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Abstract
The hydrogen evolution reaction (HER) is the core reaction of energy conversion 
technologies such as electrochemical hydrogen production, and the development 
of high-efficiency catalysts is the key to promoting its large-scale application. 
Pt-based catalysts have become benchmark materials for HER due to their 
excellent catalytic activity and stability, but the high cost of Pt severely limits 
their large-scale commercial application. To address the core issues of high cost 
and low atom utilization efficiency of Pt-based catalysts, electronic structure 
regulation, element regulation, and interface regulation have emerged as 
three core optimization strategies. This review systematically summarizes 
the research progress of these three regulation strategies in Pt-based HER 
catalysts: electronic structure regulation improves the intrinsic catalytic activity 
of Pt by adjusting the d-band center and optimizing charge distribution; element 
regulation achieves the balance between catalytic performance and cost through 
atomic doping, nitridation, and optimization of loading amount and component 
composition; interface regulation enhances the efficiency of electron transfer 
and mass transport by constructing heterojunctions, creating defect sites, and 
optimizing the interaction between support substrates. The reaction mechanisms 
of various regulation strategies are elaborated, providing a reference for the 
rational design and application of high-efficiency, low-cost, and stable Pt-based 
HER catalysts.
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1 INTRODUCTION
With the growing global energy crisis and environ- 

mental pollution, the development of clean, efficient and 
sustainable new energy to partially replace traditional 
fossil fuels has become an urgent and important 
issue[1-5]. Hydrogen energy is regarded as an ideal clean 
energy owing to its zero-pollution combustion products 
and high energy density[6-11]. Breakthroughs in high-
efficiency hydrogen production technologies are of great 
significance for the transformation of the global energy 
structure. hydrogen evolution reaction (HER) acts as 
the core elementary reaction of electrochemical water 

splitting, fuel cells and other energy conversion devices, 
and its catalytic performance directly determines the 
practical application prospect of related technologies[12-16].

Both Pt-based and non-Pt-based catalysts play 
important roles in the HER, and researchers have devoted 
substantial efforts to developing both non-Pt and Pt-
based materials. Non-Pt-based catalysts include transition 
metals (MoS₂), transition metal phosphides (CoP, Ni₂P), 
carbides (WC, Mo₂C), nitrides (Co₄N), and MXenes 
(Ti₃C₂TX)[17]. However, these non-Pt-based materials still 
exhibit certain gaps compared to Pt in terms of intrinsic 
catalytic activity and stability under harsh operating 



Guo D et al. Innov Discov 2026; 3(3): 12

https://doi.org/10.53964/id.2026012 Page 2 / 21

conditions. Pt-based catalysts have long been recognized 
as the benchmark electrocatalysts for HER due to their 
extraordinary intrinsic activity and satisfactory stability. 
Nevertheless, the exorbitant price of Pt severely restricts 
its large-scale commercial deployment[18-22].

To address the inherent drawbacks of Pt-based catalysts, 
such as high cost and low atom utilization, tremendous 
efforts have been devoted to optimizing their catalytic 
performance[23-25]. Optimizing only the intrinsic activity of Pt 
active sites is insufficient, as the actual HER performance 
is also constrained by electrode-level electron transfer and 
mass transport processes. Therefore, interface regulation 
is necessary. Among them, electronic structure regulation, 
element regulation and interface regulation have emerged 
as three dominant modulation strategies[26-32]. The electronic 
structure fundamentally governs the adsorption energy of 
reaction intermediates, reaction energy barriers and catalytic 
kinetics of active sites[33-38]. Rational modulation via d-band 
center tuning and charge distribution optimization can 
precisely enhance the intrinsic catalytic activity of Pt. Element 
regulation, including atomic doping, nitridation, as well as the 
optimization of metal loading and component composition, 
enables a favorable balance between catalytic performance 
and economic cost while reducing Pt consumption[38-42]. 
Interface regulation, such as constructing heterojunctions, 
creating defect sites and optimizing metal–support 
interaction, provides rapid pathways for electron transfer and 
mass transport, and simultaneously improves the utilization 
efficiency of active sites[43-49].

In recent years, benefiting from the innovation of 
advanced characterization techniques and the rapid 
progress of theoretical calculations, the underlying 
mechanisms of various modulation strategies have been 
gradually clarified[50-57]. A series of high-performance Pt-
based HER electrocatalysts have been successfully designed 
and synthesized, advancing the development of Pt-based 
catalysts toward high efficiency, low cost and long-term 
stability[58-63]. This review systematically summarizes 
the research progress of electronic structure regulation, 
interface regulation (heterojunction, defect, support matrix) 
and element regulation (atomic regulation, nitridation 
regulation, loading regulation, ratio regulation) in Pt-based 
HER catalysts[64-69]. The advantages and mechanisms of 
different modulation strategies are elaborated, the existing 
challenges are analyzed, and future research directions 
are prospected. This work aims to provide a theoretical 
reference for the rational design and industrial application of 
high-efficiency Pt-based HER electrocatalysts (Figure 1)[70-74].

2 HER MECHANISM AND CHARAC- 
TERIZATION
2.1 HER Mechanism

HER refers to an elementary reaction in electrochemical 
systems, in which protons or water molecules are reduced 
on the catalyst surface to produce hydrogen gas. It serves 

as the core fundamental reaction for electrochemical 
hydrogen production, fuel cells, water electrolyzers and 
other energy conversion technologies[74-79]. The HER 
mechanism varies significantly in acidic and alkaline 
electrolytes.

In acidic media (Equations 1 and 2), the reaction 
proceeds primarily through proton adsorption (Volmer 
step), followed either by hydrogen atom recombination 
(Tafel step) or proton–adsorbed hydrogen coupling 
(Heyrovsky step)[80-86].

In alkaline environments (Equations 3 and 4), water 
molecules must first dissociate into protons and hydroxyl 
species before undergoing subsequent hydrogen 
formation, leading to much slower reaction kinetics[87-93].

The catalytic performance of HER is mainly governed 
by the number of active sites, electronic structure, 
surface adsorption energy and reaction energy barrier 
of the catalyst[94-101]. High-performance electrocatalysts 
can effectively reduce the reaction overpotential 
and accelerate the reaction rate, thereby improving 
hydrogen production efficiency and lowering energy 
consumption[102-110]. At present, a major research focus 
of HER is to develop efficient, stable and low-cost 
catalysts, so as to overcome the application limitations of 
conventional noble-metal-based catalysts (represented by 
Pt-based catalysts) and promote the large-scale practical 
deployment of hydrogen energy technologies[111-116].

2.2 HER Characterization
It is well known that conventional ex-situ character- 

ization only acquires static information of catalysts before 
and after reactions and fails to capture transient changes 
during catalysis. Therefore, operando XPS, in-situ Raman, 
XAFS and various synchrotron-based spectroscopic 
techniques serve as critical tools to track dynamic evolution 
of electronic structures under working conditions. These 
advanced characterizations can identify interfacial electron 
transfer between Pt-based catalysts and supports under 
practical electrolysis environments. Benefiting from high-
energy synchrotron radiation, atomic-scale evolutions such 
as d-band center shift can be resolved, providing direct 
experimental evidence to clarify the intrinsic mechanism of 
enhanced HER activity via interface regulation.

3 ELECTRONIC STRUCTURE 
REGULATION

HER serves as a core reaction in electrochemical 
energy conversion and hydrogen production, and its 
catalytic performance directly determines the application 
prospect of related technologies[117-119]. The electronic 
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Figure 1. Schematic Illustration of Three Core Regulation Strategies for Pt-based HER Catalysts.

structure of catalysts is a pivotal factor affecting the 
catalytic activity, stability and reaction kinetics of 
HER. Precise regulation of electronic structures, such 
as d-band center modulation, charge distribution 
optimization manipulation, can effectively optimize the 
surface hydrogen adsorption energy and reduce the 
reaction energy barrier, thereby remarkably boosting 
the HER catalytic performance. In recent years, 
extensive systematic studies have been focused on the 
electronic structure regulation of HER catalysts, and 
various modulation strategies and design protocols 
have been proposed, providing important theoretical 
and experimental support for the development of high-
efficiency HER catalysts (Table 1).

Electronic structure modulation is the core strategy to 
improve the catalytic performance of HER. Fan et al.[120] 
fabricated Au₈₁Pd₂Pt₉-S8

B4.6A3.4 aerogels with synergistic 
bridging  and apical S2- ligands. The as-obtained 
catalyst achieves accelerated HER kinetics under acidic 
conditions, with an overpotential of only 4mV at a 
current density of 10mA cm⁻². Regulating the ligand ratio 
offers a novel route toward enhanced HER activity. In 
addition, the in-situ formation of appropriate PtS and Pd–
Pt alloys on the outermost surface greatly improves the 
antioxidant capability of the catalyst[120].

In addition via ligand engineering, the synergistic 
design of metal components can also realize the 
precise modulation of electronic structure, thereby 
enhancing HER catalytic activity. Li et al.[121] proposed 
a novel NiO₂–Ni4–Pd catalyst design and systematically 
investigated its HER activity and corresponding reaction 
mechanism through DFT calculations. Under the optimal 
configuration of four square-planar Ni atoms (NiO₂–Ni₄–
Pd), the reaction energy barriers of the Volmer and Tafel 
steps were reduced by 0.36eV and 0.34eV, respectively, 
for models with different Ni atomic contents. This effect 
unbalances the surface charge distribution and induces 
local electronic heterogeneity on the Pd shell surface, 
further demonstrating the doping threshold effect of 
the Ni-ensemble tetragon in improving HER reaction 
kinetics[121].

In alkaline HER systems, surface passivation of 
catalysts can undermine the stability of electronic 
structure, thus deteriorating the catalytic performance. 
Yu et al.[122] synthesized ultralong Pt₈₅Mo₁₅–Se nanowires 
for alkaline HER. The introduction of Se with low 
electronegativity effectively inhibits surface passivation 
and optimizes the HER performance of Pt. On the one 
hand, DFT results reveal that substituting oxygen with 
selenium as a surface modifier can greatly reduce the 

Table 1. Performance of Electronic Structure Regulation

Catalyst Composition The Mass Activity Overpotential Stability Condition

Au₈₁Pd₂Pt₉–S8
B4.6A3.4[120] \ 4mV @ η10 \ Acid

Fe/Pt–O@MKABC[125] 8.3A cm-² mg at 50mV 17mV @ η10 \ Acid

Pt SAs/Mo–PtNi/C[126] \ 26.5mV @ η10 300h @ η500 Acid

https://doi.org/10.53964/id.2026012
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energy barrier of the water dissociation process. On 
the other hand, comprehensive XPS analysis combined 
with theoretical calculations demonstrates that Se can 
maintain an electron-rich state around the electron 
orbitals of Pt[122].

Electron transfer between the support and active 
metals serves as an important route for electronic 
structure modulation, which can effectively optimize 
the surface hydrogen adsorption energy of catalysts. 
Laghrissi and Es-Souni[123] fabricated Au nanorod (Au-
NR) supported Pd and Pt nanocatalysts toward the 
HER. Significant electron transfer occurs between Au-
NRs and the active metals (Pt and Pd). The sputtering 
of ultra-thin Pt and Pd layers on Au-NRs modulates the 
surface hydrogen adsorption energy of the catalyst. 
DFT calculations reveal that the interfacial electronic 
interaction between Au and Pd enables the hydrogen 
adsorption energy to reach appropriate values at all 
possible active sites, thereby accelerating barrier-free 
hydrogen adsorption and subsequent recombination into 
molecular hydrogen[123].

Constructing synergistic active sites enables the co-

modulation of electronic structure through interfacial 
interactions, thereby improving the catalytic efficiency of 
the HER. Xiao et al.[124] fabricated Ni(HCO₃)₂ nanoplates 
(NHC) with horizontal interfacial sites including NiO, 
NiOOH, NiCOO and Ni(OH)₂. These sites act as hydroxyl 
adsorption centers and can anchor Pt nanoparticles for 
hydrogen adsorption, ultimately establishing synergistic 
active sites (NHC-Pt) toward HER catalysis. XPS and EXAFS 
results confirm that NHC modulates the chemical state and 
electronic structure of Pt nanoparticles via the formation 
of Pt–O bonds, which reduces the reaction energy barrier 
and facilitates hydrogen adsorption as well as H–H bond 
formation (Figure 2). In addition, DFT calculations reveal 
that the hydroxide-related process is the rate-determining 
step. The hierarchical NHC-Pt nanostructure exhibits 
outstanding HER activity in pH-universal electrolytes. Such 
performance enhancement originates from the optimized 
electronic configuration of Pt, hydroxyl migration on the 
NHC substrate, and the synergistic effect between NHC 
carriers and Pt nanoparticles[124].

In Pt-based catalysts, regulating Pt–OX bonds via 
transition metal doping to reconstruct the local electronic 
state is an effective electronic structure modulation strategy 

Figure 2. TEM, HAADF-TEM and EDS Characterization of NHC-Pt-3. TEM Image of NHC-Pt-3 at the Scale Bar of (A) 
100nm and (B) 20nm. (C, D) HAADF-TEM Images of NHC-Pt-3 Nanomaterials. (E) HAADF-STEM Image and the Corresponding 
EDS Elemental Mapping of NHC-Pt-3. Reproduced from Ref.[124] with permission from Elsevier.
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for balancing charge distribution and enhancing the 
intrinsic activity of noble metals. Yang et al.[125] developed 
an efficient blue coke-based electrocatalyst (Fe/Pt–O@
MKABC). Highly porous and oxygen-rich activated blue 
coke powder was adopted as a favorable carbon support, 
while Fe as a transition metal was introduced to regulate 
Pt–Ox bonding. The catalyst delivers an overpotential of 
only 17mV at 10mA cm–2 under acidic conditions, along 
with an impressive mass activity of 8.3A cm–2 mg at 50mV. 
Detailed spectroscopic analysis and theoretical calculations 
demonstrate that the incorporation of Fe induces electronic 
rearrangement in Fe/Pt–O@MKABC, accelerates electron 
transfer, and reduces the adsorption free energy of H*. 
The electronic interaction between Fe–Oy and Pt–Ox further 
promotes the HER catalytic performance[125].

Introducing trace noble metals to construct hetero- 
geneous interfaces can realize electronic structure 
regulation, and further activate the catalytic activity 
of the substrate. Niu et al.[126] constructed Pt/NiCoP 
interfaces by introducing Pt with a minimal molar ratio 
of 1% (Figure 3). The as-prepared catalyst achieves 
ultra-low overpotentials of 26.5mV and 181.6mV in 1M 
KOH solution. XPS, soft X-ray absorption spectroscopy 
(sXAS) and X-ray absorption fine structure (XAFS) 
characterizations verify that the valence states of Co 
and Ni and effectively activates their catalytic sites 
are reduced. DFT calculations further confirm that 
the catalytic pathway of NiCoP can switch from the 
Heyrovsky step (2.71eV) to the Tafel step (0.51eV) near 

the Pt site, which is consistent with the results obtained 
by in-situ electrochemical impedance spectroscopy (EIS) 
and scanning electrochemical microscopy (SECM)[126].

Regulating the surface charge of catalysts exerts a 
significant influence on the thermodynamics and kinetics 
of electrochemical reactions. Based on DFT calculations, 
Kong et al.[127] developed an improved version of the 
grand-canonical potential kinetics (GCP-K) method 
to explore the influence of surface charge on reaction 
thermodynamics and kinetics. Taking the HER on the 
Pt(111) surface as a model system, the evolution 
of surface charge during the reaction and its kinetic 
regulation mechanism were systematically analyzed. In 
the Tafel pathway, the net electron inflow into the catalyst 
stabilizes the canonical energy while destabilizing the 
charge-dependent grand-canonical component[127]. 

In summary, electronic structure modulation serves as 
a core strategy to enhance HER catalytic performance. 
A variety of modulation pathways have been well 
established, including ligand regulation, component 
synergy, elemental modification, and construction of 
synergistic active sites. The combination of experimental 
investigations and theoretical calculations provides 
solid support for revealing the underlying modulation 
mechanisms and designing advanced electrocatalysts.

4 ELEMENT REGULATION
Pt-based catalysts are regarded as the benchmark 

Figure 3. XPS, sXAS, XANES and DFT Calculations of 1 ‰ Pt NiCoP@MXene and Reference Samples. (A) High-
resolution Ni 2p, and (B) Pt 4f XPS spectra from 1 ‰ Pt NiCoP@MXene, and NiCoP@MXene or Pt@MXene; (C) Ni L-edge, and (D) 
Co L-edge sXAS spectra of 1 %Pt NiCoP@MXene and NiCoP@MXene; (E) Normalized XANES at the Pt L3-edge for 1 ‰ Pt NiCoP@
MXene. PtO2 and Pt foil were used as reference; (F) Differential charge density for the sample with yellow and cyan separately 
indicating positive and negative charge (Isosurface value is 0.05e A-3). Reproduced from Ref.[126] with permission from Wiley.
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candidates for HER catalysis owing to their outstanding 
intrinsic activity. Nevertheless, the scarcity and high 
cost of Pt severely restrict their large-scale practical 
application. As a core strategy to optimize the electronic 
structure, enhance catalytic activity and reduce Pt 
consumption, element regulation can precisely tailor the 
active sites, electron distribution and reaction kinetics of 
catalysts through multiple approaches, including atomic 
regulation, nitridation regulation, loading regulation and 
ratio regulation. It provides important guidance for the 
development of high-efficiency, cost-effective and stable 
Pt-based HER electrocatalysts. In recent years, numerous 
systematic studies have focused on element modulation 
strategies and proposed a series of innovative regulation 
methods, which have steadily promoted the performance 
improvement of Pt-based HER catalysts (Table 2).

4.1 Atomic Regulation
Atomic regulation is an important branch of element 

modulation. By precisely controlling the atomic-scale 
distribution, coordination environment and interaction of 
Pt and doped heteroatoms, it can effectively optimize the 
electronic structure of catalysts and further improve their 
HER catalytic activity and stability. Liang et al. adopted 
the isolation effect between Co single atoms and Pt, the 
strong electronic interaction between Co single atoms 
and Pt, as well as the confinement effect of porous 
carbon matrices derived from metal–organic frameworks. 
Pt species were uniformly immobilized on porous N-doped 
carbon derived from ZnCo-ZIF, where the abundant Co 
single atoms (Co SAs-ZIF-NC) acted as multiple active 
centers. The optimized Pt@Co SAs-ZIF-NC possesses 
ultra-low Pt loading and desirable particle size, which not 
only enriches active sites but also accelerates catalytic 
kinetics, thereby remarkably boosting both ORR and HER 
performance. Under acidic conditions, it delivers a half-
wave potential of 0.917V, superior to that of commercial 
Pt/C (0.868V)[128].

In atomic regulation, the synergistic effect between 
dopant elements and Pt can further optimize the 
electronic structure and modulate the reaction pathway. 
Zhang et al.[129] proposed a simultaneous Mo doping and 
displacement strategy to integrate Pt single atoms (SAs) 
and Mo atoms into PtNi/C, synthesizing Pt SAs/Mo-doped 
PtNi octahedra/carbon support catalyst (Pt SAs/Mo-PtNi/
C). In this strategy, Mo atoms are doped into PtNi alloy 
octahedra and partially replace Pt atoms to form Mo-PtNi 

Table 2. Performance of Element Regulation

Catalyst Composition The Mass Activity Overpotential Stability Condition

Pt@Co SAs-ZIF-NC[128] 0.48A per mgPt 0.917V \ Acid

Pt SAs/Mo-PtNi/C[129] \ 59mV @ η10 \ Alkaline

Pt SAs/Mo-PtNi/C[129] \ 38mV @ η10 \ Acid

Pt/Ni-SP[130] 0.33A mg-1(Pt) 0.05V \ Alkaline

RuO₂ || Pt1+n/Ni3S2
[131] \ 1.7V @ η100 60h @ η100 Alkaline

octahedra. Pt SAs/Mo-PtNi/C exhibits low overpotentials 
of 38mV, 59mV and 110mV at 10mA cm-2, as well 
as small Tafel slopes of 44mV dec-¹, 51mV dec-¹ and 
139mV dec-¹ in acidic, alkaline and neutral electrolytes, 
respectively. Under the catalysis of Pt SAs/Mo-PtNi/C, 
the H–O bond length of H₂O is extended to 1.11Å and 
the bond angle is reduced to 102.741°, which directly 
confirms that Pt SAs and doped Mo can effectively 
promote the cleavage of H–O bonds[129].

While regulating the atomic dispersion of active 
species, the interfacial interaction between the 
support and Pt also governs the electron transfer 
efficiency, thereby modulating the overall HER 
catalytic performance. Abbas et al.[130] developed Pt/
Ni-SP catalysts with high activity and stability toward 
alkaline HER, which were constructed by dispersing 
Pt nanoparticles (1.7-3.1nm) on Ni single-crystalline 
spines (Ni-SP). As the Pt loading increases, the particle 
size and surface coverage of Pt nanoparticles on Ni-SP 
gradually rise. The structural properties of Pt/Ni-SP were 
systematically characterized by XRD, high-resolution 
transmission electron microscopy, XPS, and XAS. The 
catalyst achieves a mass activity of 0.33A mg-1(Pt) at an 
overpotential of 0.05V, showing obvious advantages over 
commercial Pt/C. Moreover, Pt/Ni-SP maintains excellent 
stability in alkaline media, and the remarkable synergistic 
effect originates from the hydrogen spillover of adsorbed 
H species from Pt to Ni sites[130].

The coordination environment serves as one of the 
core regulation targets in atomic modulation. Tuning the 
local coordination configuration of Pt can optimize the 
electron distribution and accelerate the HER reaction 
process. Xia et al.[131] synthesized atomically dispersed Pt 
catalysts (Pt ADCs) with diverse coordination structures 
via a facile sulfurization route combined with a deposition 
strategy (Figure 4). The assembled RuO₂ || Pt1+n/Ni3S2 
electrolyzer delivers a current density of 100mA cm-2 at a 
cell voltage of 1.7V in alkaline water electrolysis. Notably, 
in situ Raman and attenuated total reflection surface-
enhanced infrared absorption spectroscopy demonstrate 
that the Pt–O1Ni1 coordination configuration facilitates 
the cleavage of H–O–H bonds and realizes the rapid 
transformation of Pt–H* intermediates. Furthermore, 
DFT calculations confirm that the Pt single atoms with 
Pt–O1Ni1 coordination in Pt1+n/Ni3S2 act as the dominant 
active centers for HER. The unique Pt–O1Ni1 coordination 
greatly promotes the generation of Pt–H* intermediates 
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at Pt sites, thus substantially accelerating the HER 
kinetics[131].

Transition metal single atoms represent an important 
dopant category in atomic regulation. They can form 
unique chemical bonds with Pt to modulate the electronic 
structure and enhance catalytic activity. Jin et al.[132] 
introduced copper (Cu) single atoms as a support to 
verify the electrocatalytic activity enhancement of Pt. 
With the decrease of Pt particle size, distinctive Cu–N₄–
Pt bonds are formed between Cu single atoms and Pt. 
Such chemical bonding reduces the formation energy, 
improves structural stability, and redistributes the charge 
within the Pt framework, thereby greatly boosting the 
electrocatalytic performance. The results reveal that 
the effective interaction between Cu single atoms and 

Figure 4. Electrochemical Performance Characterization of Pt1+n/Ni3S2 and Reference Samples. (A) The LSV 
curves of HER for Pt1+n/Ni3S2, Pt1+n/NiS2, Pt/C, Ni3S2, and NiS2 in 1M KOH alkaline solution, respectively; (B) The overpotential 
comparisons for HER active at 10 and 100mA cm-2; (C) Tafel plot; (D) Cdl line-fitting curves; (E) The histogram images of 
mass activity (left) and TOF active (right) at overpotential of 100mV; (F) The stability test curve of Pt1+n/Ni3S2 electrocatalyst 
corresponding to 110h at 200mA cm-2 current density. The illustration showed the LSV curve before and after 3000 cycles CV 
measures and the stability test about 60h at 10mA cm-2 current density; (G) The parallel of the overpotential and Tafel value 
performance of excellent HER electrocatalyst reported at 10mA cm-2 current density in 1M KOH. Reproduced from Ref.[131] with 
permission from Elsevier.
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Pt endows the catalyst with excellent HER catalytic 
activity[132].

Apart from transition metal single atoms, carbon-
based materials can also serve as anchoring sites for 
atomic regulation, tuning the dispersion configuration 
and electronic structure of Pt. Xiao et al.[133] utilized 
carbon dots (CDs) to construct anchoring sites for highly 
dispersed Pt loading. The Pt-CDs/graphene composites 
were synthesized through a sequential process of cathodic 
exfoliation, hydrothermal treatment, impregnation and 
reduction. Structural characterizations indicate that the 
dispersion configuration of Pt evolves from the coated 
CDs@Pt structure to the separated CDs&Pt or Pt&CDs 
mode, and finally to the wrapped Pt@CDs configuration 
with the increase of CD content. It is found that the 
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appropriate introduction of CDs promotes the adjacent 
planar distribution of Pt species. The optimal Pt-4CDs/G 
catalyst exhibits outstanding HER performance with an 
overpotential of 36mV at 10mA·cm-2. The superior HER 
activity is attributed to the relatively adjacent planar 
distribution of Pt, which affords a high electrochemically 
active surface area and abundant neighboring Pt sites for 
H* adsorption. Benefiting from this structural feature, the 
HER process over Pt-4CDs/G follows the Tafel pathway 
well, achieving low hydrogen adsorption free energy and 
remarkable HER catalytic activity[133].

4.2 Nitridation Regulation
Nitridation regulation constructs nitride or N-doped 

structures by introducing nitrogen species, which 
modulates the electronic interaction between Pt and 
the substrate, optimizes the exposure of active sites, 
and thereby improves the HER catalytic performance. It 
has become one of the important branches of element 
regulation. Wu et al.[134] designed ginkgo leaf-like Co₄N 

coupled with trace Pt on nickel foam (denoted as T-Pt-
Co₄N), where Pt and Co are connected via Pt−Co 
metallic bonds. The catalyst achieves a current density 
of 10mA cm-2 at low overpotentials of 31mV and 27mV 
in alkaline and neutral electrolytes, respectively. The 
unique nanostructure exposes abundant active sites 
and provides sufficient mass transport channels during 
the catalytic process. Experimental and theoretical 
results demonstrate that the formed Pt−Co metallic 
bonds between atomic Pt and Co sites play a critical 
role in optimizing HER reaction kinetics and enhancing 
electrocatalytic performance (Figure 5)[134].

Nitrogen-doped carbon supports can regulate electron 
transfer through synergistic coupling with Pt, exhibiting 
particularly prominent advantages in alkaline HER. 
Hong et al.[135] developed a facile precursor solution-
based electrocatalyst, in which Pt nanoparticles (NPs) 
are well dispersed on Co-incorporated nitrogen-doped 
carbon (Co-N-C). Compared with commercial Pt/C and 
pure Co-N-C, the optimized Pt/Co-N-C catalyst delivers 

Figure 5. Theoretical Calculations Show Charge Density, DOS, COHP and Energy of T-Pt-Co4N and Reference 
Catalysts. (A) 2D charge difference isosurfaces for the HER path of T-Pt-Co4N. Red and blue represent the electron-rich and 
electrondeficient areas, respectively. DOS of T-Pt-Co4N (B) and T-Co4N (C). COHP profiles of T-Pt-Co4N (D) and T-Co4N (E). (F) 
Calculated free energy for water dissociation of T-Pt-Co4N, Co4N, and Pt (111). (G) Calculated ΔGH* for HER of T-Pt-Co4N, Co4N, 
and Pt (111). (H) The different charge densities on the T-Pt-Co4N. Reproduced from Ref.[134] with permission from American 
Chemical Society.
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enhanced HER activity in alkaline media, achieving a low 
overpotential of 33mV at 10mA cm-2 and a small Tafel 
slope of 36.8 mV dec-1. Comparative HER measurements 
in acidic and alkaline electrolytes reveal that the 
synergistic enhancement of Pt/Co-N-C is only effective 
under alkaline conditions. Cyclic voltammetry analysis 
on the adsorption/desorption of hydrogen and hydroxyl 
species confirms that the Co-N-C support facilitates water 
dissociation in alkaline media and increases the Hupd/OHad 
charge ratio on Pt, thereby further promoting the intrinsic 
HER activity of Pt active sites [135].

4.3 Loading Regulation
The core of loading regulation lies in reducing Pt 

consumption while optimizing Pt dispersion and electronic 
structure via precise control of Pt loading, so as to 
balance catalytic performance and material cost. Zhang 
et al.[136] utilized small H₂ molecules as the structure 
directing agent (SDA) to induce in-situ Pt surface 
segregation in PtNi₅-n samples with ultra-low Pt doping. 
The PtNi₅-0.3 catalyst synthesized under 0.3MPa exhibits 
an extremely low overpotential of 26.8mV at −10mA 
cm-2 and a Tafel slope of 19.2mV dec-1, outperforming 
most previously reported PtXNiy electrocatalysts. DFT 
calculations further reveal that the evolved active sites 
of PtNi₅-₃ can efficiently reduce the Gibbs free energy of 
the reaction. In particular, for PtNi₅-0.3, the downward 
shift of the d-band center of Pt active sites remarkably 
weakens the Pt−H bond strength, ultimately achieving 
the minimum absolute value of ΔGH

[136].

Selecting an appropriate support can improve the 
dispersion and electron transfer efficiency of Pt at low 
loading, thereby further optimizing catalytic performance. 
Wu et al.[137] proposed a rapid and continuous spray-
drying method to fabricate 3D crumpled Ti₃C₂TX 
MXene anchored with sub-nanometer Pt clusters (Pt/
MXene). The unique 3D crumpled structure effectively 
suppresses the restacking of layered MXene and ensures 
the full exposure of Pt clusters. The catalyst delivers an 
overpotential of 34mV at a current density of 10 mA cm-2 
along with an outstanding mass activity of 1847mA mgPt

-2. 
The enhanced activity of Pt/MXene originates from 
the charge transfer from Pt clusters to MXene, which 
weakens hydrogen adsorption, as verified by DFT results. 
This work provides an effective strategy for anchoring 
low-mass-loading sub-nanometer noble metal clusters on 
crumpled MXene with fully exposed active sites toward 
high-efficiency electrocatalysis[137].

4.4 Ratio Regulation
Ratio regulation modulates the electronic structure, 

crystal structure and strain state of alloy catalysts by 
adjusting the component ratio of Pt to other metals, 
thereby optimizing the HER catalytic activity. Eiler et 
al.[138] observed an obvious Pt skin effect in as-prepared 
electrodeposited Ni-rich Ni−Pt thin films, in which Pt is 

enriched within the top 1-2nm surface region and realizes 
the gradient regulation of Pt/Ni composition along the 
film thickness. This effect was confirmed by Rutherford 
backscattering spectrometry (RBS) and exists in both 
dense thin films and mesoporous thin films synthesized 
via micelle-assisted electrodeposition in chloride-based 
electrolytes. Benefiting from the Pt skin effect, the Ni-rich 
thin films exhibit excellent stability toward HER in acidic 
media. The Pt/Ni ratio forms a gradient along the film 
thickness, while the HER activity remains unaffected by 
structural evolution[138].

Ratio regulation among noble metals can optimize 
electronic structure through synergistic effects and thus 
enhance catalytic performance. Yue et al.[139] rationally 
tuned the molar ratio of Pd and Pt during one-pot 
synthesis, and successfully prepared ternary Au-PdPt 
nanoparticles (Au-PdPt NPs) with alloyed Pd-Pt layers of 
different Pd/Pt proportions. Owing to the varied atomic 
ratios of Pd to Pt in the alloy layers, the obtained catalysts 
deliver remarkable electrocatalytic performance toward 
acidic ORR/HER and alkaline ORR. The HER overpotential 
at 10mA cm-2 (η₁₀) of the HER-A-Au55.4-Pd14.5Pt30.1-NP/C 
catalyst is only 9 mV in acidic media[139].

Ratio regulation can also tailor the crystal phase of 
catalysts, and further improve HER activity by optimizing 
the electronic structure. Wu et al.[140] synthesized 
intermetallic FeMnPt nanoparticles with fine particle 
sizes (4-7nm) and ordered phases (L10 and L12) via a 
facile one-step solid-state reaction method. Increasing 
the dosage of Mn precursor elevates the contents of Mn 
and Pt, transforms the crystal structure from the L10 to 
the L12 phase, and enlarges the grain size of FeMnPt 
nanoparticles. Electrochemical HER tests in acidic and 
alkaline electrolytes demonstrate that L1₂-FeMnPt 
nanoparticles with higher Mn and Pt contents possess 
lower overpotential and higher specific activity in acidic 
media. Intermetallic FeMnPt nanoparticles with different 
components and ordered phases exhibit comparable HER 
stability in both acidic and alkaline conditions[140].

In addition to component composition regulation, the 
combination of ratio modulation and strain engineering 
provides an effective route to optimize electronic structure 
and establish the correlation between surface strain 
and HER performance. In the work of Zhong et al.[141], 
L10 and L12 Pt-based intermetallic compounds were 
selected as model materials to construct a series of 
core–shell catalysts with strained Pt skins (IMC@Pt). 
The relationship between surface strain and HER activity 
was systematically established. Combined experimental 
and theoretical results reveal a volcano-type correlation 
between surface strain and HER activity of IMC@Pt, with 
the optimal performance achieved at 4% compressive 
strain. The Pt₃V@Pt catalyst delivers the highest intrinsic 
HER activity, achieving a specific activity of 4.24mA cmPt

-2 

at an overpotential of 20mV, which is four times higher 
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than that of commercial Pt[141].

The synergistic regulation of component composition 
and crystal defects can further optimize the electronic 
structure and accelerate reaction kinetics. Zhou et 
al.[142] synthesized PtNi alloys with different Pt/Ni ratios 
and edge dislocations, and systematically investigated 
the effects of composition and edge dislocations on 
the alkaline HER performance of PtNi alloys. Combined 
experimental and theoretical studies show that simply 
tuning the Pt/Ni ratio only increases the Pt mass activity 
by 1.1 times, while edge dislocations induce additional 
tensile strain on Ni sites and compressive strain on Pt 
sites, further boosting the intrinsic alkaline HER activity 
over all Pt/Ni ratios. The mechanistic investigation 
indicates that the edge dislocation engineering strategy 
provides a promising breakthrough for promoting the 
water dissociation kinetics of PtNi alloys[142].

In summary, element regulation serves as a core 
strategy for optimizing the HER performance of Pt-based 
catalysts, which mainly includes four categories: atomic 
regulation, nitridation regulation, loading regulation 
and ratio regulation. All these modulation strategies 
focus on optimizing the electronic structure, improving 
the utilization efficiency of active sites and accelerating 
reaction kinetics. Through various regulation routes, a 
favorable balance among catalytic activity, structural 
stability and cost economy of Pt-based electrocatalysts 
can be well achieved.

5 INTERFACE REGULATION
The catalytic efficiency of HER is closely correlated with 

the interfacial structure of catalysts. As the core region 
for electron transfer, mass transport and electrochemical 
reactions, the intrinsic properties of the interface directly 
determine the electronic configuration of active sites, 
reaction energy barriers and catalytic kinetics. Two types 
of key interfaces exist in electrocatalytic systems: the 
solid-liquid interface between the catalyst and electrolyte, 
and the solid-solid interface between active components 
and the support. The solid-liquid interface acts as the 
core venue for electron transfer, mass transport and 
electrochemical reactions. Its intrinsic properties directly 
determine the electronic configuration, reaction energy 
barriers and catalytic kinetics of active sites. In contrast, 
the solid-solid interface governs the interaction between 
the support and Pt active centers, and can effectively 
modulate the electronic distribution and surface 
properties of Pt.

Interface regulation is a core strategy to improve the 
performance of Pt-based electrocatalysts for HER. On 
one hand, constructing heterojunctions and introducing 
defect sites can optimize the solid-liquid interfacial 
environment, fully activate active sites and accelerate the 
reaction process. On the other hand, precise regulation 

of the interaction between Pt and the support further 
enhances the utilization efficiency of active components. 
The synergistic optimization of the two interfaces can 
not only remarkably boost the HER catalytic activity, 
but also greatly reduce the loading of noble metal Pt. 
Numerous systematic studies have been carried out 
focusing on different pathways of interface regulation, 
and a variety of innovative interfacial design strategies 
have been proposed, providing important theoretical 
and experimental support for the development of high-
efficiency Pt-based HER electrocatalysts.

5.1 Heterojunction Regulation
Heterojunction regulation is one of the core approaches 

of interface regulation. By constructing heterogeneous 
interfaces between different components, it optimize 
the electronic structure of Pt, thereby enhancing the 
HER catalytic activity. It also serves as an important 
strategy to maximize the utilization efficiency of noble 
metals. To produce renewable hydrogen through water 
electrolysis, it is imperative to develop high-performance 
electrocatalysts with maximized metal utilization.

Dynamic surface exchange at the heterogeneous 
interface between noble metals can significantly modulate 
catalytic activity. Abrams et al.[143] conducted cyclic 
voltammetry analysis of the Pt-on-Au system for HER 
and oxidation reactions (HOR). The results reveal that 
dynamic surface exchange occurs between Pt and Au. 
Bulk Au exhibits poor intrinsic HER/HOR activity, whereas 
the system becomes highly active once Pt is deposited 
on the Au surface. This potential-dependent surface 
exchange originates from the lower surface energy of 
Au relative to Pt, which drives Au migration toward the 
surface under the deactivated state. By contrast, Pt 
migrates back to the surface at higher positive potentials, 
inducing the formation of PtOX/PtOHX species through 
adsorbate-driven surface segregation[143].

Anchoring Pt single atoms on metal–phosphide 
heterostructures can enrich active sites and optimize 
electron transfer through interfacial synergistic effects. 
Bollu et al.[144] reported one-dimensional CoNi@CoNiP 
heterostructures implanted with ultra-low loading Pt 
single atoms (CN@CNP-Pt). The CN@CNP-Pt catalyst 
delivers favorable HER performance in alkaline media 
and drives a two-electrode electrolyzer (CN@CNP-Pt(−)//
CN@CNP(+)) with a low cell voltage of 1.49V at 10mA 
cm-2 and 1.51V at 100mA cm-2. The unique CN@CNP 
heterostructure provides a large electrochemically active 
surface area, abundant active sites, and rapid charge 
transfer capability, achieving optimal adsorption free 
energy and promising electrocatalytic performance for 
economical and sustainable water splitting[144].

Amorphous/crystalline heterointerfaces possess 
structural flexibility enabling ultra-low Pt doping with high 
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stability. Li et al.[145] designed a hierarchical electrocatalyst 
enriched with amorphous/crystalline interfaces for efficient 
alkaline HER, which consists of hierarchical amorphous/
crystalline (Co, Ni)₁₁(HPO₃)₈(OH)₆ with ultra-low doped 
Pt (Pt-a/c-NiHPi). Benefiting from the structural flexibility 
of the amorphous domain, Pt can be stably doped at 
an ultra-low content of 0.21wt.% via a facile two-step 
hydrothermal method. DFT calculations demonstrate that 
strong electron transfer occurs across the amorphous/
crystalline interface, accumulating electrons on Pt and Ni 
sites within the amorphous component. This endows the 
catalyst with nearly optimal energy barriers and adsorption 
energies for H₂O* and H*. Owing to these advantages, 
the catalyst achieves an exceptionally high specific activity 
of 39.1mA μg-1 Pt at 70mV[145].

Construction of nanoreactor-type heterostructures 
enables precise modulation of the electronic state of Pt 
and effective protection of active species. Feng et al.[146] 
fabricated Fe-PtNiPO nanoreactors with positively charged 
Pt sites toward efficient and stable HER (Figure 6). The 
Fe-PtNiPO nanoreactor achieves a low overpotential 
of 19mV at 10mA cm-2. The Ni-based component 
modulates the electronic structure and promotes 
water dissociation to form locally enriched H ＋ , while 
the porous Fe shell prevents the loss of active species 
and facilitates efficient mass transport. The synergistic 
integration of these favorable components forms a high-
efficiency electrocatalytic nanoreactor. Synchrotron 
X-ray absorption spectroscopy confirms the formation 
of positively charged Pt, and in situ experiments reveal 
rapid charge transfer within the nanoreactor[146].

Metal silicide heterostructures can optimize the 
electronic configuration of Pt-group metals (PGMs) 
through intercomponent electronic interaction to enhance 
HER activity. Chen et al. adopted a molten-salt-assisted 
strategy to synthesize a series of PGM silicides (IrSi, PtSi, 
Pd₂Si, RhSi, RuSiX) under atmospheric pressure and mild 
conditions. Electrochemical evaluations show that IrSi 
exhibits outstanding HER performance even superior to 
commercial Pt catalysts, with an ultra-low overpotential of 
24mV at 10mA cm-2 in acidic media. This work provides 
a universal and feasible route for the construction of PGM 
silicide electrocatalysts[147].

In situ construction of heterostructures between 
metallic substrates and Pt can strengthen interfacial 
adhesion and improve electron transfer efficiency. Tan 
et al.[148] developed a novel PtNBs/NiNRs heterojunction 
catalyst via in-situ deposition of Pt nanoballs on nickel 
nanorod arrays. The PtNBs/NiNRs exhibits a low HER 
overpotential of 61.6mV versus RHE in alkaline solution, 
much lower than 184mV of the pure Pt electrode. Tafel 
analysis and EIS measurements were further employed 
to explore the catalytic mechanism and reaction 
kinetics. With facile preparation, high efficiency and cost 
advantages, the PtNBs/NiNRs heterojunction presents 
promising application prospects in alkaline HER[148].

5.2 Defect Regulation
Defect regulation, as an important branch of interface 

modulation, constructs defect sites such as oxygen 
vacancies on the support surface to regulate the 

Figure 6. Schematic Illustration for the Fe-PtNiPO Catalysts. (A) The preparation of Fe-PtNiPO-1, Fe-PtNiPO-2, and Fe-
PtNiPO-3; (B) Working mechanism for the Fe-PtNiPO-3 nanoreactor; (C) The formation of Had on the surface of Fe-PtNiPO-3. 
Reproduced from Ref.[146] with permission from Wiley.
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interfacial interaction between Pt and the substrate. 
This strategy optimizes the electronic structure of Pt 
and the distribution of active sites, thereby accelerating 
the HER reaction kinetics. Zhang et al.[149] proposed a 
facile hydrogen-assisted defect engineering strategy to 
create abundant oxygen vacancies on MoO3-x supports. 
The engineered defects on MoO3-x provide numerous 
anchoring sites for Pt, greatly increasing the Pt dispersion 
up to 66.19%, in contrast to only 24.46% on defect-free 
MoO₃. The optimized Pt/MoO3-x exhibits outstanding HER 
electrocatalytic performance, delivering low overpotentials 
of 38.9mV in alkaline media and 28.1mV in acidic media 
at 10mA cm-2, with an ultra-low Pt loading of only 3.1μg 
cm-2. Combined experimental and theoretical studies 
confirm that the oxygen vacancies in MoO3-x form strong 
interactions with Pt, balancing the energy barriers of 
water dissociation and hydrogen bonding and thus 
achieving rapid HER kinetics[149] .

Oxygen vacancies on the support can modulate the 
electron transfer behavior of Pt sites and optimize the 
d-band center position, further promoting the intrinsic 
HER activity. Fan et al.[150] rationally designed Pt/WO₃ 
catalysts composed of Pt species strongly coupled with 

polycrystalline WO₃ nanorods. The electronic structure 
of Pt sites on WO₃ can be systematically regulated. The 
optimal electron-rich Pt sites on Pt/WO3-600 exhibit 
an ultra-low overpotential of only 8mV at 10mA cm-2, 
showing remarkable HER activity. Combined experimental 
and DFT results reveal that the oxygen vacancies on WO₃ 
effectively suppress the electron transfer from Pt to the 
WO₃ substrate, tune the d-band center to a suitable level 
relative to the Fermi level, and thereby attain an optimal 
ΔGH* value[150].

Defect construction under mild conditions can 
effectively avoid the aggregation of Pt species, while 
the synergistic effect between defects and Pt further 
optimizes the electronic structure. Wu et al.[151] fabricated 
sub-nanometer Pt clusters anchored on black TiO₂ 
with rich oxygen vacancies (Pt/TiO₂-OV) via a solvent-
free microwave and low-temperature electroless 
strategy (Figure 7). This method avoids the use of high 
temperature and strong reducing agents, thus preventing 
the aggregation of loaded Pt species. Experimental and 
theoretical results verify the synergistic effect between 
oxygen vacancies and Pt clusters in optimizing the 
reaction kinetics. The optimized Pt/TiO₂-OV achieves a 

Figure 7. Theoretical Calculations Compare Adsorption Energy, with PDOS and Differential Density Analyses. 
The calculated adsorption energy of Pt onto graphene (A), TiO2 (B) and TiO2-OV (C). (D) H adsorption energy of TiO2, Pt/
TiO2, Pt/TiO2-OV and Pt/graphene. The PDOS analysis of Pt 5d in Pt/TiO2 (E) and Pt/TiO2-OV (F). Side (G) and top (H) view of 
differential charge density difference in Pt/TiO2-OV. Green and red areas represent electron depletion and accumulation. (I) 
2D charge density distribution of Pt/TiO2-OV. Reproduced from Ref.[151] with permission from Wiley.
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superior HER performance with an overpotential of 18mV 
at 10mA cm-2[151].

In addition to oxygen vacancies, sulfur vacancies can also 
regulate the catalytic performance of Pt through interfacial 
electronic effects. Wang et al.[152] successfully anchored Pt 
nanoparticles on monolayer VS₂ nanosheets via a colloidal 
chemical method to enhance the acidic HER performance. 
The monolayer VS₂ nanosheets serve as a stable 
substrate with large specific surface area and high in-plane 
conductivity, which efficiently promotes electrochemical 
contact of Pt nanoparticles. The Pt/VS₂ composite greatly 
reduces the energy barrier of HER and enhances catalytic 
activity while lowering catalyst cost. It achieves a low 
overpotential of 26mV at 10mA cm-2 along with an 
excellent mass activity of 23.7A/mgPt. DFT calculations and 
experimental analyses further clarify the crucial roles of 
interfacial electronic effects and sulfur vacancy modulation in 
boosting catalytic efficiency, highlighting the great potential 
of interface engineering in tailoring electronic structure and 
sulfur vacancy defects for high-efficiency electrocatalysis[152].

5.3 Support Substrates Regulation
Support matrix regulation is a pivotal strategy to 

improve the utilization efficiency of Pt-based catalysts. 
By selecting appropriate support materials, the 
interfacial interaction between the substrate and Pt 
can be modulated to tailor the electronic structure of 
Pt, optimize the adsorption energy of active sites, and 
regulate reaction kinetics. Wang et al.[153] anchored Pt 
single atoms (Pt SAs) on transition metal sulfide NiS₂ 
and phosphide Ni₂P substrates to design advanced 
electrocatalysts. In 1M KOH electrolyte, the Pt SAs-Ni₂P 
catalyst delivers a mass activity of 0.225Amgpt

-1 at 50 mV, 
which is 33 times higher than that of commercial Pt/C. 
It only requires an overpotential of 44.9mV to reach a 
current density of 10mA cm-2. Theoretical calculations 
reveal that the strong interaction between Pt single 
atoms and the Ni₂P substrate downshifts the d-band 
center of Pt, facilitates water desorption, and affords 
optimal hydrogen adsorption sites. This work provides an 
effective route to modulate the electronic structure of Pt 
single atoms through rational substrate selection[153].

Carbon-based support substrates can enhance electron 
transport and inhibit Pt aggregation via the synergistic 
coupling with Pt and other metal components. Wang et al.[154] 

designed and fabricated novel Pt/Mo₂C electrocatalysts 

embedded in hollow carbon nanofibers (Pt/Mo₂C-HCNFs) 
by coaxial electrospinning followed by carbonization. 
The combined advantages of the synergistic interaction 
between Pt nanoparticles and Mo₂C, abundant active sites, 
hollow nanostructure, excellent electrical conductivity of 
carbon nanofibers, and the confinement effect against 
nanoparticle aggregation endow Pt/Mo₂C-HCNFs with 
outstanding HER performance in both acidic and alkaline 
electrolytes. It achieves overpotentials of 27mV and 41mV 
at 10mA cm-2 in acidic and alkaline media, respectively 
(Table 3)[154].

The graphitization degree and defect concentration 
of support substrates directly determine the interfacial 
interaction with Pt. To maintain high activity and stability 
of carbon-based catalysts under harsh electrochemical 
conditions, it is essential to reduce defect density and 
improve the graphitization level of carbon supports. 
Herein, a highly graphitized graphene foam with a 
layered structure was fabricated for self-supported Pt-
based electrocatalysts toward efficient and durable 
HER. Obtained by ultra-high-temperature treatment 
at 2850°C, the graphene foam (GO2850) possesses a 
perfect graphitic structure with extremely low defects, 
ensuring high electrical conductivity and superior 
corrosion resistance. The as-prepared Pt/GO2850 exhibits 
higher catalytic activity and long-term durability 
(300h at 10mA·cm-2) than Pt nanoparticles supported 
on commercial carbon paper (Pt/CP). Such superior 
performance originates from the strengthened metal–
support interaction between Pt and the low-defect GO2850 
substrate, as confirmed by structural characterization and 
theoretical calculations[155] .

Metal oxide supports can regulate the electronic 
configuration of Pt by forming specific chemical bonds, 
and simultaneously realize energy-saving hydrogen 
production by coupling biomass oxidation. Zhang et 
al.[156] utilized thermodynamically favorable biomass 
oxidation to achieve energy-efficient hydrogen evolution. 
The designed ultra-low-PtO₂-loaded flower-like PtO₂@
Cu₂O/Cu nanosheets integrate Cu⁰/Cu⁺ redox pairs and 
Pt−O bonds, exhibiting excellent HER performance at 
−0.042VRHE (10mA cm-2). This system simultaneously 
produces bipolar hydrogen and high-value furoic acid, 
thereby remarkably improving hydrogen production 
efficiency and reducing energy consumption[156] .

Benefiting from the excellent structural and 

Table 3. Performance of Interface Regulation

Catalyst Composition The Mass Activity Overpotential Stability Condition

CN@CNP-Pt(−)//CN@CNP(+)[145] \ 1.49V @ η10 30h @ η100 Alkaline

(Co, Ni)₁₁(HPO₃)₈(OH)₆ 39.1mA μg-1 Pt 70mV \ Alkaline

Pt/Mo₂C-HCNFs[154] \ 41mV @ η10 \ Acid

Pt/Mo₂C-HCNFs[154] \ 27mV @ η10 \ Alkaline
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electrochemical properties of two-dimensional (2D) MXene, 
TiO₂-supported Pt nanoparticles derived from Ti₃C₂ 
MXene are theoretically expected to exhibit favorable HER 
performance, yet relevant experimental exploration remains 
insufficient. Zhang et al.[157] anchored Pt nanoparticles on 
Ti₃C₂ MXene-derived TiO₂ nanosheets to construct Pt/
TiO₂/Ti₃C₂ catalysts. The as-prepared catalyst achieves 
a low overpotential of 147mV at 10mA cm-2 with a small 
Tafel slope of 54 mV dec-1 under acidic conditions. The 
results indicate that anchoring Pt nanoparticles on MXene-
derived TiO₂ nanosheets reduces the hybridization strength 
and bonding energy between hydrogen atoms and the 
substrate, thus accelerating the hydrogen adsorption–
desorption kinetics. This work offers a new strategy for the 
rational construction of high-performance MXene-based 
electrocatalysts[157].

Layered double hydroxides (LDHs) can strengthen the 
interfacial binding force with Pt via heteroatom doping 
modification, thereby improving the HER catalytic activity. 
Li et al.[158] synthesized Pt quantum dot decorated S-doped 
NiFe layered double hydroxides (Pt@S-NiFe LDHs). 
Benefiting from the enhanced binding energy, accelerated 
mass transfer and efficient hydrogen release, the catalyst 
exhibits extraordinary HER activity even at high current 
densities. This study provides a promising strategy 
for developing advanced electrocatalysts applicable to 
industrial high-current-density and high-temperature 
water electrolysis[158].Monolayer 2D sulfides serve as 
ideal support substrates owing to their large specific 
surface area and high electrical conductivity, which can 
effectively boost interfacial electron transfer of Pt. Wang 
et al.[157] immobilized Pt nanoparticles on monolayer 
VS₂ nanosheets via a colloidal chemistry strategy. The 
composite catalyst delivers an overpotential of only 
26mV at 10mA cm-2 and an excellent mass activity of 
23.7A mgPt. The monolayer VS₂ nanosheets provide a 
stable substrate with large surface area and high in-plane 
conductivity, which greatly enhances interfacial electron 
transfer and electrochemical contact of Pt nanoparticles. 
Consequently, the Pt/VS₂ composite reduces the energy 
barrier of HER, improves catalytic activity, and lowers 

catalyst cost simultaneously[159].

In summary, interface regulation constitutes a core 
strategy for optimizing the HER performance of Pt-
based catalysts, mainly including three major pathways: 
heterojunction regulation, defect regulation, and 
support matrix regulation. All these strategies focus on 
modulating the electronic interaction between Pt and 
interfacial components and optimizing the active site 
structure as well as reaction kinetics. Such interfacial 
engineering achieves multiple breakthroughs in improving 
Pt utilization, enhancing catalytic activity, and reducing 
material cost (Table 4).

6 AI-DRIVEN MATERIALS DESIGN 
FOR PT-BASED HER CATALYSTS 
AND INDUSTRIALIZATION
6.1 AI-Driven Materials Design for Pt-
Based HER Catalysts

In recent years, artificial intelligence and machine 
learning have been applied to the design and optimization 
of catalysts, achieving remarkable progress. By 
simulating the processes of natural selection and genetic 
variation, genetic algorithms can efficiently explore 
complex catalyst systems and avoid falling into local 
optima. Meanwhile, literature mining techniques based 
on large language models can automatically identify key 
catalyst elements correlated with catalytic performance, 
extracting valuable insights from massive scientific papers 
and providing precise guidance for catalyst design.

Fu et al.[160] proposed an AI-assisted high-throughput 
framework that integrates large language models (LLMs) for 
literature mining and genetic algorithms (GAs) for iterative 
optimization to address this challenge (Figure 8). In this 
work, LLMs analyzed 14,242 publications and identified 10 
key elements with high HER activity (including Fe, Co, Ni, Pt, 
etc.), narrowing down the candidates to 126 Pt-based high-
entropy alloy (HEA) combinations. The optimal IrCuNiPdPt/C 
catalyst delivered record-low HER overpotentials of 25.5mV 
and 119mV at current densities of 10 and 100mA/cm², 

Table 4. Summary of Catalyst Regulation Strategies

Advantages Disadvantages Feasibility Industrial Application 
Potential

Electronic 
Structure 
Regulation

Core strategy to boost HER 
performance; modulates 

d-band center and optimizes 
hydrogen adsorption energy

Demands high-level DFT 
calculations for electronic 

structure analysis

Well-established 
theoretical 

framework at 
fundamental 
research level

Medium

Element 
Regulation

Mature and versatile 
regulation via multi-element 

doping

Precise characterization of 
coordination environment 

and valence states is 
challenging

Achievable via 
hydrothermal/
solvothermal 
synthesis, 

electrodeposition

High

Interface 
Regulation

Optimizes support-
Pt interaction, cuts Pt 

consumption while improving 
catalytic activity

Sophisticated modification 
requires strict synthetic 

conditions

Realizable by 
carbon support 
anchoring and 

MXene introduction

High
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which are 49% and 18% lower than those of commercial Pt/
C, respectively. It also maintained long-term stability for 300 
hours with negligible performance degradation.

This work establishes a paradigm shift combining 
computational intelligence and autonomous experimen- 
tation. It shortens the catalyst discovery period from 
thousands of years to mere hours and enables the rational 
design of multi-component catalysts for sustainable energy 
applications.

6.2 Industrialization
This Proton exchange membrane water electrolysis 

is an ideal technology for producing green hydrogen by 
coupling intermittent renewable energy such as wind and 
solar power. It features high current density, compact 
structure and fast response. Developing HER catalysts 
with low Pt loading, high activity and superior stability, 
as well as realizing their scalable synthesis, is a critical 
challenge in the field of green hydrogen energy. Single-
atom catalysts and atomic cluster catalysts maximize 
atomic utilization and allow tunable coordination 
environments, making them promising candidates to 
reduce Pt consumption. Scalable one-pot synthesis of 

Figure 8. AI-Driven Research Framework for Materials. (A) Framework overview, consisting of four main phases: 
literature screening, knowledge base construction, model fine-tuning, and application; (B) Results of literature screening; (C) 
Frequency statistics of elements appearing in HEA materials literature. Reproduced from Ref.[160] with permission from Wiley.
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Pt single-atom catalysts with well-defined coordination 
structures using low-cost supports, while guaranteeing 
their long-term stability in industrial electrolyzers, 
remains a major bottleneck to be addressed.

Long et al.[161] reported a Ni-driven one-step 
reduction-displacement strategy. Using Ni-N doped 
carbon nanotubes (NCNT-Ni) as the support, metallic Ni 
nanoparticles reduce Pt⁴⁺ and displace Ni atoms in situ, 
forming Pt single-atom sites with N₂-Pt-Cl₂ coordination 
at room temperature. In 0.5M H₂SO₄ electrolyte, this 
catalyst achieves an overpotential of only 7.78mV at 
10mA cm⁻², and delivers an ultrahigh mass activity of 
69.14A mg⁻¹, which is 86 times that of commercial Pt/C. 
Assembled in a PEMWE single cell, it attains a cell voltage 
of 1.63V at 1A cm⁻² with an ultralow Pt loading of 6μg 
cm⁻², and operates stably for 4500h with a degradation 
rate of 3.3μV h⁻¹. When integrated with a photovoltaic 
module with an efficiency of 21%, the solar-to-hydrogen 
efficiency reaches 16.06% (Figure 9).

7 CHALLENGES AND OUTLOOK
This review comprehensively summarizes the research 

progress, reaction mechanisms, and application effects of 
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electronic structure regulation, element regulation, and 
interface regulation in Pt-based HER catalysts, aiming to 
clarify the optimization pathway of Pt-based HER catalysts 
and provide guidance for their further development. 
Through systematic analysis, it can be concluded that the 
three regulation strategies are not independent of each 
other but complement and synergize with one another. 
Their core goal is to optimize the electronic structure of 
Pt, improve the utilization rate of active sites, reduce the 
reaction energy barrier, and accelerate the HER reaction 
kinetics, thereby achieving a balance between catalytic 
activity, stability, and cost.

As the core of catalyst performance optimization, 
electronic structure regulation directly determines the 
adsorption energy of reaction intermediates and the 
intrinsic activity of Pt, among which the adjustment of 
the d-band center is the key means to achieve electronic 
structure optimization. Element regulation exhibits 
unique advantages in reducing Pt dosage and improving 
catalyst economy; atomic regulation, nitridation 
regulation, loading regulation, and ratio regulation can 
flexibly adjust the composition and structure of Pt-
based catalysts according to actual needs. Interface 
regulation provides an effective approach to enhance the 
efficiency of electron transfer and mass transport; the 
construction of heterojunctions, creation of defect sites, 
and optimization of support substrates can significantly 
improve the catalytic performance and stability of Pt-
based HER catalysts.

Figure 9. PEM Electrolyzer Performance and Characterization Analysis of NCNT-Ni/Pt. (A) Polarization curves 
of PEM electrolyzers with NCNT-Ni/Pt and commercial Pt/C; (B) The stability test of a PEM electrolyzer with NCNT-Ni/Pt as 
cathode and IrO2 as anode (inset shows the optical photograph of PEMWE device); (C) I-V curve of commercial PV module 
and the polarization curve of the IrO2 || NCNT-Ni/Pt electrolyzer (inset shows the optical photograph of PV-PEMWE system). 
(D) Normalized environmental impacts of using MFR waste to synthesize NCNT-Ni/Pt for hydrogen production via PEMWE.
Reproduced from Ref.[161] with permission from Springer Nature.

A B

C D

At present, although considerable progress has been 
made in the research on the regulation of Pt-based 
HER catalysts, there are still some urgent challenges 
to be solved: the synergistic mechanism between 
different regulation strategies needs to be further 
clarified; the long-term stability of low-Pt catalysts 
under harsh electrochemical conditions remains to be 
improved; the large-scale preparation technology of 
high-performance Pt-based HER catalysts is not yet 
mature. AI can efficiently unravel structure-performance 
relationships and accelerate catalyst screening and 
mechanism exploration, offering a new avenue to tackle 
current technical bottlenecks. In the future, with the 
continuous innovation of characterization techniques 
and the in-depth integration of theoretical calculations 
and intelligent algorithms, it is expected to further 
explore the synergistic effects of multiple regulation 
strategies, develop more efficient low-Pt or Pt-free 
catalysts, optimize the large-scale preparation process, 
and promote the industrial application of Pt-based HER 
catalysts in the field of hydrogen energy.
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