface of TiO, (Fig. 6a). XANES spectroscopy
revealed that PtO4/TiO, exhibited a white line intensity close to
that of PtO,, indicating that the Pt nanoclusters in PtOx/TiO, were
in an oxidized state (Fig. 6b). Interestingly, the size of the Pt nan-
oclusters in PtOx/TiO, basically did not change before and after ac-
celerated degradation tests (ADT) (Fig. 6¢); the primary cause is
likely SMSI between the oxidized Pt nanoclusters and TiO,, which
restricts the movement and clustering of the Pt clusters. In addi-
tion, Kim et al. [84] prepared F-SnO, with high conductivity by the
sol-gel method, and further obtained uniformly dispersed Pt nan-
oclusters by ion sputtering (Fig. 6d). Interestingly, in the XPS spec-
trum, they found that Pt on Pt/SnO, has a lower 4f orbital binding
energy than Pt foil, and with the decrease in F, the binding energy
of Pt further decreases (Fig. 6e). A comparison of the PDOS and
AGy+ data showed that Pt/F-SnO, has the weakest adsorption of
hydrogen intermediates (H*), which is more conducive to the HER
(Fig. 6f). These findings suggest that interfacial SMSI is vital for im-
proving the HER performance of composite catalysts.
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Fig. 6. (a) Scanning transmission electron microscopy (STEM) images of PtOy clusters on PtOy/TiO,. (b) Normalized XANES spectra (Pt L;-edge) for various Pt forms. (c)
structural changes of PtOx/TiO, and Pt/C after ADT. (a-c) Copied with permission [83]. Copyright 2017, Royal Society of Chemistry. (d) A schematic diagram of the synthesis
of highly dispersed Pt nanoclusters loaded on F-doped SnO, aerogel (upper part), below shows the HRTEM and HAADF-STEM images. (e) High-resolution XPS spectra (Pt 4f)
of F-doped F-SnO,@Pt with different F concentrations, Pt foil is shown as a reference. (f) PDOS analysis (d-orbital of Pt) in F-SnO,@Pt and SnO,@Pt (upper part), Comparison
of AGy: of different system (Pt slab, SnO,@Pt, F-SnO,@Pt, and F-SnO,) (lower part). (d-f) Copied with permission [84]. Copyright 2022, American Chemical Society.
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5.1.2. Defect design

Defects present in the support material are crucial for optimiz-
ing both the structural stability and the catalytic efficiency of the
catalyst. [51]. These defective sites can not only fill the deposited
metal nanoclusters but also change the coordination environment
of the catalyst, which is beneficial for activating the adsorbed reac-
tants [35,82,85,86]. Wu et al. [35] designed a black TiO,-supported
Pt cluster with abundant oxygen vacancies (Pt/TiO,-0y) (Fig. 7a).
The TEM image showed that the size of the Pt nanoclusters of
Pt/TiO,-Oy was between 1-2 nm. Further electron paramagnetic
resonance (EPR) illustrated that the g value of Pt/TiO,-Oy is 2.002,
which is mainly due to the binding between superoxide radicals
(037) and oxygen vacancies (Oys) on the outer surface of the metal
oxide (Fig. 7b) [87,88]. They found that the adsorption energy of
Pt nanoclusters on Pt/TiO,-O, was the most negative (—6.87 eV),
confirming the strong metal-support interaction (Fig. 7c). Wei et al.
[85] further developed catalysts characterized by oxygen-rich va-
cancies and oxygen-deficient vacancies, specifically Vy-rich Pt/TiO,
and Vo-deficient Pt/TiO, (Figs. 7d and e). The average size of the
Pt particles was only 0.8 nm (Fig. 7e). Compared with Vy-deficient
Pt/TiO, and Pt/C, V-rich Pt/TiO, exhibited the best hydrogen evo-
lution activity (Fig. 7f). These results indicate that regulating the
oxygen vacancies and their content in oxides can further improve
the structural preservation of the catalyst during the reaction while
maintaining activity.

In addition, the origin of defect sites from metal cations can
also change the catalytic activity. Wei et al. [70] prepared a MnO,

support containing Mn3+ vacancies through an electrochemical
charge-discharge process. They supported Pt on Mn3+ vacancies
by electrodeposition and further nucleated and grew Pt nanoclus-
ters (Fig. 7g). Moreover, the calculated results (DOS) showed that
Ptac-MnO, has an obvious peak between 0.8—2 eV, indicating the
strong bonding of Pt and O orbitals, thus confirming the SMSI be-
tween Pt and the support (Fig. 7h). In addition, Ptyc-MnO, had a
lower water dissociation energy barrier (Fig. 7i), which further en-
hanced the H desorption rate, and SMSI also inhibited the further
migration of Pt nanoclusters, resulting in good hydrogen evolution
stability. Consequently, in the design of oxide-supported Pt cata-
lysts for the HER, further control of vacancy defects and fine-tuning
of the electronic structure are key strategies for improving the ef-
ficiency of electrocatalytic hydrogen evolution.

5.2. Pt nanocluster-based carbide electrocatalysts

Transition metal carbides (TMCs) represent a notable category
of support material for electrocatalysts, distinguished by their ex-
ceptional mechanical stability, high electrical conductivity, resis-
tance to poisoning, and structural stability in acidic environments
[89]. As catalyst supports, carbides can form stable covalent bonds
with deposited metals [90]. Specifically, TMC enhances the electron
transfer between Pt and the TMC support owing to its electronic
structure, which is akin to that of noble metals [91], which is con-
ducive to the structural stability and high catalytic activity of the
catalyst [92]. Therefore, rationally designing the morphology and
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structure of carbide supports and depositing metals to fully ex-
pose the binding sites are conducive to further taking into account
the activity and stability of catalysts [76,93-96]. Wu et al. [94] pre-
pared three-dimensional (3D) crumpled Ti3C;Tx MXene supported
sub-nanometer Pt nanoclusters (Pt/MXene) (Fig. 8a). Among them,
not only was the overlapping of layered MXene suppressed (Fig.
8b), but the 3D structure also enabled full exposure of the Pt nan-
oclusters (Fig. 8c). Compared with the directly freeze-dried lay-
ered MXene (F-Ti3C,Tx), the spray-dried MXene (S-Ti3C,Tx) had a
larger specific surface area, approximately 4 times that of F-Ti3C,
(Fig. 8b). Zhao et al. [96] designed a catalyst with snowflake-like
Pt nanoclusters supported on MXene by adjusting the morphology
and structure of the Pt metal (Figs. 8d and e). Pt nanoclusters have
more exposed active sites due to their unique snowflake-like struc-
ture, and the co-regulation of Ti and F weakens the adsorption of
active H* on Pt (Fig. 8f), resulting in stronger catalytic properties
for MXene/B-Pt. Yuan et al. [76] used a laser hybrid model to con-
struct a combined catalytic and gas diffusion electrode (Pt/Mo,C-
L/Mo) (Fig. 8g). Interestingly, the substrate of the Mo,C-L/Mo mi-
cropillar array contained an abundant hydrophilic surface area and
a large specific surface area, which is conducive to better disper-
sion of the Pt nanoclusters. Such a structure endows the catalyst
with excellent HER performance (10 mA/cm? for 21 mV) in acidic
electrolyte (Fig. 8h). In addition, a proton exchange membrane wa-
ter electrolyzer (PEMWE) prepared by spraying a cathode catalyst
as Pt/Mo,C-L/Mo and an anode catalyst as TiO,/Ti demonstrated
robust stability in both acidic and pure water environments (Fig.

8i). Consequently, the efficient customization of the carbon sup-
port with a distinctive structure, aimed at augmenting the binding
sites between the support and Pt nanocluster, can more effectively
address both the hydrogen evolution activity and stability of the
catalyst.

5.3. Pt nanocluster-based hydroxide electrocatalysts

5.3.1. Interface interaction

Metal hydroxides represent a novel and significant class of
inorganic functional materials, notable for their distinct struc-
tures and flexible, tunable chemical compositions. They have found
widespread application in diverse areas, including biomedicine,
photoluminescence, electrochemical energy storage and conver-
sion technologies [97-101]. As electrocatalyst supports for hydro-
gen evolution, metal hydroxides can provide abundant edge sites
to promote water dissociation and intermediate adsorption, which
are helpful for the supported metal (Pt) to adsorb hydrogen in-
termediates, thereby promoting HER performance [102]. For ex-
ample, Yang et al. [75] prepared Pt clusters on porous «-Ni(OH),
nanowires, referred to as Pt./Ni(OH), (Fig. 9a). The porous struc-
ture of Pt./Ni(OH), facilitated a substantial loading of Pt nanoclus-
ters, achieving a high Pt loading of 4 wt%. XPS spectrum (Pt 4f)
showed the coexistence of Pt2+ and Pt® in Ptc/Ni(OH),. Interest-
ingly, the chemical state of Ni(Il) does not change significantly af-
ter the modification of atomic-scale Pt nanoclusters on Pt:/Ni(OH),
(Fig. 9b). Upon evaluating their electrochemical characteristics, it
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was found that Pt./Ni(OH), displayed the best polarization perfor-
mance compared to Pt/C in alkaline media, while also maintaining
robust stability (Fig. 9c).

To further increase the loading and HER activity, layered dou-
ble hydroxides (LDHs) are another type of commonly used sup-
ports. They possess unique features such as the variability of ions
within their layers, the ability to exchange anions between layers,
and a substantial reactive surface area, all of which contribute to
their outstanding electrocatalytic performance in hydrogen evolu-
tion. Yan et al. [101] successfully synthesized functionalized NiFe
LDH nanosheets incorporating Pt nanoclusters (~0.59 nm) through
a straightforward hydrothermal method (Fig. 9d). The resulting cat-
alyst featured highly dispersed Pt nanoclusters, exposing aan in-
creased number of active sites. Notably, the catalyst demonstrated
HER activity comparable to that of commercial Pt/C in alkaline
electrolyte conditions, where the overpotential of 10 mA/cm? was
only 28 mV (Fig. 9e). Hence, the direct interaction between the
binding sites exposed by layered metal hydroxide and Pt nanoclus-
ters proves advantageous in stabilizing the structure of Pt nan-
oclusters and enhancing the overall performance in hydrogen evo-
lution.

5.3.2. Defect design

The synthesis of LDH nanosheets, subjected to alkali etching
that induced metal defects, resulted in a decrease in their thick-
ness and led to the formation of a hierarchical structure with both
microporous and mesoporous characteristics. This structural trans-
formation enhanced the diffusion of hydrogen adsorption interme-
diates, consequently leading to an increased exposure density of
active sites. This modification in structure proved to be advanta-
geous for the overall catalytic process. [103,104]. For example, Yu
et al. [103] successfully developed a NiFe layered double hydroxide
nanosheet, incorporating some vacancy defects (NixFe LDHs), and
supported sub-nanometer Pt clusters (NCs) using a straightforward
electrodeposition technique, resulting in a Pt/NixFe LDH composite.
Specifically, Pt-supported NixFe LDHs were prepared through the
introduction of Pt and the removal of Zn (Figs. 10a and b). Upon
comparing the XPS spectra, it was found that the Ni%* content of
the defect-type Pt/LDH composite significantly decreases, whereas
the Ni3* content increases, indicating that Ni2* defects are gener-

ated. In addition, Pt/NixFe LDHs exhibited more zero-valent Pt sig-
nals, which indicates that Ni%+ defects promote more reduction of
Pt ions (Fig. 10c). The synergistic interaction between the defective
supports and Pt nanoclusters was found to decrease the adsorption
of *H intermediates and promotes the HER performance (Fig. 10d).

Feng et al. [104] further doped V on the Fe defects of NiFe LDH
(Fig. 10e). The low electronegativity of V caused more charge to
be transferred from V to Fe, changing the chemical environment
of the adjacent Fe atoms (Fig. 10f). DFT calculations suggested that
doping with V extends the Fe-O bond length in NiFeV LDH. Subse-
quent XPS analysis confirmed that the valence state of Fe in NiFeV
LDH decreased. (Fig. 10g), and the outcome of this charge transfer
enhances the self-reduction capabilities of the Pt nanoclusters on
the support. Consequently, it was observed that the d-band cen-
ter of Pt in Pt/NiFeV LDH shifted downward compared to that in
Pt/NiFe LDH. This shift leads to a weaker adsorption capacity for
H*. Moreover, the reduction in the d-band center of Ni atom was
advantageous for facilitating the desorption of generated oxygen,
thereby improving the HER activity of the catalyst (Fig. 10h). There-
fore, optimizing the structure of metal ion defects by further reg-
ulating the in-layer ions of metal hydroxides is a key step in im-
proving the HER activity of Pt-based hydroxide catalysts.

5.4. Pt nanocluster-based carbon material electrocatalysts

5.4.1. Interface interaction

Carbon-based materials are considered attractive catalyst sup-
ports [29,105]. First, the graphite skeleton is highly conductive, fa-
cilitating charge transfer between the scaffold and the metal [106].
Second, the exposure of more efficient active sites is facilitated by
a large specific surface area and high porosity. Furthermore, the
electronic structure of the catalytic sites can be effectively mod-
ulated through SMSI or interfacial effects, which in turn signifi-
cantly enhance the electrocatalytic performance [40,107-111]. Ma
et al. [107] prepared Pt nanoclusters (0.5 wt%) on carbon nan-
otubes (CNTs) by photoreduction (Fig. 11a). Among them, to pro-
mote the reduction of PtClg2~ and provide active sites, they used
polydopamine (DPA) to modify the surface of CNTs. The XPS spec-
trum showed that the Pt catalyst with a size of 1.5 nm exhib-
ited more Pt5*+ types (Fig. 11b). This result was mainly due to the
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transfer of charge from Pt to CNTs, which also confirmed the oc-
currence of SMSI between the Pt nanoclusters and the CNT sup-
port. In addition, such catalysts (1.5 nm Pt) exhibited optimal
hydrogen evolution performance (Fig. 11c). Chen et al. [40] fur-
ther anchored Pt nanoclusters on two-dimensional (2D) fullerene
nanosheets (Fig. 11d). Specifically, matching of ultra-small Pt nan-
oclusters with larger lattice spacing fullerene nanosheets leads to
strong confinement of the Pt nanoclusters, which emerges at the
Pt/fullerene interface charge redistribution. Fig. 11e shows that the
Pt 4f peak of Pt/Cgy was broader than that of pristine Pt nanoclus-
ters (Pt NCs), indicating an increased content of Pt3+ species and
confirming charge transfer from Pt to the support. Interestingly,
they compared the Pt 4f orbital binding energy of Pt with different
mass loadings and found that when the mass loading of Pt nan-
oclusters increased to 1.1 pg/cm?, the electronic binding energy of
the Pt 4f orbital decreased to 71.4 eV (Fig. 11f). This finding further
demonstrated that the interaction between Pt and Cgy was short-

ranged, indicating that the catalytic performance of Pt clusters sit-
uated far from the Pt/Cg interface was unaffected by the MSIL

To further confine the Pt nanoclusters, their migration and ag-
glomeration were limited, and stability during the electrolytic hy-
drogen production process was ensured. Many researchers have fo-
cused on carbon sphere-type carriers [112-114]. This support has
a larger accessible surface area and more nanopores to effectively
confine Pt nanoclusters, which is more conducive to enhancing the
preservation of the catalyst structure in the electrolytic reaction.
Fan et al. [108] constructed hollow graphene spheres (Pt/GHSs)
with functionalized Pt nanoclusters (Fig. 11g). However, the ob-
tained Pt/GHSs partially collapsed and failed to maintain a good
spherical structure, which was likely to cause partial loss of effec-
tive active sites and a decrease in catalytic activity.

Therefore, Wan et al. [109] utilized tetrapropyl orthosilicate
(TPOS) instead of TEOS as the Si source, reducing its hydrolysis
and condensation behavior. The SiO, template was removed be-
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fore the incorporation of the Pt source, resulting in mesoporous
carbon spheres (HMCS), preventing the destruction of the catalyst
(Pts/MHCS) structure by the etchant (Fig. 11h). Specifically, Pt clus-
ters were uniformly confined on the surface of the HMCS (~0.77
nm). Compared with Pt/C, the catalyst has both remarkable cat-
alytic activity and cycle stability (Fig. 11i), confirming the structural
stability and high number of active sites of Pts/MHCS. Therefore, by
designing the morphology of the carbon material and optimizing
the MSI between the Pt nanoclusters and the support, it is pos-
sible to better design hydrogen evolution catalysts with excellent
activity and stability.

5.4.2. Defect design

Recently, it has been recognized that structural defects within
the carbon framework can serve as effective active sites, rather
than just modifying the supporting metal atoms [115,116]. Com-
pared with normal hexagonal sites, defect sites with lower work
functions and greater reducing abilities preferentially anchor high-
priced Pt and promote its reduction, improving the number of
active Pt atoms. In addition, the strong interaction between Pt
and defective carbon supports effectively inhibits the agglomera-
tion of Pt nanoclusters, enabling the realization of Pt catalysts with
highly stable structures [117]. Bao et al. [116] employed a facile
in situ electrochemical strategy to fabricate stable PGM clusters
(Pt, Pd, and Au) supported on structural defects in carbon nan-
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otubes (CNTs) (Fig. 12a). Specifically, the DFT results showed that
the adsorption energy of Pt nanoclusters with vacancy defect struc-
tures (di- and mono-vacancies) on the support was the strongest,
confirming the strong interaction between the carbon supports
with vacancies and Pt nanoclusters (Fig. 12b). The carbon vacan-
cies optimized the electron density of states, inhibited the migra-
tion and oxidation of Pt nanoclusters, and realized highly stable
hydrogen evolution performance. Fig. 12c shows that the Pt/CNTs-
ECR had the optimal hydrogen evolution activity, and the perfor-
mance hardly changed after 10,000 potential cycles, reflecting the
excellent durability of the catalyst.

Dai et al. [117] further studied the effect of the carbon de-
fect content on the structure and performance of a catalyst. They
adjusted the density of carbon defects by controlling the etching
time of ammonia gas on graphene oxide and obtained Pt clus-
ters supported by defect graphene (Pt-AC/DG) (Fig. 12d). A com-
parison of the Raman spectra (Fig. 12e) revealed that the support
with the longest ammonia gas etching time (DG-45min) had the
largest Ip/Ig value (1.28), indicating that its carbon defect density
was the largest. Further TEM images showed that the size of the
Pt nanoclusters on DG-45min was the smallest (Fig. 12f), which
may be because more carbon defects anchor the Pt nanoclusters
well and inhibit their migration. Interestingly, the Pt nanocluster
catalyst with the smallest size exhibited better hydrogen evolution
activity and stable electrolysis ability (Figs. 12g and h). The DFT re-
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sults clarified that the binding energy of the Pt/DG structure model
was much greater than that of Pt/PG (perfect graphene), reflecting
the SMSI between Pt and the support (Fig. 12i). Therefore, adjust-
ing the defect density of the carbon material substrate is a key step
in improving the binding energy of Pt and support and adjusting
the size of Pt, which has important research significance for pro-
moting the development of hydrogen evolution catalysts with low-
cost and highly stable structures.

5.4.3. Nonmetal doping

The surface functional groups and inherent defects of carbon
supports can interact with active metals to provide dispersed cat-
alytic sites. Crucially, the doping of heteroatoms can further refine
the electronic structure at the catalytic site and modulate the MSI
[29]. Han et al. [118] achieved the co-doping of N and P in car-
bon nanotubes (NP-CNTs) through nitriding and phosphating pro-
cesses. They then supported Pt nanoclusters on these carbon nan-
otubes, resulting in the creation of a Pt/NP-CNTs catalyst (Fig. 13a),
which was subsequently applied in water electrolysis for hydrogen
evolution. Moreover, N-doped carbon with a fully porous struc-
ture can be formed by pyrolysis treatment of metal-organic frame-
works (MOFs) [52,119,120]. Therefore, Chen et al. [120] further con-
structed nitrogen-doped carbon-constrained Pt nanoclusters de-
rived from ZIF-8 on a continuously conducting carbon nanotube

1

substrate (CTA@Pt@NCBs) (Fig. 13b). Among them, N-doped carbon
arrays derived from porous MOFs can ancor more Pt nanoparticles
and further inhibit Pt migration. From the XPS spectrum, it was
found that the N 1s peaks mainly existed for graphitic N, N-5, and
N-6 (Fig. 13c). Specifically, N-5 and N-6 with marginal active sites
were more conducive to capturing Pt clusters, and Lewis acidic N-
6 can effectively adjust the adsorption free energy and dynamic
transfer process of intermediates at the interface (Pt-C) [121,122],
thus generating special interactions between Pt and carbon nan-
otubes and promoting rapid hydrogen evolution reactions.

The introduction of N into the Pt/C catalyst alters the electronic
structure of Pt and C [123,124], creating electron vacancies that
are more likely to improve the heavy d-m effect of the Pt-C junc-
tion [125]. To further clarify the pivotal influence of N in platinum-
supported carbon material catalysts and delve into the substantial
d-m effect, Xiao et al. [126] combined electrospinning, carboniza-
tion, and directional displacement techniques to fabricate a cata-
lyst comprising ultrafine Pt nanoparticles supported on nitrogen-
doped porous carbon fiber (Pt@NDPCF) (Fig. 13d). Among these
materials, nanostructured carbon fibers obtained by electrospin-
ning can achieve effective electron transport and enhance struc-
tural stability. Here, fiber optic technology and the replacement
of Zn nanoparticles by Pt nanoparticles jointly realized the N-
enhanced heavy d-m effect. Specifically, unlike Pt/C and Pt black,
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Fig. 13. (a) A diagram illustrating the preparation process of Pt/NP-CNT catalyst. Copied with permission [118]. Copyright 2022, Royal Society of Chemistry. (b) A schematic
diagram depicting the synthesis process for CTAs@Pt@NCBs and (c) its high-resolution XPS spectra. (b, c) Copied with permission [120]. Copyright 2022, Elsevier. (d) Scheme
illustration of the synthesis of Pt@NDPCF. (e) Pt 4fs;, core levels for Pt@NDPCF and commercial Pt, on the right shows the pyridinic N core level for Pt@NDPCF compared
to Zn@NDPCF. (f) An analytical comparison detailing the quantity of valence electrons for Pt, C, and N atoms in the samples. (g) Polarization curves of Pt@NDPCF compared
with the other catalysts in acid. (d-g) Copied with permission [126]. Copyright 2022, American Chemical Society.

the Pt 4f;, core energy level of Pt@NDPCF moved by 0.9 and 1.33
eV towards higher binding energies, respectively, in the XPS spec-
trum (Fig. 13e), confirming that Pt and NDPCF charge transfer be-
tween them and form a strong d-m effect. On the other hand,
compared to that in Zn@NDPCF, the pyridine N in Pt@NDPCF was
shifted by 0.3 eV in the direction of low binding energy. Further-
more, the DFT results again verified the experimental conclusion
(Fig. 13f). In Pt@NDPCF, the number of outermost electrons on Pt
atoms was less than that on N atoms, indicating that N atoms at-
tract electrons from Pt atoms. The fewer electrons in the outermost
shell indicate that the d orbital of Pt is more empty, which is more
conducive to the adsorption of reactants and enhances catalytic ac-
tivity. Therefore, Pt@NDPCF showed better hydrogen evolution per-
formance than did commercial Pt/C (Fig. 13g). These findings un-
derscore the importance of heteroatom doping, such as N and P
doping, in modulating the interaction between platinum (Pt) and
its supports. This doping strategy aids in fine-tuning the electronic
structure of catalysts, resulting in the creation of exceptionally ac-
tive catalytic materials. Therefore, it is imperative to delve deeper
into the precise control of heteroatoms in the context of MSI reg-
ulation and to clarify the internal theoretical mechanisms of the
remarkable catalytic activity exhibited by these catalysts.

5.4.4. Transition metal doping

Doping Pt-supported carbon materials with transition metals
can effectively improve their intrinsic activity while reducing the
use of PGMs. In these cases, heteroatom bond formation and ligand
effects can be further manipulated to alter the chemical proper-
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ties of multimetallic surfaces, leading to combined changes in the
energy and width of the average surface d-band, resulting in op-
timized H* adsorption energies for enhanced HER activity [29]. In
addition, carbon materials doped with one or more transition met-
als (Fe, Co, Ni, etc.) have shown excellent hydrogen evolution prop-
erties [127-130]. Therefore, doping with a suitable transition metal
is highly important for improving MSI, optimizing the active sites
of Pt, and promoting the hydrogen evolution activity of a catalyst.
Peng et al. [72] prepared a catalyst (Ni-N-C/Pt) with Ni single-atom
functionalized N-doped carbon nanosheets supporting Pt nanoclus-
ters (Fig. 14a). Specifically, the migration of Pt was inhibited by the
charge transfer between Ni-O-Pt, and single Ni atoms were sta-
bly confined within the carbon nanosheets by the strong combi-
nation of Ni-N-C. The catalyst with the optimal Ni addition (Ni-
N-C-250/Pt) exhibited better performance than Pt/C under alkaline
conditions. Among them, with only 100 mV of overpotential con-
sumed, the normalization performance (vs. ECSA) of Ni-N-C-250/Pt
reached 10.22 mA/cm? (Fig. 14b). Zhang et al. [69] controlled and
optimized the catalytic activity of Pt through Co-Pt bimetallic nan-
oclusters supported by nitrogen-doped carbon nanosheets obtained
through a spontaneous electrosubstitution reaction (redox reaction
of Pt** and Co®) (Fig. 14c). Among them, DFT results showed that
hydrogen intermediates (H,4s) were more likely to combine with
Pt, while OH~ was more likely to combine with Co, which acceler-
ated the water dissociation process in the Volmer step (Fig. 14d).
Liu et al. [131] further used Zn-MOF as a sacrificial template (NC),
introduced Mo and P, and obtained a hydrogen evolution catalyst
(Pt/Mo, P@NC) (Fig. 14e). Interestingly, compared with only Mo- or
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Fig. 14. (a) Description of the synthesis procedure of Ni-N-C/Pt. (b) The electrochemically active surface area (ECSA)-normalized HER polarization curves in 1 mol/L KOH. (a,
b) Copied with permission [72]. Copyright 2021, Elsevier. (c) A schematic diagram illustrating the formation mechanism of open hollow Co-Pt bimetallic clusters. (d) Graphical
representation depicting the synergistic effects at the Co-Pt interface in water splitting. (c, d) Copied with permission [69]. Copyright 2018, Royal Society of Chemistry. (e) A
diagram detailing the synthesizing process for Pt/Mo,P@NC. (f) Raman spectra of Pt/Mo,P@NC alongside other comparative samples and (g) corresponding XPS spectras. (e-g)
Copied with permission [131]. Copyright 2023, American Chemical Society. (h) Schematic illustration of the synthesis for Pt@Co SAs-ZIF-NC. Copied with permission [127].
Copyright 2021, Elsevier. (i) Schematic of the preparation process for Pt@Mn-SAs/N-C and (j) a structural model and analysis of differential charge density. (i, j) Copied with

permission [71]. Copyright 2023, American Chemical Society.

P-doped catalysts (Pt/P@NC or Pt/Mo@NC), Pt/Mo and P@NC exhib-
ited the highest Ip/Ig values (1.46) (Fig. 14f), revealing that Pt/Mo
and P@NC possessed more defect sites. This was mainly attributed
to the co-regulatory effect of Mo and P, which created additional
structural defects. In addition, more Pt metal signals were observed
at the Pt 4f energy level for Pt/Mo/P@NC, which indicates that
Mo and P jointly promote electron transport and change the MSI,
which is beneficial for the generation of additional active sites on
the catalyst (Fig. 14g).

With an adjustable pore structure, the metal types and coordi-
nation configurations of MOFs and their derived carbon nanomate-
rials can be further customized. Therefore, further optimization of
the spatial confinement effect inside MOFs can achieve the prepa-
ration of a series of monatomic catalysts [71,132]. In the case of
synergistic catalysis involving cobalt (Co) sites within MOF, Lv et al.
[127] selected single-Co-doped bimetallic (ZnCo) ZIF (Co SAs-ZIF-
NC) as a substrate for Pt NPs (Fig. 14h). They isolated single-atom
Co sites in porous nitrogen-doped carbon and anchored platinum
nanoparticles, limiting their growth. In addition, Lei et al. [71] fur-
ther employed MOF-derived carbon frameworks (Mn-SAs/NC) with
isolated Mn atoms to anchor Pt nanoclusters (Fig. 14i). They found
a redistributed charge density at the interface of the Pt and Mn-
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N4 sites (Fig. 14j). Among them, compared with the M-Ny4 site,
the electron density around the Pt site significantly increases, indi-
cating that the Pt site attracts electrons from the adjacent Mn-N4
site, further reflecting the SMSI between the Pt and Mn-N, sites.
These results also confirmed the excellent hydrogen evolution per-
formance and stability of Mn-SAs/NC. Therefore, rationally adjust-
ing the type and electronic structure of the second doped metal, as
well as the coordination configuration and interaction form with
Pt and carbon supports, will be of great help in screening hydro-
gen evolution catalysts with more effective active sites and highly
stable structures.

5.5. Other supports

In addition to the supports already discussed, a wide array of
other materials, including phosphides [133], sulfides [134,135], ni-
trides [136] and some amorphous supports [137], are suitable as
catalyst supports for the HER. Tan et al. [133] grafted Pt nanoclus-
ters on the edges of the Ni,P/CoP nanosheets by electrodeposi-
tion (Fig. 15a). Through detailed finite element simulation analysis,
it was found that the edge of the nanosheet promotes its attrac-
tion and reduction of Pt**, resulting in more active sites due to
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the local strong electric field. A further comparison of the adsorp-
tion energies showed that the adsorption energies of H* and H,0*
on NiyP/CoP-Pt were the weakest (Fig. 15b), confirming the strong
interaction between the edge of the Ni,P/CoP nanosheets and Pt,
which results in better HER activity. Zhang et al. [137] synthesized
an amorphous pentlandite FesNiySg (FNS) support with defects by
high-temperature solid-state and ball milling methods and further
supported Pt nanoclusters on the support by electrodeposition (Fig.
15¢). The existence of a large number of defects in Pt-FNS compos-
ite catalysts endows Pt with good atomic dispersion and anchoring
properties. Pt-FNS exhibited a lower d-band center than the pure
FNS support (Fig. 15d), indicating that its adsorption to intermedi-
ates was weaker, which was more conducive to the desorption of
products and improved the hydrogen evolution performance.

6. Industrial application prospects and challenges of Pt
nanocluster-based electrocatalysts

Presently, the application of water electrolysis as a method for
hydrogen generation is increasingly recognized as a viable strat-
egy for sustainable development. This technique has seen sub-
stantial progress and integration in various sectors, including re-
newable energy technologies and established traditional indus-
tries. The existing industrial water electrolysis devices are divided
into four types: alkaline water electrolyzer (AWE), anion exchange
membrane water electrolyzer (AEMWE), proton exchange mem-
brane water electrolyzer (PEMWE), and high-temperature solid ox-
ide electrolysis cell (SOEC) (Fig. 16a) [138,139]. Among them, the
AWE system boasts the highest technology readiness level (TRL) of
6-8, offering numerous advantages such as cost-effectiveness and
stable operation. However, their large-scale applications are limited
by certain drawbacks, including low H, purity, significant ohmic
losses, and sluggish reaction kinetics at high pH values [140,141].
While emerging AEMWE technology utilizes a low-concentration
alkaline solution as the electrolyte, this technique remains in the
nascent stages of development. Currently, it holds TRL values of 4-
6. SOEC, another commercially promising technology, has a high
conversion efficiency of 90% [142]. However, since SOECs usually
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operate at 700-1000°C, which presents significant challenges in
terms of thermomechanical stability and electrochemical degrada-
tion. These issues pose considerable obstacles in advancing SOEC
technology beyond the laboratory stage. Consequently, SOECs are
currently classified with TRL values of 4-6. Compared with these
systems, PEMWE has a higher TRL value of 6-8, and the use of
PEM and a low pH environment in these systems not only en-
hances their activity but also contributes to increased safety. As a
result, PEMWE has progressed beyond the experimental phase and
entered commercialization, reflecting its viability and reliability in
practical applications [143,144]. Table 2 presents a comparison of
the performance metrics for four distinct types of water electrolyz-
ers, providing a detailed overview of their respective capabilities
and efficiencies for industrial applications [40,110,145-153].

Liu et al. [110] developed a Pt nanocluster electrocatalyst (SL-Pt)
supported on an XC-72 carrier, and the PEMWE assembled with
the anode IrO, catalyst had a potential of only 1.74 V when run-
ning at 1 A/cm?, which was much lower than the potential of Pt/C
(1.95V). The PEMWE assembled with SL-Pt is capable of continuous
operation for 48 h at 1 A/cm?2 (Fig. 16b). In addition, the PtCg cat-
alyst designed by Chen et al. [40] can be applied to AEMWE, and it
can stably produce hydrogen by electrolysis for more than 20 h un-
der working conditions of 1 A/cm? (Fig. 16¢). These Pt nanocluster-
based hydrogen evolution catalysts all show impressive prospects
for industrial applications. Nonetheless, the demanding conditions
prevalent in operational settings necessitate that catalysts exhibit
enhanced resilience [144]. A severe electrochemical reaction at a
high current density leads to a sharp increase in hydrogen produc-
tion, and the outside of the catalyst is likely to be overlaid by a
bubble layer, which hinders the electrochemical reaction [154,155].
Therefore, the catalyst must undergo extremely fast hydrogen des-
orption, so as to bypass the accumulation of gas bubbles outside
the catalyst. More seriously, the interfacial adhesion between the
catalyst electrode and hydrogen bubbles causes part of the catalyst
to peel off with the bubbles. Compared with the interface adhe-
sion between the catalyst electrode and hydrogen bubbles, once
the interface adhesion between the catalyst electrode and carrier
is weaker, the peeling will be more serious, resulting in decreased
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Fig. 16. (a) A schematic representation depicting the configuration of a water electrolyzer. Copied with permission [138]. Copyright 2022, Royal Society of Chemistry. (b)
Stability test of SL-Pt in a PEMWE operating at 80°C. Copied with permission [110]. Copyright 2023, Wiley-VCH. (c) Chronopotentiometric curves of the AEM electrolyzer at

1 AJcm? (~60°C). Copied with permission [40]. Copyright 2023, Nature Portfolio.

Table 2
Comparison of the performance among different water electrolysis devices.
Device Electrode area Current density Performance Temperature Ref.
(cm?) (mA/cm?) (voltage-V/stability-h) (°C)
AWE 5 10 1.5/24 80 [145]
25 500 1.84/250 80 [146]
AEMWE 2 1000 1.87/20 60 [147]
5 270 2/100 25 [148]
1 1000 2.01/20 60 [40]
1 1000 1.98/500 25 [149]
PEMWE 2 1000 1.74/48 80 [110]
1 100 1.61/500 25 [150]
4 1000 / /300 650 [151]
SOEC 0.5 500 1.1/300 750 [152]
10 500 1.1/1000 800 [153]

stability. Hence, it is essential to further refine the MSI to enhance
the mechanical stability of catalysts. In addition, the high cost of
membrane electrode assembly (MEA) also greatly limits the indus-
trial development of Pt nanocluster-based catalysts [156]. There-
fore, in the future, researchers should strengthen the design of cat-
alysts, membrane electrodes and structures in water electrolysers.
By adjusting the materials and manufacturing processes, reducing
cost expenditures, improving conversion efficiency, and reducing
the gap between the performance of water electrolysers reported
in the literature and actual industrial applications.

7. Summary and outlook

The large surface area, unique electronic characteristics, and
strong substrate coupling make Pt nanoclusters a key area of inter-
est in hydrogen production through water electrolysis. By investi-
gating the underlying mechanisms of hydrogen evolution, tailoring
various catalyst supports, fine-tuning the structural imperfections
in these supports, and optimizing the interactions between the
Pt nanoclusters and their supports, it is possible to engineer hy-
drogen evolution catalysts that exhibit both high catalytic activity
and stability. Consequently, this manuscript offers a comprehensive
review of the mechanisms underlying hydrogen evolution in Pt-
based nanocluster catalysts. The primary kinetic steps involved are
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categorized into two main pathways: the Volmer-Tafel and Volmer-
Heyrovsky mechanisms. This paper further elucidates the basic re-
lation of optimizing the activity by regulating the electronic mor-
phology of catalysts. Following this, the MSI of Pt nanocluster-
based hydrogen evolution catalysts are detailed. Characterization
techniques such as XPS, XAFS, Bader charge analysis, and d-band
theory are employed to reveal the nature and form of the inter-
actions between the Pt nanoclusters and their supports. Subse-
quently, the paper delves into the coupling strategies between Pt
nanoclusters and various types of supports, including oxides, car-
bides, hydroxides, and carbon-based materials. This study also pro-
vides a detailed summary of the mechanisms related to the elec-
tronic structure that validate the source of catalyst activity. Specif-
ically, for transition metal compounds, two primary methods are
employed: direct loading of Pt nanoclusters onto the support and
post-treatment of both the support and the Pt nanoclusters. The
former technique maintains the shape and phase structure of the
support and protects the metal active center, while the latter offers
an additional layer of flexibility for optimizing the electronic struc-
ture of the metal center through the introduction of vacancies. In
the realm of carbon-based supports, there is a greater possibility
for post-processing modifications, encompassing aspects such as
morphological control, structural defect engineering, and the incor-
poration of heteroatoms, which may include both non-metal and
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Comparison of the HER properties of Pt nanocluster catalysts supported by different carriers.

Supports Catalysts Electorlyte Current density Overpotential Stability (h) Ref.
(mA/cm?) (mV)

Metal oxides F-Sn0O,@Pt 0.5 mol/L H,S04 10 42 60 [84]
PtOx/TiO, 0.5 mol/L H,S04 10 121 / [83]
Pt-SL/TiO, 1 mol/L KOH 5 170 / [81]
Pt/WO5 0.5 mol/L H,S04 10 8 65 [86]
Pt/TiO,-Oy 0.5 mol/L H,S04 10 18 20 [35]
Pt Cs/MoO, NSs-L 0.5 mol/L HyS04 10 47 12 [82]
VO-rich Pt/TiO, 0.5 mol/L H,S04 / / 24 [85]
PtAC-MnO, 1 mol/L KOH 100 47 3.5 [70]

Metal carbides MXene/B-Pt 1 mol/L KOH 10 14 100 [96]
Pt/Mo,C-L/Mo 0.5 mol/L HyS04 10 21 100 [76]
Pt/MXene 0.5 mol/L H,SO4 10 34 3 [94]
MXene@Pt/SWCNTs 0.5 mol/L HyS04 10 62 800 [93]

Metal hydroxides Pt-NiFe LDH/CC 1 mol/L KOH 10 28 10 [101]
Ptc/Ni(OH), 1 mol/L KOH 10 32 3 [75]
Pt/NixFe LDHs 1 mol/L KOH 10 / 45 [103]
Pt/NiFeV 1 mol/L KOH 10 19 10 [104]

Carbon materials Pt NCs/rGO 0.5 mol/L H,S04 10 67 / [111]
Pt/CNTs 0.5 mol/L H,S04 10 13 / [92]
Pt-Co/NC 0.5 mol/L H,S04 10 50 120 [74]
Pt/GHSs 1 mol/L KOH 10 27 10 [108]
Pts/HMCS 0.5 mol/L H,SO4 10 20.7 5.6 [109]
PtC60 1 mol/L KOH 10 24.3 20 [40]
Pt-AC/DG 0.1 mol/L HCIO4 10 21 200 [117]
Pt/CNTs-ECR 0.5 mol/L H,S04 10 24 30 [116]
Co,Pt 1 mol/L KOH 10 6.9 24 [130]
Pt/Mo,P@NC 1 mol/L KOH 10 234 3 [131]
Ni-N-C-250/Pt 1 mol/L KOH 10 100 10 [72]
Pt@Co SAs-ZIF-NC 0.5 mol/L H,S04 10 27 11 [127]
Pt@NDPCF 0.1 mol/L HClO4 10 24 / [126]
Pt@Mn-SAs/NC 0.5 mol/L H,S0,4 10 25 25 [71]
Pt/Sn0, @NPC-300 0.5 mol/L H,SO4 10 11.7 15 [129]
CTAs@Pt@NCBs 0.5 mol/L HyS04 10 27.42 60 [120]
Pt-Mo$S, 0.5 mol/L H,S0,4 10 67.4 24 [134]

Other supports 1.5Pt@Ni3;N-360 0.1 mol/L KOH 10 71 / [136]
Bm-5d-Pt 0.5 mol/L HyS04 10 30 24 [137]
Ni, P/CoP-Pt 1 mol/L KOH 10 44.5 80 [133]

metal ions. These manipulations aim to precisely refine the elec-
tronic structure of the catalyst and ensure the stable anchoring of
active metal sites. Table 3 compares the hydrogen evolution prop-
erties of Pt nanoclusters on different supports. While substantial
progress has been made in the design and enhancement of cat-
alysts based on Pt nanoclusters for hydrogen evolution, consider-
able challenges remain in meeting the performance criteria req-
uisite for industrial-scale water electrolysis. Consequently, several
recommendations are proposed to guide future research endeavors
in this domain.

(1) By integrating a diverse array of experimental characteri-
zation techniques with computational calculations, the source of
activity and reaction mechanism can be explained more clearly.
This multi-faceted approach can be manifested through various as-
pects of the catalytic process, including changes in adsorption in-
termediates, kinetic pathways, and the evolution of Pt nanoclus-
ters throughout the reaction. Employing a broad spectrum of ex-
perimental methods not only enriches the dataset but also pro-
vides a more nuanced understanding of the entire catalytic pro-
cess. This holistic methodology serves to elucidate the reaction
pathways with greater clarity, thereby contributing to the opti-
mization of catalyst design and performance [40,85,155].

(2) A comprehensive understanding of MSI is pivotal for elu-
cidating both their electronic structure and catalytic performance.
To this end, advanced experimental characterization (XPS, UPS,
XAFS, etc.) and theoretical calculation methods were used. These
methodologies accurately determine the nature and extent of MSI.
Specifically, they provide insights into the directionality of charge
transfer between the metal and the support, thereby offering a
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clearer understanding of the origins of the catalyst’s activity and
stability.

By systematically investigating these interactions, researchers
can not only identify the key factors that influence the electronic
properties of Pt nanoclusters but also shed light on how these
properties correlate with catalytic performance. This, in turn, en-
ables the development of more effective and durable catalysts by
optimizing these interactions. Understanding the charge transfer
mechanisms can also reveal the conditions under which the cat-
alyst remains stable, thereby providing a basis for the develop-
ment of next-generation hydrogen evolution catalysts with en-
hanced performance and longevity. Therefore, a detailed explo-
ration of these interactions is not merely an academic exercise but
also a critical step in the advancement of Pt nanocluster-based cat-
alysts for practical applications [39,41,157].

(3) In the pursuit of sustainable, long-term hydrogen production
via electrolysis, it is imperative to consider factors beyond merely
the performance of the catalyst. One such critical factor is the
durability of the whole electrode. Over extended periods of opera-
tion, electrodes are susceptible to corrosion and degradation, phe-
nomena that can adversely affect their conductivity. This, in turn,
escalates the energy costs associated with the electrolytic process,
thereby underscoring the importance of electrode longevity as a
determinant of the electrolyzer’s operational lifespan. Additionally,
the assembly methodology of the water electrolyzer itself warrants
attention. Factors such as the coating technique for the catalyst, of-
ten achieved by spraying processes, and the choice of electrolyte
can significantly influence the internal resistance of the entire sys-
tem. It is worth noting that research at the laboratory stage often
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lacks experiential insights that are integral to industrial-scale water
electrolysis systems. This gap in knowledge can result in subopti-
mal designs that are not fully attuned to the complexities of indus-
trial applications. Consequently, researchers should aim to mini-
mize problems attributable to these external conditions. This could
involve the development of more corrosion-resistant electrode ma-
terials, optimization of catalyst coating techniques, or exploration
of alternative electrolytes that offer lower internal resistance. By
addressing these multifaceted challenges, the scientific community
can make meaningful progress toward the realization of efficient
and cost-effective hydrogen production systems [139,158,159].

(4) Finally, the catalysts must be amenable to rapid and con-
tinuous large-scale production, ensuring that they can be manu-
factured in quantities sufficient to meet industrial demands. Addi-
tionally, the fabrication process must allow for meticulous control
over the effective sites outside the catalyst, thereby enabling pre-
cise tuning of the electrocatalytic performance. In summary, the
development of Pt nanocluster-based catalysts with industrial sta-
bility is a complex undertaking that requires a harmonious blend
of scalable manufacturing processes, precise control over active site
characteristics, and rigorous performance validation under condi-
tions mimicking industrial operations.
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