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Hydrogen evolution reaction (HER) is the critical process of hydrogen production through water electrol-
ysis. However, the dependence on precious metal catalysts limits its large-scale application. Transition
metal phosphides (TMPs) are promising alternatives due to their metal-like conductivity, adjustable elec-
tronic structure and low cost. Yet they still show some shortcomings such as insufficient intrinsic activ-
ity and poor surface stability. This review first systematically summarizes the HER reaction mechanism
and its implications for TMPs catalyst design. Subsequently, it details the characteristics, limitations, and
performance optimization strategies for monometallic TMPs. Furthermore, it discusses advances in poly-
metallic TMPs and composite structures for overcoming the activity limitations of monometallic TMPs.
Finally, we propose key obstacles limiting TMPs in HER and their research directions and development
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1. Introduction

Nowadays, most energy of the world is still dependent on fos-
sil fuels (oil, coal, natural gas, etc.) [1-4]. This has led to an in-
crease in the greenhouse effect and environmental pollution prob-
lems [5,6]. In this background, it is urgent to replace them with
a clean energy source that enables a stable supply. Hydrogen en-
ergy is considered a central carrier for the energy transition be-
cause of its high energy density (142 MJ/kg) and zero-carbon emis-
sion properties [7,8]. Grey hydrogen and green hydrogen are two
dominant current hydrogen production strategies. Gray hydrogen is
a means of producing hydrogen through steam methane reforming
[9]. It is low-cost but emits 10kg CO, for 1kg of hydrogen pro-
duced. While gray hydrogen dominates current production. Green
hydrogen via water electrolysis is the focus of this review due to its
zero-carbon potent. Green Hydrogen produces hydrogen with zero
carbon emissions through water electrolysis driven by renewable
energy [10,11]. They represent traditional high carbon and emerg-
ing zero-carbon pathways, respectively. Although the cost of green
hydrogen is high, it has become the main research direction of ob-
taining hydrogen energy motivated by the goal of carbon neutral-
ity. Water electrolysis is the only zero-carbon technology route of
green hydrogen, its efficiency and cost directly determine the eco-
nomic viability of this process. HER is its key step, and the higher
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the overpotential, where elevated overpotential proportionally es-
calate energy consumption of water electrolysis [12-14]. Pt-based
catalysts significantly reduce the overpotential of HER [15]. But
they are scarce and expensive [16]. This results in their inability
to meet the amount of catalyst required for industrial grade elec-
trolyzers. Therefore, researchers are committed to developing a se-
ries of HER catalysts with abundant yield and promising activity.

Transition metal phosphides (TMPs) are compounds formed
from transition metals with P element. Liu et al. found that the hy-
drogen adsorption energy of Ni,P is close to Pt electrode through
theoretical calculation [17]. They proposed for the first time that
TMPs possess HER catalytic potential. Their raw materials are
abundant and cost only a thousandth of the price of Pt element
[18,19]. This gives them a remarkable economic advantage in large-
scale applications. However, their intrinsic activity still falls short
of that of noble metal catalysts [20-22]. During prolonged oper-
ation, they suffer from phosphorus leaching and structural col-
lapse, thereby adversely affecting the electrolytic efficiency [23-
25]. Therefore, it is crucial to understand the catalytic principles
of TMPs to design efficient and stable HER catalysts.

This review comprehensively sums up the fundamentals of HER,
catalytic mechanisms of TMPs, and performance enhancement
strategies (Fig. 1). Firstly, we describe the electrocatalytic mech-
anism of HER and its influence on the design of TMPs catalysts.
The following segment thoroughly explores the classification, limi-
tations, and performance improvement strategies for monometallic
TMPs. Subsequent sections conclude polymetallic TMPs and com-
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Fig. 1. Transition metal phosphide electrocatalysts for the HER.

posite architectures, demonstrating how multicomponent synergy
enhances catalytic efficiency through interfacial engineering and
electronic modulation. Finally, this review suggests future possible
challenges and development directions, aiming to provide valuable
reference and guidance for researchers in HER field.

2. HER fundamentals and catalyst performance parameters
2.1. Fundamentals of HER: Implications for TMPs design

HER on catalyst surface mainly includes two processes: Adsorp-
tion and desorption. The poor conductivity of pure water makes
it is necessary to add alkaline or acidic ions into it to increase its
charge conduction [26,27]. And electrolytes with different pH will
lead to different HER working mechanisms [28]. The specific reac-
tions in the alkaline electrolyte are as follows [29]:

Volmer step: H,O + e” — H,qs + OH" (1)
Heyrovsky step: H,O + H,q4s + € — Hy+OH" (2)
Tafel step: H,q4s + Haqs — Ha (3)

In Volmer step, H,O molecules are adsorbed on electrode sur-
face and dissociate into adsorbed hydrogen atoms (H,4s). The cov-
erage of H,ys on electrode surface determines whether the next
step is electrochemical desorption (Heyrovsky step) or chemical
desorption (Tafel step) [30]. As shown in Eq. 2, when the H,4 at
low coverage, it will be coupled with protons or electrons in the
electrolyte to form H,. A sufficiently high Hads coverage will cause
two neighboring H,qs to combine on their own (Eq. 3).

The water dissociation step (Eq. 1) is a critical step of HER
under alkaline conditions. This process requires the breaking of
strong O-H bonds (bond energy ~492 kJ/mol). It results in inher-
ently sluggish alkaline HER kinetics. In TMPs, the high electroneg-
ativity of P atoms attracts electrons from adjacent transition met-
als to them. Thus, metal sites are positively charged and P sites are
negatively charged. On the one hand, positively charged metal sites
elongate the O-H bond in H,0, thereby lowering the water dis-
sociation energy barrier. Through density functional theory (DFT)
calculations, Bu et al. obtained that the water dissociation energy
barrier on CoP (011) crystal plane is only 0.52 eV, which is half of

Chinese Chemical Letters 37 (2026) 111801

the reaction without catalysts (1.0-1.2eV) [31]. On the other hand,
the negatively charged P sites adsorb OH" intermediates through
electrostatic interactions and weak covalent bonding. This working
mechanism prevents OH- from poisoning active sites and acceler-
ates the formation of H,. It is evident that the existence of bifunc-
tional sites is central to high HER activity of TMPs in alkaline me-
dia. Furthermore, P-M bond is relatively resistant to OH- corrosion,
so many TMPs possess outstanding long-term stability in alkaline
electrolytes. Nevertheless, TMPs still feature multiple drawbacks
and limitations that restrict their practical application. Firstly, elec-
tron modulation effect of P atoms on metal sites causes their hy-
drogen adsorption free energy (AGy+) to deviate from the opti-
mal value of OeV. This deviation increases the overpotential and
energy consumption during hydrogen production. Secondly, most
TMPs expose only a limited number of edge or defect sites, re-
sulting in their intrinsic catalytic activity being relatively low. In
practical operation, TMPs catalysts face severe mass transport lim-
itations at high current densities and high voltages (>1.6V) for
overall water splitting. These deficiencies fundamentally restrict
large-scale deployment for green hydrogen production. To address
these constraints, hierarchical design strategies for TMPs have been
established: (1) Fundamental investigation of monometallic phos-
phides, (2) atomic-scale synergy engineering in polymetallic phos-
phides, (3) performance maximization via composite construction.
This progressive approach resolves targeted bottlenecks at each
level. The following sections systematically describe design prin-
ciples, performance merits, and unresolved challenges across these
TMP categories.

Unlike the alkaline environment, the following procedures are
required for HER in an acidic electrolyte [32]:

Volmer step: HT + e — Hygs (4)
Heyrovsky step: H" + Hyqs +€ — Hy (5)
Tafel step: H,qs +Hags — Ha (6)

In acidic environments, H* adsorbs onto the catalyst and couple
with electrons to form H,4,. Similarly, the H,4s reacts directly with
H* and e to generate H, in the Heyrovsky step. It does not have
to undergo dissociation process of H,O molecules so that it pos-
sesses relatively fast reaction kinetics. However, acidic electrolytes
tend to bring severe corrosion of catalysts [33,34]. Therefore, cur-
rent researches on water electrolysis are still mainly carried out
under alkaline conditions [35,36]. This review will primarily focus
on the reaction mechanisms of HER in alkaline electrolytes.

2.2. Performance parameters for HER electrocatalysts

Overpotential (1) serves as a fundamental kinetic parameter for
evaluating the intrinsic activity of HER catalysts. Theoretically, the
minimum voltage required for overall water splitting is equal to its
thermodynamic reversible electromotive force [37]. But the actual
processes take place in a non-standard state. This working state
involves factors such as reaction activation energy, electrolyte con-
centration and electrolytic cell resistance [38]. For HER, the actual
potential applied to the electrode (E,ppjeq) must deviate signifi-
cantly from its thermodynamic equilibrium potential (Eeq Her) tO
drive the target current density. The difference between the two is
defined as the overpotential (nygg) of HER:
NHER = Eapplied = Eeq, HER (7)

Eeq, ner shows pH dependence as described by the Nernst equa-
tion:
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Eeq, er =-0.059 x pH V vs. RHE (8)

This equilibrium potential is defined on the reversible hydrogen
electrode (RHE) scale. Lower nyer values indicate that the catalyst
operates closer to the thermodynamic limit, signifying higher cat-
alytic activity.

Tafel slope is the key parameter to describe HER dynamics. It
can be derived from the formula proposed by Tafel in 1905 [39]:

1 =a+ blog(j) 9)

where j is the current density, a is a constant related to the ex-
change current density, and b represents the Tafel slope. The lower
the b value, the less potential is required to be added to reaction
when increasing the current density by the same magnitude. It
is evident that Tafel slope reflects the response sensitivity of cur-
rent to potential changes. In particular, it assists in estimating the
rate-dependent step (RDS) and reaction mechanism of catalytic re-
action. The estimation process depends on the following formula
[40]:

b=59mV/x (10)

« is the transfer coefficient. According to the calculation, the Tafel
slopes are 120, 40, and 30 mV/dec when the Volmer step (o =0.5),
Heyrovsky step (@ =1.5), and Tafel step (¢ =2) are the RDS, re-
spectively [41]. After identifying the RDS, corresponding measures
are taken to reduce reaction energy barrier and improve HER effi-
ciency. While the Volmer step is RDS, proton adsorption can be ac-
celerated by increasing the proton concentration in the electrolyte
or optimizing the electrode surface properties [42]. In the other
two cases, it is necessary to adjust the hydrogen coverage on the
catalyst surface to accelerate the desorption process [43,44].

The electrochemically active surface area (ECSA) reflects the
number of active sites actually involved in the electrochemical re-
action on the catalyst’s surface. It eliminates the effect of geomet-
rical area and thus accurately assesses the intrinsic activity of cat-
alyst. ECSA is typically calculated by:

ECSA = Cy/Cs (11)

where Cy is the experimentally measured double-layer capaci-
tance, and Cs is the reference double-layer capacitance per unit
surface area (an empirical parameter). Since ECSA is proportional
to Cg, it is currently calculated by measuring Cy [45]. Cyclic
voltammetry (CV) tests are performed in the non-faradaic poten-
tial region at different scan rates. The Cy data is then obtained by
plotting the relationship between current and scanning rate. This
method applies to most noble and non-noble metal catalysts. How-
ever, for porous catalysts, it is necessary to ensure that the pores
are fully wetted by electrolyte to avoid underestimation of Cy;. Un-
derpotential deposition (UPD) is an alternative classical technique
for ECSA measurement. It exploits the monolayer adsorption of
specific ions (e.g., Ht, Cu?*) on noble metals (e.g., Pt, Au). The ECSA
can be directly calculated by measuring the ratio of the single-
layer adsorption charge quantity (Qupp) of the catalyst to the theo-
retical single-layer charge density (qmono). The UPD method reflects
the number of active sites more precisely than the Cy method.
Nevertheless, it is exclusively applicable to noble metals (e.g., Pt,
Au, Pd) and invalid for non-noble metals or carbon materials. Thus,
the Cyq method remains the mainstream technique for ECSA mea-
surement due to its operational simplicity and broad applicability.

In practical HER, catalysts need to operate stably for long pe-
riods of time (thousands of hours or more) [46]. Therefore, stabil-
ity directly affects the life and economy of catalysts. Currently its
main measuring methods include chrono-current method, chrono-
potential method and cyclic voltammetry. Stability is assessed at
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the end of measurement by observing current decay, potential drift
and change in the shape of CV curves, respectively. Moreover, re-
searchers determine the stability of nanostructure and chemical
stability through scanning electron microscopy (SEM), transmission
electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS)
and X-ray diffraction (XRD).

Faraday efficiency (FE) directly reflects the efficiency of electro-
chemical energy conversion [47]. It is very important for practical
applications. High efficiency means less wasted energy, which in
turn reduces production costs and environmental pollution. There-
fore, improving FE is an essential goal and challenge in the process
of HER industrialization. FE is expressed by the ratio of the actually
charge (Q,) to the total charge (Qg):

FE = Qa/Qr x 100% = ny»2F/Qr x 100% (12)

where ny, is the moles of H, actually generated, and 2F is the
amount of charge required to generate 1 mol of H, (2 x 96,485
C/mol). The ny, is collected through gas chromatography (GC),
water displacement, or mass spectrometry (MS). Qr needs to be
recorded via an electrochemical workstation [48].

3. Monometallic transition metal phosphides

Monometallic TMPs are compounds consisting of a transition
metal element and P element [49]. The simple synthesis process
and low cost make them occupy a certain position in HER. How-
ever, monometallic composition intrinsically constrains their cat-
alytic activity, conductivity and stability. For industrial implemen-
tation, studies should focus on optimizing their hydrogen adsorp-
tion/desorption kinetics, electron transfer rates, and mechanical ro-
bustness. The catalytic ability of binary TMPs is expected to be fur-
ther enhanced by strategies such as morphology regulation, doping
and fabrication of defects [50,51].

3.1. Characteristics and limitations of monometallic TMPs

The catalytic activity of monometallic TMPs is governed by
their classification and structural characteristics. Fig. 2a shows
that transition metals (Fe, Co, Ni, etc.) form MyPy crystals with
different stoichiometric ratios with P [52]. Their structures sig-
nificantly affect electronic properties and catalytic behavior with
changing metal/phosphorus ratios (x:y). Depending on this ra-
tio, monometallic TMPs are broadly categorized into three main
groups: Metal-rich TMPs (M-rich TMPs), phosphorus-rich TMPs (P-
rich TMPs), and equimolar TMPs. M-rich TMPs refer to TMPs with
x:y > 2:1. They are dominated by metallic bonding, which endows
them with high electrical conductivity and metal-like properties.
Theoretically, this enables rapid electron transfer to reactants un-
der applied potentials, facilitating adsorption and desorption. Yet at
the atomic scale, metal atoms form close-packed lattices with P as
interstitial atoms. P atoms strongly attract electrons from adjacent
metals, leading to excessive electron deficiency in metal centers.
Consequently, this situation significantly elevates hydrogen adsorp-
tion energy and impedes H, desorption. DFT calculations by Schip-
per et al. (Figs. 2b-d) reveal hydrogen adsorption strength distribu-
tions across different iron phosphide surfaces: FesP offers univer-
sally strong adsorption, while the strengths of adsorption of Fe,P
and FePp.; are weakened in that order [53]. This result confirms
the strong hydrogen adsorption characteristic of M-rich TMPs from
atomic scale. More critically, isolated surface P atoms are readily
oxidized at high working potentials. Then, the resulting phospho-
rus oxides further react with OH- and H,0 to form soluble phos-
phates. Phosphate dissolution causes permanent P leaching that
deactivates neighboring metal sites. This irreversible failure mech-
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Crystal Structures of Transition Metal Phosphides

(a) WC-type NiAs-type NbAs-type NaCl-type
Hexagonal Hexagonal Cubic Cubic
quz Dgh = PsSlmmc CE = ll 2 I:m im
MoP VP (-NbP, p-TaP  UP, ThP, PuP, YP, ZrP

MnP-type NiP-type Fe,P-type 0=
Orthorhombic Orthorhombic Orthorhombic =M
D = Phom Pyca PizasDi =p

WP, CrP, MnP, FeP, CoP NiP Ni,P, Fe,P, Mn,P

Fig. 2. (a) Crystal structures of metal transition phosphides. Reproduced with per-
mission [52]. Copyright 2009, Elsevier B.V. (b-d) Contours of H binding strength on
the surfaces of FesP (100), Fe,P (100) and FePg._; (011). Reproduced with permission
[53]. Copyright 2018, American Chemical Society. (e) The calculated desorption free
energy of hydrogen on Ru site of different models. (f) Water adsorption energy on
the Ru site of different models. Reproduced with permission [54]. Copyright 2024,
Wiley-VCH GmbH.

anism severely affects the application of M-rich TMPs in industrial
production.

Unlike M-rich TMPs, P-rich TMPs (x:y < 1:2) form layered,
chain-like or 3D network frameworks through P-P bonds. These
bonds promote electron sharing among P atoms and reduce their
demand for electrons from metals. This mitigates electron defi-
ciency at metal centers, which optimizes H adsorption strength.
Concurrently, the weak and reactive P-P bonds contribute to high
catalytic activity. In Figs. 2e and f, P-rich RuP,4 gives AGy+ (0.33eV)
and water adsorption energy (-0.462eV) closer to the ideal val-
ues than M-rich RuyP (AGys: -0.71eV; water adsorption energy:
-0.209eV) [54]. However, these conditions also put P-rich TMPs
in metastable state. The weak bonding energy causes them to de-
compose easily into M-rich TMPs and elemental phosphorus un-
der high temperature conditions. This substantially complicates the
synthesis of P-rich TMPs. The high reactivity also drives operational
oxidation or disproportionation during operation inducing struc-
tural collapse. Additionally, abundant P-P bonds lead to relatively
low carrier mobility and electrical conductivity of P-rich TMPs.

There exists a class of equimolar TMPs (M:P=1:1) that lie be-
tween M-rich and P-rich TMPs. Their structures feature neither P-
P nor M-M bonds. They consist entirely of M-P covalent bonds.
This unique bonding configuration confers significant advantages.
First, equimolar TMPs present superior stability compared to P-
rich TMPs. For instance, P-rich nanoclusters (e.g., CoP,) tend to
aggregate under electron beam irradiation, whereas CoP bulk ma-
terials maintain structural integrity [55]. Second, this structural
feature enables equimolar TMPs (e.g., CoP) to demonstrate AGy«
values close to thermoneutral (-0.22eV) in the hydrogen evolu-
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tion reaction (HER). Compared to M-rich TMPs (e.g., Ru,P with
AGy+ =-0.71eV), its energy barrier for H* desorption is signifi-
cantly reduced. The structure gives relatively favorable stability
(superior to P-rich TMPs) and moderate H* adsorption energy
(weaker than M-rich TMPs). These make them practical candidate
materials for HER. However, strong M-P covalent bonds restrict
electron donation from P to adjacent metal sites. Therefore, metal
sites demonstrate reduced efficiency in activating and cleaving O-H
bonds within H,O molecules under alkaline conditions (Volmer ki-
netics). Moreover, isolated or distantly spaced metal sites hinder
efficient diffusion and coupling of adsorbed hydrogen atoms be-
tween neighboring sites (Tafel step). In summary, M-rich TMPs are
limited by strong H adsorption and inactivation due to P leaching.
P-rich TMPs face stability challenges during synthesis and opera-
tion. And equimolar TMPs are the most promising monometallic
TMPs for application because of their moderate H adsorption ener-
gies and outstanding stabilities. But they still require optimization
of water dissociation kinetics in alkaline media.

Importantly, the inherent instability of TMPs often leads to dy-
namic phase reconstruction during electrocatalytic processes. For
instance, M-rich TMPs undergo surface oxidation under anodic po-
tentials to form metal hydroxides (M-OOH) or phosphates. While
such reconstructed layers may enhance water dissociation kinetics,
uncontrolled reconstruction accelerates phosphorus leaching and
causes structural collapse. For example, Shi et al. observed that the
yolk-shell CoP@FeCoP/NC polyhedra completely transformed their
surface phosphides into metal oxides after anodic reactions with
significant phosphorus loss [56]. Although this reconstructed sur-
face exhibits enhanced catalytic activity, the phase transformation
fundamentally destroys the catalyst framework. This phenomenon
is particularly severe in monometallic TMPs due to their homo-
geneous composition and lack of stabilization mechanisms. There-
fore, future catalyst designs must strike a balance between lever-
aging reconstruction-induced activity enhancement and suppress-
ing its associated structural instability. This challenge requires ad-
vanced strategies to guide the reconstruction towards a beneficial
path.

3.2. Performance enhancement strategies

Monometallic TMPs possess inherent catalytic limitations due
to their different stoichiometric ratios. Thus researchers have de-
veloped a series of strategies aimed at enhancing their catalytic
abilities. These strategies mainly focus on morphology engineering,
doping engineering and defect engineering. The following subsec-
tions detail these three strategies.

3.2.1. Morphology engineering

Morphology engineering optimizes the electronic structure and
operational stability of TMPs by precisely regulating their micro-
scopic geometric features. Taking NiyP as an example, the high-
curvature surfaces of zero-dimensional nanoparticles generate low-
coordination Ni sites, which accelerate surface oxidative recon-
struction during HER [57]. This process forms an active phase con-
taining Ni-O/OH bonds. The reconstructed layer serves as the true
active site maintaining reaction, while the pristine NiyP primarily
provides conductive support. Furthermore, small-sized nanoparti-
cles effectively mitigate lattice strain, resulting in a bond length
shrinkage rate of only 0.27% after HER (Fig. 3a). Therefore, Ni,P
nanoparticles achieve a 10-h current density without attenuation
at a high overpotential of -400mV under the synergistic effect of
high curvature surface and small size effect (Fig. 3b).

In addition, crystal structure is the foundation of TMPs’ perfor-
mance, which directly affects their intrinsic activity and macro-
scopic morphological features [58]. In TMPs, P atoms form tetra-
hedral coordination configurations with metal atoms through sp?
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hybridization. This bonding characteristic profoundly influences the
types of crystal structures (such as orthorhombic, cubic and hexag-
onal crystal systems) and the growth orientation of atomic layers
[59]. For instance, Nkabinde et al. induced the formation of mon-
oclinic -WP, by controlling precursor ratios (Fig. 3c) [60]. As a
P-rich TMP, «-WP, features phosphorus atoms arranged in a two-
dimensional corrugated layer network. It grows preferentially on
the (-201) plane to form a few-layer stacked nanosheet morphol-
ogy. This specific growth mode increases the interplanar spacing
along the stacking direction to 0.468 nm (Fig. 3d), significantly en-
hancing the height of interlayer transport channels. Consequently,
the proton transport rate is substantially increased, resulting in a
41% reduction in charge transfer resistance compared to the WP
electrode (c-WP,: 93.06 2; WP: 154.5 €, Fig. 3e).

The above mentioned zero-dimensional nanoparticles and two-
dimensional nanosheets show their unique small-size effects and
interlayer channel expansion ability during catalytic process, re-
spectively. By contrast, the tip effect dominates in one-dimensional

nanomaterials, particularly nanowires. Transmission electron mi-
croscopy (TEM) characterization (Fig. 3f) indicates that the tip ra-
dius of curvature of CoP nanowires is less than 10nm [61]. This
geometric feature causes localized charge accumulation and gener-
ates enhanced electric fields. These electric fields polarize adsorbed
H,0 directionally and enlarge O-H dipoles. This lowers the water
dissociation barrier. Simultaneously, the continuous metal atomic
chains within the nanowires establish efficient hydrogen spillover
pathways, further lowering the H* migration barrier. This mecha-
nism effectively addresses the kinetic limitation in the Tafel step
caused by discontinuous active sites in equimolar TMPs. In terms
of performance, the turnover frequency (TOF) of CoP nanowires is
4.48 times higher than that of bulk CoP (Fig. 3g), and its Tafel slope
dropped by 30 mV/dec (Fig. 3h). These results confirm comprehen-
sive optimization of water dissociation kinetics by the tip effect of
the nanowires.

The essence of HER is the process of adsorption and desorp-
tion between protons/ions in the electrolyte and the active site
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on the catalyst surface. Thus a desirable catalyst often needs to
be rich in active sites and be able to make sufficient contact
with electrolyte. Three-dimensional nanostructures present unique
advantages in this aspect. Among them, hollow structure occu-
pies a rather important position. At present, their synthesis meth-
ods include the template method and the self-template method.
The template approach employs a hard template (such as SiO,
nanospheres) or a soft template (such as bubbles) as a sacrifice
template [62]. TMPs precursors are deposited onto these templates,
and then the templates are removed by chemical etching or heat
treatment. The self-template approach forms hollow structures by
the self-assembly behavior of precursors during reaction process.
It requires no additional template and is easy to operate. For ex-
ample, Liu prepared a hollow polyhedral CoP taking an organic
skeleton with Co as the central metal for a template (Fig. 3i) [63].
Its active sites are exposed on both the inner and outer surfaces,
thereby significantly increasing specific surface area. Fig. 3j demon-
strates the principle of promoting HER and OER occurrence on hol-
low CoP polyhedral. Abundant pores accelerate electrolyte pene-
tration to achieve efficient catalysis. Moreover, the hollow struc-
ture with high mechanical strength reduces the volume change
of catalyst during reaction. This makes it possible for catalyst to
work for a long time at high current densities. Though morphol-
ogy engineering enhances active site exposure and mass transport
in monometallic TMPs, its ability to regulate the intrinsic elec-
tronic structure is limited. Thus, it is necessary to introduce het-
eroatoms for modulating electronic structure or to construct active
sites through defect engineering. These represent essential strate-
gies to overcome inherent limitations of monometallic TMPs.

3.2.2. Doping engineering

Doping engineering is a strategy to introduce foreign atoms into
the lattice of TMPs. Appropriate synergistic effects should exist be-
tween the dopant and the host atoms to produce a stronger cat-
alytic effect than a single component [64]. The first thing to notice
is the electronic effect between them. For cations dopants, they
are often employed to directly replace transition metal atoms in
TMPs. According to Sabatier’s principle, the adsorption capacity of
the catalyst should not be too strong or too weak for the reactants
[65]. The ideal state of HER catalyst is achieved when AGys is 0.
In TMPs that show excessively strong (weak) hydrogen adsorption,
AGy+ can be tuned toward this thermoneutral value by carefully
adding cations with higher (lower) electronegativity than the par-
ent transition metal atoms. For example, Sun et al. introduced Fe
ions to optimize Ni,P nanostructure [66]. The electronegativity of
Fe atom is 1.83, which is lower than that of Ni atom (1.91). Fig.
4a shows that the Fe,-Ni,P/C sample possesses a slightly lower Ni
oxidation state than the Ni,P/C sample. This is the result of par-
tial electron loss. The reduced electron density adjusted the AGy«
value of the NiyP catalyst to near O (Fig. 4b). Fig. 4c also proves
that the above operation significantly improves the HER ability of
NiyP catalyst.

Unlike cations, anionic dopants replace P atoms in TMPs [67].
Men and colleagues replaced P atom with N ion that is far more
electronegative than it [68]. Fig. 4d demonstrates that Co atoms
transfer about 0.2 more electrons to N atoms than P atoms. The
electron density difference (Fig. 4e) further proves that N doping
weakens the interaction between Co and H. However, it should
be noted that elements with too large electronegativity difference
from the host atom should not be selected as dopants. Excessive
electronegativity differences may lead to too much electron trans-
fer thus causing lattice distortion or charge imbalance. This is very
detrimental to the stability of catalysts. Synergies between atoms
include geometrical effects in addition to electronic effects. Geo-
metric effect refers to the lattice distortion, surface reconstruction
and defect formation caused by the introduction of heteroatoms.
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These geometric effects cause electron redistribution and increase
of active sites to some extent. Unfortunately, it also features the
negative effects of stress accumulation and stability reduction.
Therefore, it is necessary to balance the advantages and disadvan-
tages of geometric effect by selecting size-matched dopant, con-
trolling dopant concentration and optimizing synthesis approach.

Recent studies have further achieved synergistic optimization
of both electronic structure and catalytic performance in TMPs
through co-doping strategies. The co-doping is an approach of in-
troducing two or more ions into the catalyst simultaneously. It
exploits different characteristics of multiple dopants to optimize
the catalyst. Compared to single ion doping, the co-doping allows
more flexible regulation by selecting different dopant combinations
as required [69,70]. Feng et al. employed a bimetallic Cu/Co co-
doping strategy to modify Ni,P [71]. Ordinarily, the atomic radii
of Cu and Co are both larger than that of Ni, which should have
led to tensile strain. However, a significant electronegativity differ-
ence exists between Cu and Co. Cu tends to accept electrons from
Ni,P, while Co tends to donate electrons to Ni,P. This establishes
an electron transfer pathway of Cu < Ni < Co within the ma-
terial. The redistribution of electrons enhances the covalency of
the Ni-P bonds, resulting in bond shortening. While atomic size
differences primarily cause local lattice distortions, electronic cou-
pling can trigger global lattice reconstruction. Thus, electronic cou-
pling between bimetals overcomes the stretching effect of single
doping. It ultimately drives the lattice to reverse contract, caus-
ing the (111) crystal plane spacing to shrink from 2.21A to 2.13A
(Fig. 4f). Correspondingly, its work function drops from 3.76eV
to 2.44eV (Fig. 4g). This increases the density of states near the
Fermi level and accelerates charge transfer. In addition, lattice
compression precisely tunes AGy+ to a near-thermal neutral value
(Fig. 4h) through three mechanisms: Raising d-band center posi-
tion, increasing metal-H orbital hybridization and optimizing sur-
face atomic coordination environment. Meanwhile, Pu et al. de-
veloped a cationic/anion (Ce/N) co-doped MoP system [72]. Un-
like stable Ni,P, MoP nanostructure is fragile and cannot with-
stand high strain. Therefore, this study selects N (0.70A) and
Ce (2.70A) atoms as dopants due to their complementary sizes.
This effectively avoids the lattice distortion of MoP nanostructure
(Fig. 4i). This system establishes a Ce — Mo/P— N charge trans-
fer channel through the electronic synergy (Fig. 4j). This chan-
nel not only upshifts the d-band center to enhance intermediates
adsorption, but also reduces the *OH desorption energy barrier.
This electronic synergy directly translates into a breakthrough in
catalytic performance: Ce/N-MoP catalyst requires only 102.6 mV
overpotential for alkaline HER at 10 mA/cm? with a Tafel slope of
56.3 mV/dec (Fig. 4k). These cases demonstrate that co-doping trig-
gers dual geometric-electronic effects to overcome limitations of
mono-doping.

In conclusion, doping engineering is a mature and effective
technique for improving TMPs performance. This strategy intro-
duces heteroatoms to induce efficient electronic synergistic effects
and lattice strain, which reduces catalytic reaction energy barri-
ers. However, certain dopants can compromise host crystal stabil-
ity. For instance, doping with atoms showing excessive electroneg-
ativity differences may trigger charge imbalance under high poten-
tials, leading to lattice distortion or phase transformation/collapse.
Additionally, precise control over doping concentration, distribu-
tion uniformity, and elemental valence states remains challenging
in practical implementation. These represent critical bottlenecks in
current doping engineering. Nevertheless, it remains one of the
core technologies for boosting TMPs’ catalytic performance. There-
fore, future research should focus on atomic-level control of dop-
ing parameters and exploration of stability reinforcement mech-
anisms to collaboratively optimize catalyst activity and long-term
stability.
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Fig. 4. (a) Ni K-edge XANES spectra of Fe,—Ni,P/C, Ni,P/C, Ni foil, and NiO. (b) Gibbs free energies of absorbed hydrogen atom (AGy:) for HER. (c) HER polarization curves
[66]. Copyright 2019, American Chemical Society. (d) The schematic of the electron transfers from Co to N after the substitution of N for P for CoP (210) surface. (e) The
electron density difference of Co-H bonding region between the H adsorbed N-CoP (210) surface and the H adsorbed pristine CoP (210) surface. Reproduced with permission
[68]. Copyright 2019, Elsevier B.V. (f) Integrated pixel intensities of pristine and strained Ni 2P along the Ni 2P (111) spacing direction. (g) UPS spectra of Ni,P/NF, Co-Ni,P/NF,
Cu-NiP/NF, and Cu;Co,-NiyP/NF. (h) AGy- diagram for Ni,P/NF, Cu;Co,-NiyP/NF, Co-Ni,P/NF, and Cu-Ni,P/NF with 0%, —3.62 %, +2.26%, and +2.71% strains, respectively.
Reproduced with permission [71]. Copyright 2023, Wiley-VCH GmbH. (i) XRD patterns. (j) The valence band spectra (VBS) of MoP, N-MoP and Ce, N-MoP. (k) the comparison
of overpotential and Tafel slope of Ce, N-MoP with some recently reported advanced MoP-based catalysts. Reproduced with permission [72]. Copyright 2025, Wiley-VCH

GmbH.

3.2.3. Defect engineering

Defect engineering is also a conventional technique to improve
HER catalytic ability of TMPs. Defects are regions in the crystal
structure that deviate from the ideal periodic arrangement [73].
Proper defect engineering generates abundant active sites, tailors
electronic configurations and boosts electrical conductivity. Zhang
et al. prepared MoP nanoparticles with various defects in situ by
low temperature calcination [74]. Fig. 5a includes defects such as
boundaries, holes, dislocations and distortions. XPS spectra (Fig.
5b) and ESR spectra (Fig. 5¢) prove that these defects are oxygen-
containing defects caused by oxygen atom doping. The abundance
of defects and oxygen atoms provide the catalyst with sufficient
active centers and favorable intrinsic conductivity, respectively.

Beyond the aforementioned defects, vacancy defects represent
another critical class for regulating the performance of TMPs.
It is formed by removing parts of atoms, such as phospho-

rus atoms or metal atoms. The synthesis ways include high-
temperature reduction, chemical etching, molten salt method and
doping-induced method [75]. Jin induced RuO, nanostructure into
porous Ru,P nanostructure by phosphating process [76]. Some P
atoms are removed and become phosphorus vacancies as shown
in Fig. 5d. Phosphorus vacancies expose many Ru active sites
for the catalyst. Many Ru atoms are missing in the edge region
of porous structure leading to the formation of metal vacancies.
These vacancy defects reduce the number of Ru-Ru metal bonds
in porous Ru,P nanosheet, resulting in a higher Ru K edge en-
ergy than other samples (Fig. 5e). This means that the interac-
tion of Ru atoms with the surrounding P atoms is enhanced.
Li also confirmed that phosphorus vacancy contributes to elec-
tron transfer to Co site through Bader charge states (Fig. 5f)
[77]. This action realigns the local charge distribution of CoP
nanostructure.
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Undeniably, the rich variety of defects tends to expose new ac-
tive sites and optimize electronic structure for catalysts. This re-
sults in a significant impact on the reaction kinetics of HER. But
some defects may destroy the crystal structure of samples [78]. For
example, vacancy defects have the probability of causing corrosion
or structural collapse of nanostructures at high potentials [79]. And
it is difficult to accurately control the concentration and distribu-
tion of defects in actual preparation. These are the current obsta-
cles encountered in defect engineering. However, it is still an effec-
tive technique to enhance the catalytic capacity of TMPs. Therefore,
future research should focus on the precision and stability of de-
fect modulation and the feasibility of large-scale preparation.

4. Multi-element transition metal phosphides

The essence of catalyst lowering HER energy barrier is to ac-
celerate the completion of adsorption-desorption process by em-
ploying itself as a reaction site. Active site and hydrogen adsorp-
tion energy have a great influence on the difference of catalysts
[80,81]. The intrinsic activity of m onometallic TMPs is inevitably
limited by their single transition metal. Therefore, it is a general
trend in HER field to introduce multiple elements to form multi-
element compounds [82,83].

4.1. Conventional multi-element transition metal phosphides

Multi-element transition metal phosphides (TMPs) are com-
pounds consisting of two or more transition metal atoms and P
atoms. The presence of multiple transition metals induces config-
urational complexity in compounds, manifesting as intricate crys-

tal structures with heterogeneous coordination environments and
orbital hybridization effects [84,85]. For example, Du et al. syn-
thesized NiCoP catalyst with nested three-dimensional structures
[86]. This unique structure greatly enhances the number of active
sites and electron transport rate. And its catalytic ability also ben-
efits from the synergistic effect between Ni and Co atoms. Ni and
Co atoms possess 8 and 7 electrons in the 3d orbitals with corre-
sponding electronic configurations of [Ar] 3d84s? and [Ar] 3d74s2
[87]. Their 3d orbital electron numbers are close but different, and
their electronic structures have partially filled d orbitals. This al-
lows them to regulate the overall electronic structure and hydro-
gen adsorption energy of catalyst through electronic interactions.
Moreover, their similar atomic radii facilitate lattice matching to
form stable solid solutions or compounds [88,89]. The outstand-
ing coordination between them supports that NiCoP catalyst is ef-
fectively used water electrolysis (Figs. 6a-c). Similarly, Fe atom is
adjacent to Co atom on the periodic table. It also works syner-
gistically with Ni atom. Liu and group designed an amorphous
NiFeP nanomaterial [90]. Fig. 6d shows that this amorphous struc-
ture presents a state of long-range disorder and short-range order.
This gives the nanomaterial a wide energy band and an abundance
of unpaired electrons that contribute to its AGy+ approaching 0
(Fig. 6e). Typically, multi-element TMPs give superior controllabil-
ity than monometallic TMPs. During their synthesis, it is possible
to accurately control their properties by adjusting ratio between
different transition metals [91-93]. Li fabricated a low valence Co-
MoP catalyst by adjusting the ratio of Co and Mo elements [94].
The Co element optimizes the adsorption energy of the intermedi-
ates thereby promoting the generation of H,. On the other hand,
Mo atoms enhance the adsorption and activation of reactants such
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with permission [87]. Copyright 2022, Elsevier B.V.

as H* or H,0. Two elements with complementary catalytic prop-
erties could effectively promote Volmer and Heyrovsky/Tafel steps.

Significantly, ternary TMPs demonstrate stronger synergistic po-
tential than binary systems. Li et al. constructed a porous phos-
phide compound that contains three transition metals (Ni, Co, and
Fe) [87]. This catalyst achieves a performance leap through the col-
laborative efforts of the three elements. Ni element modulates the
AGy+ from strong adsorption region (-0.54eV) to the ideal value
(-0.33eV) by weakening the Co-P bond and regulating the energy
level position (Fig. 6f). Fe element induces the catalyst to present
a porous morphology that boosts its electricdouble-layer capaci-
tance to 267 mF/cm? (Fig. 6g). This lays the foundation for the
catalyst to react at high currents. Co element provides structural
rigidity and high conductivity as the catalytic backbone. As shown
in Fig. 6h, Ni-Co-Fe-P nanobricks (NBs) require only 190 mV over-
potential to drive 800 mA/cm?. Although the ternary system is cur-

rently facing the challenge of elemental segregation, its "electronic-
structure-stability” marks an important leap in TMPs design to-
wards high-dimensional component space. Overall, the effect of
multiple matched atoms working together to improve catalytic
ability is significant. And many new catalysts are developed by
combining different kinds of transition metals. This makes ternary
TMPs have specific advantages and broad application prospects.

4.2. Multi-element transition metal phosphorus based compounds

Multi-element transition metal phosphorus based compounds
are a class of compounds with rich physicochemical properties.
Their chemical formula, MPX, integrates a transition metal (M),
phosphorus (P), and a non-metallic element (X=S, Se, Te) [95].
The introduction of non-metallic elements allows the compound
to form a unique layered structure. The FePS; nanostructure syn-
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thesized by Tang is a multilayer network composed of FeSg and
P,Sg polyhedrons (Fig. 7a) [96]. The multilayer structure provides
abundant active sites for catalyst. These sites offer ideal binding
sites for subsequent Ni atom anchoring. Fig. 7b confirms that the
configuration of Ni atoms replacing P atoms in P,Sg polyhedron is
outstanding. Its formation energy is low, so it is thermodynami-
cally stable [97]. And it also significantly increases the hydrogen
adsorption and dissociation capacity of electrode.

The interlayer interactions in ternary transition metal phospho-
rus based compounds are stabilized through van der Waals bond-
ing, so they tend to be anisotropic and easy to peel [98,99]. They
can be peeled into single or multilayer nanosheets by approaches
such as shear force peeling [100,101]. MnPX5 (X =S, Se) catalysts
show notable size reduction and interlayer dissociation properties
after being stripped [102]. This operation allows them to present

10

HER enhancement in both acidic and alkaline media. During the
stripping process, the surface of sample is exposed to the exter-
nal environment and inevitably undergoes partial oxidation. Figs.
7c-h demonstrate the oxidation of Mn and P atoms in samples.
Notably, MnPSes presents lower oxidation levels than MnPSs. This
originates from the larger atomic radius of Se compared to S. The
diffuse 4p orbital energy levels of Se atom weaken the nucleophilic
attack ability of oxygen atoms on the material surface. It endows
MnPSe; with a higher oxidation potential. Moreover, the lower
electronegativity of the Se atom also effectively reduces the elec-
tron cloud density of the [P,Seg]* unit, thereby inhibiting the ox-
idation of the P atom. The oxide overlayers impede H* adsorption.
Furthermore, insulating oxides substantially increase charge trans-
fer resistance. Therefore, preference should be given to materials
with high oxidation resistance during designing catalysts (such as
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MnPSe3). Additionally, for oxidation-sensitive materials, processing
should be conducted under an inert atmosphere with optimized
exfoliation protocols to minimize oxidation.

A recent study synthesizes FeCoP,Sg bimetallic phosphosulfide
crystals via chemical vapor transport method [103]. This study em-
ploys the microwave-ultrasonic co-deposition technique to process
FeCoP,Sg to obtain ultrathin nanosheets (exf-FeCoP,Sg). Atomic
force microscopy (AFM) characterization reveals that the exfoli-
ated product presents a regular two-dimensional lamellar structure
(Fig. 7i). Its transverse dimensions and thicknesses concentrated
in the 0.5-0.99 wm range and 20-29 nm range, respectively (Figs.
7j and k). This demonstrates that the microwave-ultrasonic syn-
ergistic technology effectively dissociates layered structures while
preventing over-fragmentation and crystal damage. The highly uni-
form nanosheet sample provides an ideal platform for precisely
exploring dimensional effect. DFT calculations further reveal the
Fe/Co bimetallic synergy mechanism (Fig. 71). FeCoP,Sg possesses a
more stable electronic ground state and an optimized band struc-
ture compared to other bimetallic systems. The band alignment of
FeCoP,Sg shows a conduction band minimum (CBM) at -0.81V vs.
RHE and valence band maximum (VBM) at 1.83V vs. RHE. These
values are closer to the thermodynamic potentials for HER (0V)
and OER (1.23V) than FeNiP,Sg (CBM: -0.75V, VBM: 1.87V) and
MnNiP,Sg (CBM: -0.73V, VBM: 1.91V). This optimized band struc-
ture facilitates more efficient charge transfer during electrocataly-
sis. Such innovation establishes a design paradigm for new layered
energy materials through full-chain control from atomic combina-
tions to microstructural regulation.

5. Composite structure of transition metal phosphides

While TMPs demonstrate favorable HER competence, their com-
posite derivatives enhance performance through interfacial engi-
neering. Composite structure increases the intrinsic activity of cat-
alysts in a variety of ways, such as providing fast electron transport
channels, changing the arrangement of atoms at interface. It is ex-
pected that TMPs composite structure becomes the core of HER
catalyst by understanding its working mechanism and exploring
various composite structure combinations [104-106].

5.1. TMP/C heterostructure catalysts

The practical applications of TMPs still face problems such
as poor electrical conductivity and insufficient exposure of active
sites. This challenge finds potential resolution in carbon hybridiza-
tion strategies. Carbon materials usually feature high specific sur-
face area and electrical conductivity. There are various types of car-
bon materials, mainly including reduced graphene oxide (rGO), car-
bon nanotubes (CNTs) and carbon cloth (CC). Their porous struc-
tures enable them to regulate the size of the product and pro-
vide fast channel for electron transport. For example, rGO effec-
tively improves the charge transport efficiency of TMPs due to its
high electron mobility and tunable layered structure. Xu et al. con-
structed a porous Ni,P/rGO composite via a polystyrene micro-
sphere template method [107]. The introduction of rGO suppresses
the agglomeration of Ni,P nanoparticles and accelerates electron
transfer. This enables the catalyst to achieve a low HER overpo-
tential of 21.4mV (at 10mA/cm?) and 28h continuous stability
in alkaline environments. It is significantly outperforming single-
component materials. On the other hand, CNTs provide unique pro-
tection and activation mechanisms for TMPs through confinement
effects. Wang et al. encapsulated NiP/MoP composite nanoparti-
cles within N,P-codoped CNTs cavities (Ni,P/MoP@CNTs-CC) [108].
The distorted mr-bonds in CNTs induce strong electronic interac-
tions between TMPs and carbon walls, reducing the kinetic bar-
rier for H* adsorption. Their narrow cavities inhibit the aggrega-

1
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tion of active particles while simultaneously permitting electrolyte
infiltration. This "cage-reactant” mechanism makes the electrode
with industrial-grade stability (>=100h at 50 mA/cm?). Addition-
ally, carbon cloth (CC) is often preferred as a catalyst substrate
due to its outstanding mechanical strength and stability to en-
hance overall stability. Zha synthesized P-defect rich Ni-doped
CoP3 supported by N-doped carbon nanofibers (NCFs) on CC (p-
NiCoP/NCFs@CC) [109]. NCFs provide a wide growth space for
samples. They avoid close packing of p-NiCoP nanoparticles. This
makes the p-NiCoP/NCFs@CC catalyst present lower overpotential
(Figs. 8a and b) and faster reaction kinetics (Fig. 8c) than the p-
NiCoP@CC catalyst. All three types of carbon materials (rGO, CNTs,
and CC) optimize the catalytic behavior of TMPs through simi-
lar electronic modulation mechanisms. DFT calculations (Figs. 8d
and e) demonstrate that charge transfer from the carbon matrix
to TMPs effectively regulates the AGy-, representing the pivotal
mechanism for performance enhancement.

The above examples mention doping carbon materials with N
element. N atom is more electronegative than C atom. There-
fore, N doping effectively increases carrier concentration and ac-
celerates electron transport. Meanwhile, it also introduces oxygen-
containing functional groups and nitrogen-containing functional
groups to increase the hydrophilicity of carbon materials. Suitable
hydrophilicity facilitates electrolyte penetration and proton trans-
port on catalyst surface [110]. These advantages allow N-doped
carbon materials to be outstanding electrocatalysts. It is further
corroborated by Ma et al., who engineered a CoMoP core encap-
sulated in N-doped carbon shell (CoMoP@NC, Fig. 8f) [111]. The
HER performance of CoMoP core is significantly enhanced by the
strong proton adsorption capacity of the outer shell. Its catalytic
activity is close to that of the Pt/C electrode (Fig. 8g). Remarkably,
Fig. 8h shows CoMoP@C catalyst outperforms Pt/C at high current
densities. This is attributed to the stable carbon shell, which ef-
fectively inhibits the oxidation and corrosion of the TMP nucleus
under harsh conditions. The synergy between carbon matrices and
TMPs yields electrocatalysts that simultaneously achieve high effi-
ciency and long-term stability.

In conclusion, TMPs has achieved significant improvements in
terms of electrical conductivity, reaction kinetics and stability by
combining with carbon materials. The carbon matrix offers supe-
rior conductive network and high specific surface area. Its struc-
tural and chemical properties synergistically optimize the pro-
cesses of electron transport, electrolyte wetting and proton adsorp-
tion. It is evident that the carbon hybridization strategy possesses
great potential in constructing efficient and stable HER electrocata-
lysts. Nevertheless, future research still needs to focus on the pre-
cise regulation of the composite interface structure, the develop-
ment of large-scale controllable preparation processes, and the in-
depth understanding of the performance degradation mechanism
under extreme working conditions. Such advancements are prereq-
uisites to accelerate the application process of TMPs/C composite
catalysts.

5.2. TMP/TMP heterostructure catalysts

Combining TMPs with other TMPs is also a research hotspot
in heterostructures. This approach merges advantages of distinct
TMPs [112,113]. The performance enhancement in TMP/TMP het-
erostructures primarily stems from three key mechanisms: Bi-
functional synergistic catalysis, interfacial charge transfer, and en-
hanced structural stability. The first mechanism is bifunctional syn-
ergistic catalysis. Typically, a judiciously selected combination of
TMPs enables complementary advantages for different catalytic
steps at the atomic scale. For instance, Huang's group synthe-
sized CoP/CoMoP heterostructures via hydrothermal-impregnation
followed by low-temperature phosphidation method [114]. In alka-
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(g) The variation of Tafel slopes of CoMoP@C and 20% Pt/C catalysts with the pH values (0-14). (h) The relationship between the overpotential, pH and current density of
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line environment, the CoMoP interface sites excel at accelerating
the Volmer step, with a significantly lower H,O dissociation en-
ergy barrier (0.56eV) compared to CoP (0.84eV). Conversely, the
CoP interface sites favor promoting H* adsorption/desorption (Hey-
rovsky/Tafel steps), giving a AGy: (-0.37eV) closer to the ideal
value (0eV) than that of CoMoP (-0.72 eV). These two types of ac-
tive sites are closely adjacent at the heterointerface, allowing rapid
transfer of the H* intermediate (Fig. 9a). This synergistic effect at
the atomic scale overcomes the kinetic limitations of single ma-
terial in specific reaction steps. And it is key to its alkaline HER
performance (1719 =34 mV, 17190 =94 mV), which approaches that of
commercial Pt/C electrode (1719 =33 mV, 1199 =99 mV) (Fig. 9b).
The second mechanism is interfacial charge transfer. When two
TMPs with different electronic properties come into contact, in-
terfacial charge transfer occurs between them. To achieve Fermi
level equilibration, electrons spontaneously flow from the mate-
rial with the lower work function to the one with the higher
work function. This process creates a space charge region at the
interface, generating a directional built-in electric field. This field
promotes charge separation and transport. During electrocataly-
sis, it efficiently drives the separation of charge carriers (electrons
and holes) at the interface, thereby accelerating interfacial charge
transfer kinetics. Furthermore, interfacial charge transfer signifi-
cantly alters the local electron density and density of states dis-
tribution near the interface atoms. For example, the NiyP/NisPy
mixed phase can be precisely synthesized by controlling the cal-
cination temperature (Fig. 9¢) [115]. They are both n-type semi-
conductors and possess different work functions (Ni,P: 3.69eV;
NisP4: 3.86eV) and Fermi levels. The significant work function dif-
ference drives electrons transfer from Ni,P to NisP4, forming a
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built-in electric field. This field results in a much lower R for
Ni,P/NisP4 (2.76 ©2) in 1mol/L KOH compared to the single-phase
NiyP (20.69 ©2) and NisP,4 (32.26 2). Its Tafel slope (75.1 mV/dec) is
also markedly lower than those of the single phases (109.9 mV/dec
and 94.0mV/dec, respectively). DFT calculations further confirm
that the AGy+ at the NiyP/NisP4 interface sites (-0.113 eV) is closer
to the ideal value (0eV) than that of NiyP (-0.398eV) or NisP4
(-0.202 eV). It can be seen that the interface optimization has sig-
nificantly enhanced the intrinsic activity of the catalyst.

TMP/TMP heterostructures also incorporate core-shell architec-
tures, where one material fully encapsulates another [116]. Elec-
trocatalytic efficiency is decided by strategic selection of core and
shell components. The main roles of the core include providing
support and facilitating charge transport. Therefore, it is usually
chosen for TMPs (such as M-rich TMPs) with mechanical stabil-
ity and high electrical conductivity. The shell material is directly
exposed to the electrolyte to participate in the catalytic reac-
tion. And it needs to protect the core material from the corro-
sion of electrolyte to improve the chemical stability and dura-
bility of the core-shell structure. Care should be taken to se-
lect TMPs with high catalytic activity and chemical stability as
shells. Kandel et al. recently reported a unique hierarchical core-
shell catalyst (Ni,P-MnP@Co,P) [117]. Microstructural character-
ization clearly reveals Co,P nanoflowers (shell) intimately cou-
pled onto Ni,P-MnP nanosheets (core) (Fig. 9d). This unique core-
shell nanostructure delivers multifunctional advantages.The Ni,P-
MnP nanosheet serves as a conductive substrate, providing effi-
cient charge transfer efficiency for the catalyst (Fig. 9e). The Co,P
nanoflower expands surface area and accelerates bubble detach-
ment via hydrophobic surfaces. It simultaneously maximizes ac-
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tive site exposure and corrosion resistance. Ni,P-MnP@Co,P offers
an extremely low overpotential of 60 mV at 10 mA/cm? thanks to
these advantages.

The TMP/TMP heterostructures boost electrocatalytic perfor-
mance through functional complementarity of components and
electronic regulation at the interface. In particular, the core-shell
configuration achieves HER activity close to that of commercial
platinum carbon. However, its large-scale application is still limited
by bottlenecks such as the loss of electronic coupling efficiency and
the phase transition deactivation. Future research needs to rely on
in-situ interface characterization to analyze the charge migration
path and develop adaptive protective shells to suppress corrosion
phase transitions.

5.3. Other TMP-based heterostructure catalysts

The field of TMP heterostructures has achieved systematic the-
oretical and experimental advancement. Numerous materials can
combine with TMPs to form composite structures. Transition met-
als themselves may serve as composite layers. Like other ma-
terials, they provide multilevel architectures for catalysts. Sun’s
Ni(Cu)@NiFeP/NM electrode demonstrates a triple-layered struc-
ture (Figs. 10a and b) [118]. The Ni(Cu) alloy nanotube framework
supports a mesoporous NiFeP layer, significantly expanding the
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electrochemical active surface area. This hierarchical structure ef-
fectively promotes the diffusion of reactants and the desorption ef-
ficiency of product gases (such as H, or O,), thereby enhancing the
overall reaction kinetics. Notably, most TMPs offer semiconduct-
ing properties. At TM/TMP heterojunctions, electron transfer sta-
bilizes as the Fermi levels equilibrate across the interface, forming
a space-charge region with pronounced band bending. This redis-
tribution of interfacial electrons creates a Schottky barrier, known
as the Mott-Schottky effect. The resulting electric field accelerates
electron transfer while reducing charge-transfer resistance (Fig.
10c). These synergistic mechanisms collectively empower TM/TMP
catalysts with exceptional catalytic performance.

Transition metal oxides (TMOs) represent another key type of
material for constructing TMP heterostructures due to their abun-
dant oxidation states and exceptional chemical stability [119]. As il-
lustrated in Figs. 10d and e, NiO@NiP/NF sample (containing Ni3*)
shows more complex nickel speciation compared to Ni,P/NF (Ni2*)
[120]. Multivalent nickel ions participate in proton adsorption and
reduction processes to enhance HER efficiency. Simultaneously, the
chemically inert NiO component protects the NiP structure from al-
kaline electrolyte corrosion while preventing phosphorus leaching.
Furthermore, some rigid-framework TMOs (e.g., TiO,, NiO) miti-
gate active particle fragmentation and component dissolution dur-
ing long-term cycling [121]. This assists in enhancing the structural
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[123]. Copyright 2024, Wiley-VCH GmbH.

stability of the catalyst. However, attention needs to be paid to the
intrinsic expansion properties and electrical conductivity of TMOs.
These potential negative impacts can be avoided through reason-
able heterostructure design (such as introducing highly conductive
substrates or combining them with conductive materials).
Transition metal hydroxides (TMHs) constitute another impor-
tant class of composite materials [122]. Their layered structure and
abundant hydroxyl groups confer high specific surface area and ex-
cellent hydrophilicity. For instance, Ge and colleagues integrated
NiFe-LDH with NiyP [123]. The NiFe-LDH possesses a large number
of hydroxyl groups (-OH) and interlayer water molecules, which
ensures superb surface wettability (Fig. 10f). This hydrophilic sur-
face promotes electrolyte penetration and exposes numerous active
sites. However, TMHs typically suffer from poor conductivity. Con-
ductive NiyP (or other TMPs) effectively mitigates this deficiency
by providing efficient charge-transfer pathways. Moreover, the flex-
ible layered structure of TMH accommodates volume changes dur-
ing long-term electrochemical operation, preserving the structural
integrity of TMPs [124]. This synergy extends the catalyst’s op-
erational lifetime by nearly tenfold (Fig. 10g). Additionally, TMHs
(particularly LDHs) feature ionic sieving effects within interlayer
channels. They preferentially facilitate the transmission of water
molecules (H,0) and hydroxide ions (OH), while effectively block-
ing ions with strong corrosive properties such as CI". It significantly
enhances corrosion resistance of Ni,P sample in seawater electrol-
ysis (Fig. 10h). The above advantages of TMHs offer strong synergy
with the high catalytic activity and favorable electrical conductivity
of TMPs. This greatly expands the potential of TMHs/TMPs catalysts
for applicability in harsh environments like seawater electrolysis.
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TMPs enhance their catalytic activity of HER by constructing
heterostructures with transition metals (TM), oxides (TMOs), and
hydroxides (TMHs). However, this field still faces core challenges
such as the difficulty in precisely regulating heterogeneous inter-
faces, the ambiguity of dynamic reaction mechanisms, the insuffi-
ciency of long-term stability under harsh working conditions, and
the laboratory-industrialization gap. In the future, efforts should
be focused on atomic-level precise synthesis (in-situ reconstruction
technology), working condition oriented design (seawater electrol-
ysis adaptation) and multi-scale mechanism analysis (in-situ char-
acterization and simulation combination). Moreover, it is necessary
to promote large-scale device integration to break through perfor-
mance and lifespan bottlenecks. The ultimate goal is to achieve the
large-scale application of TMP heterogeneous structure catalysts in
green hydrogen industry.

6. Conclusions and outlooks

As summarized in Table 1, this review systematically sum-
marizes recent advancements in TMPs for HER, and reveals
their structure-property relationships and performance optimiza-
tion pathways through multi-scale design strategies. Based on
proton-coupled electron transfer theory, we dissect kinetic differ-
ences in HER between acidic and alkaline media, while establishing
a multi-parameter evaluation framework. Subsequent sections dis-
cuss TMPs’ catalytic mechanisms: (1) Monometallic TMPs are lim-
ited by strong hydrogen adsorption energy and P loss. They achieve
breakthrough from three strategies of form regulation, doping and
defect engineering. (2) Multi-element TMPs leverage synergistic
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Table 1
Comparison of typical TMPs-based electrocatalysts.
Type of catalyst Catalyst Overpotential Tafel slope Electrolyte Ref.
(mV/dec)

Monometallic TMPs a-WP; 271 mV@10 mA/cm? 86.83 0.5mol/L H,S04 [60]
CoP/R-NF 35 mV@10 mA/cm? 70 1.0 mol/L KOH [61]
NF@Fe, —Ni,P/C 39 mV@10 mA/cm? 30 1.0 mol/L KOH [66]
N-CoP/CC 39 mV@10 mA/cm? 58 1.0 mol/L KOH [68]
Cu; Coy-Ni, P/NF 51 mV@10 mA/cm? 52.3 1.0 mol/L KOH [71]
Ce, N-MoP 102.6 mV@10 mA/cm? 56,3 1.0 mol/L KOH [72]
DR-MoP 104 mV@10 mA/cm? 50 1.0 mol/L KOH [74]
Ru,P-NS450 26 mV@10 mA/cm? 31 1.0 mol/L KOH [76]

Multi-element TMPs NiCoP/CC 62 mV@10 mA/cm? 68.2 1.0 mol/L KOH [86]
FeCoP,Sg 409 mV@10 mA/cm? 72 1.0 mol/L KOH [103]
exf-FeCoP;,Sg 329 mV@10 mA/cm? 58 1.0 mol/L KOH [103]

Composite structure of TMPs p-NiCoP/NCFs@CC 107 mV@100 mA/cm? 68 1.0 mol/L KOH [109]
CoP/CoMoP 34 mV@10 mA/cm? 33 1.0 mol/L KOH [114]
Ni, P/NisPy 62 mV@10 mA/cm? 75.1 1.0 mol/L KOH [115]
Ni, P-MnP@Co, P 60 mV@10 mA/cm? 433 1.0 mol/L KOH [117]
Ni(Cu)@NiFeP/NM 33 mV@10 mA/cm? 56.6 1.0 mol/L KOH [118]
NiO@NiP/NF 76 mV@10 mA/cm? 98 1.0 mol/L KOH [120]
Ni, P/NiFe-LDH 230 mV@100 mA/cm? 47.43 1.0 mol/L KOH [123]
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Fig. 11. Challenges and outlooks of TMPs-based catalysts and HER.

interactions to optimize electronic structures and catalytic activ-
ity, yet face challenges such as elemental segregation and struc-
tural instability during synthesis/operation. These limitations are
mitigated through atomic-level design, controlled exfoliation tech-
niques and precise stoichiometric tuning of transition metal ratios.
(3) Composite architectures establish rapid charge channels, induce
built-in electric fields and suppress phosphorus leaching for TMPs.

However, these above performance optimizations are mostly
limited to the laboratory environment, and practical industrial ap-
plications still face challenges. Fig. 11 illustrates potential bottle-
necks and possible applications for TMPs in the future. Firstly,
it is still unclear what the reaction mechanism of HER in alka-
line electrolytes. Current understanding lacks understanding of the
H,0 dissociation and hydrogen adsorption/desorption processes.
The second is the question of long-term stability. TMPs suffer
from progressive phosphorus leaching and structural collapse dur-
ing long-term operation. These conditions are especially prominent
at high current density, which seriously affects the operational life
and economy viability of catalysts. The third point is the challenge
of catalysts large-scale synthesis. Existing synthesis methods (e.g.,
hydrothermal) show poor reproducibility and energy inefficiency,
which are incompatible with industrial-scale production. TMPs still
needs to be further studied and explored in the aspects of mecha-
nism research, structural design and industrial production.

The development of catalysts for TMPs will also need to focus
on the following aspects as research into HER technology inten-
sifies. Seawater electrolysis is a rather developed direction. Abun-
dant seawater resources provide HER with sufficient raw materi-
als. But it demands catalysts with dual chloride corrosion resis-
tance. In addition, HER is possible in many different electrolytes.
Different electrolytes will result in different anode reactions. A
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key energy-efficiency enhancement strategy involves replacing the
sluggish anodic OER with more readily oxidizable small molecules
(e.g., alcohols, urea, hydrazine). These small-molecule oxidation re-
actions (e.g., methanol oxidation reaction (MOR) at 0.14V, urea
oxidation reaction (UOR) at 0.37V, hydrazine oxidation reaction
(HzOR) at -0.33V) show significantly reduced thermodynamic bar-
riers and faster reaction kinetics than OER with high theoretical
potential (1.23V vs. RHE) and slow four-electron transfer kinet-
ics. This substitution can lower the overall electrolysis voltage by
300-500mV (e.g., NiyP/MoO,/NF requires only 1.35 V@10 mA/cm?
in urea-assisted electrolysis) [125]. Furthermore, the tunable elec-
tronic structure of TMPs catalysts promotes small-molecule dehy-
drogenation/oxidation by weakening N-H or C-H bonds (e.g., NoHy
dehydrogenation in HzOR). Crucially, this strategy transforms the
energy-consuming OER process into value-creating pathways-such
as formic acid production via MOR, urea-containing wastewater
degradation via UOR, and non-toxic treatment of hydrazine pollu-
tants via HzOR. This strategy not only reduces energy consumption
but also enhances economic efficiency.

Moreover, TMPs catalysts have achieved significant break-
throughs in industrial applications of anion exchange membrane
(AEM) and proton exchange membrane (PEM) electrolyzers. Stud-
ies demonstrate that various TMPs-based catalysts enable effi-
cient hydrogen production at industrial-grade current densities
(>500mA/cm?), with performance enhancement stemming from
synergistic optimization between device design and catalyst prop-
erties. AEM electrolyzers utilize binder-free catalyst-coated mem-
brane (CCM) technology to directly construct catalytic layers on the
membrane surface. This eliminates the shielding and degradation
risks of traditional binders to active sites. PEM electrolyzers em-
ploy low-ohmic-resistance proton-conducting membranes and pre-
cision membrane electrode assemblies to optimize charge trans-
fer and gas-liquid separation efficiency under high current densi-
ties. Within these systems, TMPs catalysts (e.g., sulfur-doped CoP
in PEM) present enhanced bonding strength (elevated Co-P bond
energy) and optimized hydrogen adsorption energy, enabling sta-
ble operation at 500mA/cm? for over 140h under a cell volt-
age of 1.70V [126]. In summary, TMPs catalysts fully adapt to
the challenging operating conditions of AEM/PEM devices thanks
to their high intrinsic conductivity, adjustable electronic structure
and composited-enhanced stability. These devices serve as a crucial
link connecting the high-performance capabilities of the laboratory
with industrial applications. And in the future, complete energy
systems could be formed by integrating HER with other energy
conversion and storage technologies (fuel cells, metal-air batteries,
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etc.). These systems will help reduce the cost of water electroly-
sis and improve energy efficiency. In conclusion, future research
should focus on interdisciplinary cooperation, combining theoreti-
cal calculation, experimental research and engineering application.
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