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Electrocatalysts used for water electrolysis have been widely studied to decrease the overpotential and

increase their stability and economic feasibility. Among the various candidates, transition metal

phosphides (TMPs) display notably high electrocatalytic activity and stability under both acidic and

alkaline conditions owing to the incorporation of P. As the number of studies focusing on TMPs has

rapidly increased owing to their remarkable physicochemical properties, it is necessary to investigate the

most recent advances in TMPs for hydrogen and oxygen evolution reactions (HER and OER,

respectively). In addition to recent progress, this article arranges and reviews the HER and OER

mechanisms, activity origins, synthetic processes that use various P sources, and effective strategies for

enhancing the catalytic performance of TMPs. Furthermore, the current challenges faced by TMPs are

discussed, indicating the route to be undertaken. Through this review article, we aim to guide future

perspectives on TMP-based electrocatalysts for HER and OER.
1. Introduction

The worldwide energy crisis demands the use of renewable
energy sources instead of fossil fuels to reduce carbon
compound emission-induced greenhouse effects.1,2 As an
energy conversion strategy for storing and generating electricity
from renewable energy sources, H2 is actively used as an effi-
cient gaseous energy carrier because of its high energy density.3

Numerous hydrogen production processes have been developed
because of the importance of H2 in the eld of energy. Green
hydrogen production via water electrolysis is the most prom-
ising method because it does not emit carbon or other pollut-
ants.4,5 Water electrolysis involves two electrodes, a cathode for
the hydrogen evolution reaction (HER) and an anode for the
oxygen evolution reaction (OER). Both the HER and OER require
a larger potential (overpotential) than that of the theoretical
value. To minimize this overpotential, platinum group metals
(PGMs) such as Ru, Rh, Pd, Os, Ir, and Pt have been commer-
cially used as catalysts for the HER and OER.6–8 However, PGMs,
which are rare, are expensive, thus, low-cost earth-abundant
materials, such as transition metal-based catalysts are
required.9,10

Transition metal-based alloys, oxides, suldes, carbides,
nitrides, and phosphides have been used to synthesize inex-
pensive and highly active catalysts for the HER and OER.11–16
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Among these candidates, transition metal phosphides (TMPs)
have attracted attention for use in water electrolysis because of
their exceptional electrochemical performance.17,18 For
example, the incorporation of P atoms can modulate the elec-
tronic structure, thereby enhancing electrocatalytic activity. The
P atoms in the TMP structure can also provide high electrical
conductivity, enabling control of the efficacy of HER and OER.
In TMPs, the strong covalent bonds between the metal and P
atoms ensure excellent mechanical robustness, facilitating
long-term stability in both acidic and alkaline media. Addi-
tionally, TMPs are promising materials for use as HER and OER
catalysts because of their high cost-efficiency and low toxicity.

The diverse advantages of using TMPs as electrocatalysts
indicate that TMPs are one of the most challenging and rapidly
evolving issues in water electrolysis. Many studies have been
performed regarding the use of TMPs in water electrolysis, and
their electrochemical performances have steadily improved as
both HER and OER catalysts. Thus, the most recent progress,
including the fundamentals governing both processes, should
be professionally arranged and reviewed.

In this review article, we collate the available information
regarding using TMPs for water electrolysis; the information
begins with the fundamentals and builds toward the applica-
tions that comprise the HER and OER. Providing fundamentals
of water electrolysis and TMPs can enable the beginners to be
trained to prepare their future work. Moreover, we describe
various methods for synthesizing TMPs using diverse P sources,
thereby affording a selection of synthetic procedures that may
be suited to specic experimental conditions. Additionally, by
This journal is © The Royal Society of Chemistry 2024
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introducing representative strategies to boost electrocatalytic
activity, we aim to contribute to the future work of researchers
and practitioners by providing in-depth insight into TMPs.
2. Fundamentals and evaluation of
HER and OER
2.1. HER mechanism

During water electrolysis, HER occurs on the electrocatalyst
surface of the cathode via complex reaction pathways (Fig. 1a).
The reaction pathways for the HER comprise the Volmer–
Heyrovsky and Volmer–Tafel steps regardless of the pH. In an
acidic medium (normally H2SO4 aqueous solution), the Volmer
step involves the adsorption of protons by reaction with elec-
trons on the active sites of the HER catalysts, forming adsorbed
hydrogen (H*). Subsequently, the Heyrovsky or Tafel steps
involve the evolution and release of H2 molecules from the
catalyst surface, depending on the H* coverage. When the H*

coverage is low, H* reacts with the proton in solution, including
an electron (Heyrovsky step); and when the coverage is high two
H* molecules bond with each other, producing H2 molecules
(Tafel step).

Under alkaline conditions, (normally KOH aqueous solu-
tion), the Volmer–Heyrovsky and/or Volmer–Tafel mechanisms
occur, albeit with different intermediates compared with those
which form during acidic HER. Unlike in the acidic HER, the
protons in the alkaline HER are supplied by H2O molecules via
Fig. 1 (a) Schematic illustration of hydrogen evolution reaction mechan
reactionmechanisms of (b) adsorbate evolutionmechanism (AEM) (red an
oxygen mechanism (LOM).

This journal is © The Royal Society of Chemistry 2024
dissolution. Water dissociation leaves H* on the catalyst surface
and hydroxyl anions in solution. The Tafel reaction that occurs
in an alkaline medium is identical to that of the acidic HER as
the two H* combine; by contrast, the Heyrovsky step involves
the reaction between H* and H2O molecules. Owing to the
limited proton concentration in alkaline media, the detailed
reaction pathways that occur under alkaline conditions are
more complex than those in acidic HER.
2.2. OER mechanism

In contrast to the HER, which requires two electrons, the OER
requires four electrons to generate oxygen molecules at the
anode, indicating that the OER has thermodynamically slower
kinetics than those of the HER. Accordingly, the detailed OER
mechanisms are more complicated than those of the HER.
OER pathways are generally divided into two mechanisms: the
adsorbate evolution mechanism (AEM) and the lattice oxygen
(O2−) mechanism (LOM). For AEM, hydroxyl anions (or H2O
molecules) are rst adsorbed on M (active site, *) to form *OH
species in alkaline (or acidic) media (Fig. 1b). The subsequent
reaction with another OH−, or electron removal, generates the
*O from *OH depending on the pH of electrolyte. Further
reactions induce oxyhydroxide (*OOH), which releases the O2

molecule via single-electron transfer, following the AEM
pathways. The initial two steps of the LOM, that is, adsorption
on M to the generation of *O are identical to those of the AEM,
whereas the subsequent steps differ from those of the AEM
isms in both acidic and alkaline media. Diagrams of oxygen evolution
d blue lines for acid and alkaline conditions, respectively) and (c) lattice

J. Mater. Chem. A, 2024, 12, 28574–28594 | 28575
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processes. During LOM, *O reacts with lattice oxygen, resulting
in O2 release by forming oxygen vacancies (Fig. 1c). These
oxygen vacancies can be relled by hydroxyl anions or water
molecules that migrate from the solution. The refreshed M
sites are obtained aer the release of H from the catalyst
surface.
2.3. Overpotential and identication of intrinsic property

Theoretically, a potential of ∼1.23 V between the cathode and
anode is required for water electrolysis because the standard
electrode potentials of the HER and OER are 0 and 1.23 V under
standard conditions, respectively (Fig. 2). However, practical
water electrolysis requires a potential higher than the theoret-
ical value of 1.23 V. The additional potential from 1.23 V is an
overpotential (h) for overall water splitting, which is the sum of
the overpotentials of HER (hHER) and OER (hOER). Overpotential
is a major descriptor used to evaluate the electrochemical
catalytic performance of cathodes and anodes. An efficient
catalyst requires the overpotential to be as low as possible to
reduce energy consumption. The overpotential is usually eval-
uated using polarization curves that show the correlation
between the current density and overpotential (Fig. 2).

The electrocatalysts with outstanding performance usually
show impressive intrinsic properties for water splitting. The
intrinsic activity of HER and OER catalysts can be investigated
though polarization curve normalized by electrochemical
surface area (ECSA) value demonstrating the total area of HER
and OER active sites. Accordingly, ECSA-normalized polariza-
tion curve is a tool to conrm the intrinsic activity of synthe-
sized electrocatalysts. The turnover frequency (TOF) is another
representative factor for elucidating the intrinsic activity of
catalyst materials. The TOF value is the number of conversions
at an active site per unit time, which indicates the electro-
catalytic activity for the HER and/or OER. The TOF, as a function
of the overpotential, is calculated using eqn (1).
Fig. 2 Typical polarization curves of hydrogen evolution reaction (HER)
with permission.19 2017, John Wiley and Sons.

28576 | J. Mater. Chem. A, 2024, 12, 28574–28594
TOF ¼ J �NA

n� F � s
; (1)

where J is the current density at a specic overpotential, NA is
Avogadro's number, n is the number of electrons, F is Faraday's
constant, and s is the number of electrochemical active sites.20

Additionally, rotating ring-disk electrode (RRDE) analysis is
another method to dene the actual OER active sites as well as
to explore evolution of structure reconstruction of the TMP
catalyst.21,22 The O2 gas evolved on disk electrode is transported
to the ring electrode through convection, permitting the
reduction of O2 to H2O at ring electrode. As ring current
depends on O2 concentration, the alkaline OER onset potential
is decided by the ring current. The RRDE also allows the
calculation of faradaic efficiency using ring and disk currents,
meaning that RRDE is powerful technique to gure out the real
OER active site and to evaluate the intrinsic property and effi-
ciency of catalyst materials.23

2.4. Tafel slope and exchange current density

The Tafel slope represents a linear correlation between the
overpotential and current density, which can be obtained by
replotting the polarization curve on a logarithmic scale. Elec-
trocatalytic performance is estimated from the Tafel slopes.
Because the Tafel slope indicates the kinetic barrier, a lower
value implies faster catalytic kinetics. In addition, the Tafel
slope is used to determine the rate-determining step (RDS) of
the HER based on its value in the Volmer, Tafel, and Heyrovsky
steps. An additional descriptor, the exchange current density, is
the value of the current density when the anodic current reaches
the cathodic value (dynamic equilibrium). This parameter is
determined mainly by the catalyst material, temperature, and
solution conditions. In addition, the exchange current density
is proportional to the intrinsic activity of the catalyst material,
as it represents the electron transfer and electrode reaction
capabilities. In other words, an electrode with a catalyst and
(left, gray) and oxygen evolution reaction (OER) (right, blue). Adapted

This journal is © The Royal Society of Chemistry 2024
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large exchange current density requires a low current driving
force. For example, Pt catalysts, among some of the best
commercial catalysts, display an ultra-large exchange current
density of ∼1 × 10−3 A cm−2, while Hg catalysts exhibit poor
HER activity and record an exchange current density of ∼5 ×

10−13 A cm−2 in 0.5 M H2SO4 solution.24,25
2.5. Stability

Catalytic stability as well as the overpotential is highly impor-
tant parameter for evaluating electrocatalysts, because of their
reliability in practical water electrolysis. Stability tests can be
conducted using various techniques such as
chronopotentiometry/chronoamperometry, repeated cyclic vol-
tammetry (CV), and linear sweep voltammetry (LSV). Chro-
nopotentiometry (CP) and chronoamperometry (CA) tests
measure the change in potential and current density at various
time scales, from minutes to days, when a consistent current
and potential are applied. The highly stable catalysts maintain
their electrocatalytic performances for longer durations. The
latter CV and/or LSV measurements are usually performed by
conrming the decrease in overpotential from repeated CV and/
or LSV curves. Dozens and thousands of cycles enabled the
observation of real-time degradation of catalytic performance.
For quantitative analysis, the stability of a sample is commonly
evaluated at a specic current density, such as 10 mA cm−2.

The catalyst stability is determined by diverse factors in both
chemical and physical aspects. In a chemical point of view, the
catalyst materials undergo degradation through electrolyte
effect and repeated redox reactions under applied potential,
which can induce the metal element leaching. Subsequently,
the metal cations leached out redeposited on the catalyst
surface, causing rapid decrease in catalyst performance. The
composition control and/or replacement to other element can
prevent the dissolution of metal species during electrochemical
reactions by modifying the surface nature of catalyst materials.
The representative physical reasons to lowering stability are
adhesion of electrode components, crack issue, and catalyst
morphology. The catalysts can be detached from the electrode
to bulk solution when the adhesions between materials them-
selves or catalyst and substrate are not enough to overcome the
harsh conditions come from electrode potential, pH, and
temperature, which diminishes the sustainability of electrode.
In these conditions, catalyst crack or delamination can be also
formed by corrosion and other mechanical stresses, which can
further accelerate the catalyst degradation. To minimize the
formation of crack or delamination, use of specic binder,
electrode patterning, and lm thickness control can be adopted
by mitigating the mechanical and electrochemical stresses.26

Additionally, catalyst materials showing high resistance to heat,
tensile strength and compression should be selected to reduce
the mechanical degradation of electrode, and advance of
coating process is also required to provide strong adhesion
between catalyst and substrate.27,28 The ne construction of
catalyst morphology is highly critical to easily release the gas
bubbles that can prohibit the active sites as well as to maximize
the exposure of active sites. Accordingly, many studies have
This journal is © The Royal Society of Chemistry 2024
developed and optimized the morphology of phosphide catalyst
to reduce the adhesive force between electrodes and bubbles
and to obtain reliable performance stability.29,30 Additional to
the catalyst morphology, the catalyst wettability is highly
signicant to obtain high performance catalyst, for example, an
ideal catalyst has to be hydrophilic and aerophobic, enabling
the exposure of active sites to electrolyte and fast release of
bubble products.31
2.6. Faradaic efficiency

The faradaic efficiency (FE) is dened as the efficiency of charge
transfer in generating the targeted reaction. FE is normally
calculated from the H2 yield by considering both the ideal and
actual H2 gas quantities. Gas chromatography or water–gas
displacement can be used during chronopotentiometry or
chronoamperometry to experimentally obtain the actual
amount of the product. By contrast, the theoretical H2 produc-
tion can be assumed using a constant current or potential.
3. Activity origins and characteristics
of TMPs
3.1. Critical role of P

TMPs are alloys composed of transitionmetals and P atoms that
form crystal lattices. Because P atoms normally have a higher
electronegativity than those of transition metals (M), M(metal)–
P bonds within TMPs act as a bridge to deliver electrons from
the metals to the anionic P sites. The coordination change from
M–M to M–P leads to different congurations of the elements,
implying modications in the electronic structures and catalytic
performance. Such coordination changes can be easily accom-
plished by controlling the ratio of M to P in the crystal structure
of TMPs. For example, Ha et al. colloidally synthesized mono-
metallic hollow cobalt phosphide nanoparticles with different
P/Co ratios, and discovered that higher P incorporation resulted
in higher HER activity (Fig. 3a).32 Cho et al. synthesized three
types of colloidal nanoparticles (Fe, Fe2P, and FeP), as depicted
in the transmission electron microscopy (TEM) images in
Fig. 3b. When these nanoparticles of Fe, Fe2P, and FeP were
used as HER catalysts, the FeP sample, which had the highest P/
Fe ratio exhibited the best HER activity compared with those of
the other catalysts (Fig. 3c).33 Among the nickel phosphides, the
Ni5P4 sample displayed the best HER performance than those of
the other samples that comprised different stoichiometries,
namely, Ni12P5 and Ni2P.35 This dependence of the HER activity
on the P ratio was also conrmed for molybdenum phosphides
(Fig. 3d).34

Additionally, the P concentration in the TMP lattice is
proportional to the stability of the sample in an acidic envi-
ronment because metal dissolution is thermodynamically sup-
pressed. The reliable and excellent stability is due to the M–P
bond (strong covalent bond), which ensures good mechanical
hardness and excellent electrochemical resistivity. In particular,
metal-rich phosphides, such as Mo3P and Ni3P, can exhibit the
exceptional conductivity of pure metals or even superconduc-
tors.36 However, too many P atoms can decrease the electronic
J. Mater. Chem. A, 2024, 12, 28574–28594 | 28577
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Fig. 3 (a) Current densities of hydrogen evolution reaction as a function of P/Co ratio for cobalt phosphide nanoparticles in alkali solution,
showing higher HER activity in higher P concentration. Reprinted with permission.32 2016, Elsevier. (b) Transmission electron microscopy images
and (c) LSV curves of the iron phosphide nanoparticles depending on their phase transformations. Reprinted with permission.33 2018, Elsevier. (d)
LSV curves of Mo, Mo3P, and MoP in acidic condition of 0.5 M H2SO4. (e) Hydrogen adsorbed (001) facet of MoP, which was terminated by P
atoms. (d and e) Reprinted with permission.34 2014, Royal Society of Chemistry.
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conductivity of TMPs to that close to those of semi-conductors
or insulators.24,37 To optimize the HER performance of TMPs,
a balanced atomic ratio between the transition metal and P
atoms must be accomplished.
3.2. OER-induced surface reconstruction of TMPs

The surface reconstruction effects of TMPs during OER have
been widely studied. The surface P atoms ensure the metal
atoms are positively charged, enabling binding to oxide
species.38 Accordingly, oxides and/or (oxy)hydroxides form on
the surface of TMPs during OER owing to thermodynamic
instability inducing oxidation in the anodic potential region in
alkaline electrolytes.38–41 The phosphide-oxide interface on the
surface can improve charge transfer toward active sites.14 These
oxidized phases, which are the actual active sites for the OER,
alter the surface conguration of the TMPs by lowering the
crystallinity by incorporating various types of defects,42,43

thereby protecting the phosphide core from further corrosion.
Those studies have revealed that understanding the catalyst
surface change during OER is highly signicant as it can
provide insight to modifying the catalyst activity and stability.
Such surface reconstructions through the formation of oxides
and (oxy)hydroxides are mainly identied by adopting in situ
Raman spectroscopy and other ex situ analyses such as X-ray
photoelectron spectroscopy (XPS) and X-ray absorption spec-
troscopy (XAS). In situ Raman analysis provides information of
surface adsorbates such as (oxy)hydroxides, while XPS and XAS
inform the oxidation state change of the components aer OER.
However, it is challenging to understand the exact surface
change and reconstruction process when the catalyst of
28578 | J. Mater. Chem. A, 2024, 12, 28574–28594
complex composition, such as high-entropy materials, is
utilized.41
3.3. Electronic structure

Although ideal electrocatalysts require a high intrinsic activity,
they are mainly limited to the PGMs.44 Tomitigate this problem,
modulation of the electronic structure of transition metals,
including TMPs, has been actively studied. The introduction of
P atoms into transition metal lattices leads to a change in the d-
band center and Fermi level of the transition metal center.
TMPs with modied electronic structures are acknowledged as
being highly efficient catalysts for the HER and OER because
their electronic structures are similar to those of Pt.45

The electronic structures of the TMPs were investigated by
density functional theory (DFT). The change in electronic
structures that occurs when P atoms form bonds with Ni metal
has been revealed by the total density of states (DOS) of samples
calculated using DFT.46 Ni2P may have the best catalytic activity
for hydrodesulfurization and hydrodenitrication compared
with those of Ni3P, Ni12P5, and Ni5P4. Additionally, the elec-
tronic effect on the catalytic potential when N, C, and P atoms
form structures with Mo atoms has been investigated. DFT
calculations have shown that MoP displays the most efficient
catalytic activity for CO and S adsorption compared with those
of Mo, MoN, andMoC, thereby demonstrating the superiority of
phosphides as catalysts.47 These excellent properties of phos-
phides are due to the transfer of a small number of electrons
from the Mo to P atoms, and the subsequent negligible down-
ward shi in the Mo 4d states. Briey, the introduction of P
changes the electronic structures of the transition metals by
This journal is © The Royal Society of Chemistry 2024
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constructing TMPs, indicating the signicant effect of P on
catalysis.
3.4. Gibbs free energy of hydrogen adsorption

A representative descriptor, the Gibbs free energy for hydrogen
adsorption (DGH*), evaluates the intrinsic activity of the catalyst
for acidic HER. A negative value of DGH* indicates strong
binding of protons on the catalyst surface, whereas a positive
DGH* prevents the attachment of protons, thereby reducing the
catalytic performance. This phenomenon is well known as the
Sabatier principle. The Sabatier principle states that a moderate
DGH* (near zero) for intermediate adsorption is required to
exhibit optimized HER performance.48 TMPs follow the Sabatier
principle, and display a volcano trend dependent on their
elements and compositions.

The higher electronegativity of P atoms compared with those
of transition metals enables the anionic P sites to easily accept
protons at low hydrogen coverage on the TMP surface.14 By
contrast, hydrogen atoms can be detached at anionic P sites on
the surface at high hydrogen coverage, thereby indicating the
presence of optimal and abundant active sites for the HER. For
example, the P-terminated (001) facet of MoP easily accepts
hydrogens at P atoms under low hydrogen coverage when DGH*

is negative while the hydrogens displayed a tendency to be
removed from the P site at high coverage when DGH* is positive
value (Fig. 3e).34 Aside fromMoP, various TMPs exhibit excellent
intrinsic activities for HER as the DGH* value changes from
negative to positive when the hydrogen coverage increases.49

These results indicate that P atoms have a positive effect on
hydrogen production.
4. Synthesis of TMPs
4.1. Phosphorous sources for TMPs synthesis

4.1.1. Organophosphorus sources. Organophosphorus
sources (TOP, TPP, and TOPO) are widely used as phosphorus
sources for the solution-phase synthesis of TMPs. In this
approach, the C–P bonds of the organophosphorus sources
undergo cleavage at an elevated temperature (ca. 300 °C).
Following thermal activation, the liberated P atoms react with
metal species derived from various sources, including metal
nanoparticles, metal acetylacetonates, and metal carbonyl
compounds.

These reactions are conducted in a heated organic solvent,
such as oleylamine, 1-octadecene, or squalene, under an inert
atmosphere to prevent unwanted oxidation. Schaak's group
successfully synthesized a range of transition metal-based
phosphides (iron-, cobalt-, nickel-, tungsten-phosphide,
etc.)50–54 and noble metal-based phosphides (rhodium, palla-
dium-, platinum-, and gold-phosphide)55 using TOP as the P
source. Park et al. fabricated iron phosphide nanoparticles from
various P sources (TOP, TPP, tris(diethylamino)phosphine
(TEAP), and tri-n-butylphosphine (TBP)).56

The solution-phase approach provides a versatile platform
for the synthesis of TMPs with diverse compositions, allowing
precise control over their size and morphology by the
This journal is © The Royal Society of Chemistry 2024
adjustment of key synthetic parameters, such as the precursor
combination, molar ratio of metal to phosphorus, temperature,
and reaction time. For example, Pan et al. synthesized phase-
controlled nickel phosphide nanocrystals (Ni12P5, Ni2P, and
Ni5P4 NCs) by varying the P/Ni precursor ratio and demon-
strated their phase-dependent HER activities.35 Using TOPO as
both a solvent and P source, Robinson's groups demonstrated
the morphological evolution of hyperbranched Co2P.57 Never-
theless, it is important to note that organophosphorus sources
present challenges related to toxicity and ammability.

4.1.2. Hypophosphite/PH3 gas. Hypophosphite
compounds (NaH2PO2 and NH4H2PO2) or PH3 gas are typical
phosphorus sources that are used in gas–solid reactions.
Hypophosphite is oen preferred due to the high toxicity of PH3

gas. Upon decomposition at temperatures exceeding 250 °C
(NaH2PO2 / PH3 (g) + Na2HPO4), hypophosphite releases PH3

gas, facilitating the synthesis of TMPs via reactions with various
metal sources. These materials include metal oxides,58 metal
hydroxides,59 metal supports,60 and metal–organic frameworks
(MOFs).61

Novel synthesis methods using PH3 gas plasma have also
been developed. Liang et al. demonstrated the plasma-
enhanced synthesis of TMP using a chemical vapor deposition
(PECVD) system, that produces NiCoP nanoplates which display
exceptional catalytic performance for overall water splitting.62

Zhang et al. developed a plasma-assisted strategy, accomplish-
ing the rst-ever synthesis of TMP thin lm via atomic layer
deposition (ALD).63 In addition, hypophosphite can be used as
a phosphorus source in electrodeposition. For instance, Chen
et al. used hypophosphite to produce an amorphous high-
entropy CoFeNiCrMnP compound on Ni foam (NF) via one-
step electrodeposition.64 Notably, high-entropy electrocatalysts
comprising transition metals have demonstrated higher activity
than those of noble-metal catalysts. Although gas–solid reac-
tions using hypophosphite/PH3 are useful for fabricating
uniquely structured TMPs, this approach is not suited to
achieving precise composition control.

4.1.3. Red phosphorus. Red phosphorus (RP) is an alter-
native source of P for gas–solid reactions and generates phos-
phorus vapor at elevated temperatures. This process involves
placing the metal source and RP in a tube furnace, with the RP
positioned closer to the upstream side. TMPs are synthesized
via a reaction between the metal source and RP upon heating in
an inert atmosphere.

Yao et al. synthesized self-supported Cu3P/CF by phospho-
rizing copper foam (CF) with RP.65 Similarly, Pu et al. formed
a WP nanorod array on a carbon cloth (WP NAs/CC) by reacting
aWO3/CC precursor with RP.66 Direct phosphorization using RP
is particularly favored for fabricating P-rich TMPs, as exempli-
ed by Jiang et al., who synthesized FeP2/C nanohybrids using
one-step phosphorization.67 Furthermore, Fransaer's group
successfully synthesized CoP3 nanocages by annealing a Co3O4

precursor with RP; a high alkaline OER performance was
noted.68

Alternatively, a series of TMPs (Fe2P, Co2P, Ni2P, Cu3P, etc.)
can be obtained via solvothermal69,70/hydrothermal
processes,71,72 in which metal precursors react with RP at
J. Mater. Chem. A, 2024, 12, 28574–28594 | 28579
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relatively low temperatures (ca. 200 °C). Although these strate-
gies are known for their operational simplicity and environ-
mental friendliness, they oen require prolonged reaction
times.

4.1.4. Phosphate/phosphorus acid. Phosphates (NH4H2PO4

and (NH4)2HPO4) are commonly used as P sources in the
temperature-programmed reduction (TPR) method.73–76 In this
technique, TMPs are fabricated via the reduction of metal
phosphates at high temperatures, typically approximately 650 °
C, under a H2 atmosphere. This procedure involves the evapo-
ration and calcination of a solution containing a metal salt and
phosphate in water. The resulting powder is then reduced with
H2 to synthesize TMPs.

For example, Sun's group used this method to prepare WP2
submicroparticles (WP2 SMPs) via the direct reduction of metal
phosphates.74 Phillips et al. synthesized MoP using the same
method.75 In 2020, Gao's group introduced a sol–gel process
using NH4H2PO4 as a P source to fabricate carbon-supported
TMPs@C.77 A series of TMPs from mono- to trimetallic phos-
phides were successfully synthesized via the carbonization of
gel ash. The resulting NiFeP@C exhibited excellent perfor-
mances as HER and OER catalysts in alkaline media.

In addition, an innovative synthetic approach based on TPR
was proposed by Cecilia et al.,78 who used phosphorus acid
(H2PO3H) as the P source and nickel hydroxide as the Ni source,
demonstrating the direct reduction of Ni(HPO3H)2 salt to obtain
Ni2P at a relatively low temperature (375–425 °C). This novel
methodology provides a promising avenue for the controlled
synthesis of TMPs with enhanced efficiency.

4.1.5. Black phosphorus (or phosphorene)/yellow phos-
phorus. Black phosphorus (BP) is the most stable form of
elemental phosphorus and is characterized by its nontoxicity
and nonammability. Xue et al. introduced a high-energy ball
milling (HEBM) technique for the preparation of BP from RP
and extended this method to synthesize CoxP at room temper-
ature.79 The resulting CoxP exhibits bifunctional electrocatalytic
properties, surpassing those of conventional Pt/C‖RuO2 cata-
lysts in alkaline media.

Furthermore, BP can take the form of 2D nanosheets, which
are commonly referred to as phosphorenes. For instance, Yan's
group successfully exfoliated BP nanosheets from bulk BP
crystals using sonication.80 The researchers synthesized Ni2P
nanocrystals on the BP nanosheets, creating a unique 0D–2D
heterostructure via a subsequent solvothermal process. The
Ni2P@BP composite, which displays enhanced electrical
conductivity and reduced thermal conductivity compared with
those of pure BP nanosheets, demonstrated exceptional
performance as an electrocatalyst for the HER.

In addition to these advancements, Hou et al. fabricated
Co2P hollow spheres by reacting Co2+ ion with PH3, generated
via the reaction of yellow P and ethanol at high temperature
(220 °C) and pressure.81 Similarly, Gillan's group used yellow P
as a P source in a low-temperature solvothermal method to
produce phosphorus-rich TMPs, including CoP3, NiP2, and
CuP2.82 These diverse approaches demonstrate the versatility of
BP and its derivatives in the synthesis of advanced materials for
catalytic applications.
28580 | J. Mater. Chem. A, 2024, 12, 28574–28594
4.1.6. Phytic acid. Phytic acid (PA), recognized for its envi-
ronmentally friendly and nontoxic nature, contains six phos-
phate groups that can serve as P sources for producing TMPs via
phosphate reduction using H2. In 2016, Li et al. pioneered the
synthesis of TMPs derived from phytic acid,112 and synthesized
CoP and MoP via the pyrolysis of PA-chelated metal complexes
in a reductive atmosphere. Wang et al. used PA as an etchant for
ZIF-67 and as a P source.113 The PA etching process used to
produce ZIF-67 formed a porous structure of Co-PA nanoboxes.
Subsequently, under H2 pyrolyzing conditions, hierarchical
porous CoP/C nanoboxes were successfully synthesized. When
used as an electrocatalyst for HER, this material exhibited
excellent electrocatalytic performance. Moreover, Ramos-Fer-
nandez's group introduced a novel microwave-assisted
approach that proved to be a more facile and faster strategy
than that of traditional pyrolysis methods.114

4.1.7. Other phosphorus sources. In addition to the afore-
mentioned common P sources, various alternative sources can
be used to synthesize TMPs. Li et al. synthesized CuP2@C for
lithium-ion batteries by reducing PCl3 in a molten salt at low
temperatures.115 Furthermore, Schipper et al. prepared phase-
pure iron phosphide thin lms (FeP, Fe2P, and Fe3P) using
the metal–organic chemical vapor deposition from single-
source precursors (SS-MOCVD), thereby demonstrating
a phase-dependent trend in HER activity.116

Zhao et al. used HDTMPA with a high P content unprece-
dentedly as the P source, successfully synthesizing a range of
TMP/NC heterostructures (RhP2@NC, FeP@NC, CoP@NC,
Ni2P@NC, and Cu3P@NC).117 Moreover, large scale TMP-based
electrodes can be synthesized via a simple inkjet printing
process using metal compound solution and ionic liquid
([BMIM]$PF6).118

Additionally, phosphorus-containing polymers, such as
glyphosine, serve as effective sources, for TMPs synthesis via
pyrolysis.120 Biomass, exemplied by Saccharomycetes/yeasts, is
an economical, ecofriendly, and green P source. For example, Li
et al. used Saccharomycetes as both a carbon template and P
source to produce TMPs.121 Similarly, Wan et al. demonstrated
the utility of yeast, with its high P content, as a versatile plat-
form for synthesizing various metal phosphides (Co2P, Mn2P,
Zn3P2, and Ni2P).122

As discussed in this section, diverse methods and sources of
P can be used to synthesize different types of TMPs. For
example, thermal decomposition methods are commonly used
TOP as P source, whereas hypophosphites are used in several
synthetic approaches. The TMPs synthesized using various
combinations of methods and P sources exhibited excellent
catalytic behavior for water electrolysis under both acidic and
alkaline conditions. The details of the catalyst preparation and
water electrolysis performance are summarized in Table 1.
4.2. Characteristics of synthesis methods

The synthetic approaches for preparing TMPs can be broadly
categorized into solid- and liquid-phase synthesis methods,
each utilizing suitable phosphorus sources (Fig. 4). Table 2
below outlines the advantages and disadvantages of these
This journal is © The Royal Society of Chemistry 2024
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Table 1 Summary of the water electrolysis performances of TMPs-based electrocatalystsa

Materials (P source) Substrate HER/OER/overall Performance Electrolytes Reference

FeP (TOP) CP HER 38 mV@10 mA cm−2 0.5 M H2SO4 9
MoP (TOP) Ti foil HER 177 mV@10 mA cm−2 0.5 M H2SO4 83
WP (TOP) Ti foil HER 120 mV@10 mA cm−2 0.5 M H2SO4 54
Cu3P (red P) Cu mesh HER 117 mV@10 mA cm−2 0.5 M H2SO4 84
Ce-Ni2P (NaH2PO2) Ti mesh HER 42 mV@10 mA cm−2 0.5 M H2SO4 85
Co-MoP (TOP) Ti foil HER 167 mV@10 mA cm−2 0.5 M H2SO4 86
Ni2P/Ni5P4 (NaH2PO2) GCE HER 78 mV@10 mA cm−2 0.5 M H2SO4 59
NiP2/Ni5P4 (red P) NF HER 249 mV@2 A cm−2 0.5 M H2SO4 87
Fe0.5Ni1.5P (TOP) GCE HER 163 mV@50 mA cm−2 0.5 M H2SO4 88
V-CoP/Ni2P (NaH2PO4) NF HER 79 mV@10 mA cm−2 0.5 M H2SO4 89
B-CoP (NaH2PO2) Ti mesh HER 112 mV@100 mA cm−2 1 M KOH 90
Cr-CoP (NaH2PO2) CC HER 36 mV@10 mA cm−2 1 M KOH 91
MoP2-NiCoP (NaH2PO2) NF HER 50 mV@10 mA cm−2 1 M KOH 92
ZnO-Ni2P (NaH2PO2) NF HER 68 mV@10 mA cm−2 1 M KOH 93
B,V-Ni2P (NaH2PO2) NF HER 148 mV@100 mA cm−2 1 M KOH 94
FN-CoP (NaH2PO2) CC HER 66 mV@10 mA cm−2 1 M KOH 95
Cu1Co2-Ni2P (NaH2PO2) NF HER 51 mV@10 mA cm−2 1 M KOH 96
Mo-Ni2Pv@MNF (NaH2PO2) MNF HER 62 mV@100 mA cm−2 1 M KOH 60
Ni-Co-Fe-P (NaH2PO2) NF HER 64 mV@10 mA cm−2 1 M KOH 97
CoFeNiCrMnP (Na2HPO2) NF HER 51 mV@100 mA cm−2 1 M KOH 64
CoP3 (red P) CFP OER 334 mV@10 mA cm−2 1 M KOH 98
Fe-Ni2P (NaH2PO2) NiFe foam OER 218 mV@100 mA cm−2 1 M KOH 99
Sn-Ni5P4 (red P) CF OER 173 mV@10 mA cm−2 1 M KOH 100
F-CD/CoP (NaH2PO2) NF OER 161 mV@20 mA cm−2 1 M KOH 101
CoNiPx@FeCoPx/C@CoNiPx (NaH2PO2) NF OER 298 mV@10 mA cm−2 1 M KOH 61
Ni5P4@NiOOH (NaH2PO2) CC OER 273 mV@50 mA cm−2 1 M KOH 102
Ni5P4@FeP (NaH2PO2) NF OER 242 mV@100 mA cm−2 1 M KOH 103
Ni-Mn-FeP (NaH2PO2) NiFe foam OER 185 mV@10 mA cm−2 1 M KOH 104
S-NiFeP (NaH2PO2) CC OER 201 mV@10 mA cm−2 1 M KOH 105
CNT-Co1.33Fe0.67Px (TBP) NF OER 299 mV@100 mA cm−2 1 M KOH 106
NiCoP (NaH2PO2) NF Overall 1.981 V@1 A cm−2 1 M KOH 107
Ni0.97Co0.04P (red P) NF Overall 1.71 V@500 mA cm−2 1 M KOH 108
Fe0.5CoNi0.5P (TOP) NF Overall 1.52 V@10 mA cm−2 1 M KOH 109
Ni-CO-Fe-P nanobricks (NaH2PO2) NF Overall 1.46 V@10 mA cm−2 1 M KOH 110
NiFeP (phosphorus powder) NiFe foam Overall 1.57 V@100 mA cm−2 Alkaline simulated seawater 111

a GCE: glassy carbon electrode, MNF: molybdenum–nickel foam, NF: nickel foam, CF: carbon ber, CFP: carbon ber paper, CP: carbon paper, CC:
carbon cloth.

Fig. 4 Schematic illustration of representative synthetic techniques
and phosphorus sources for TMPs.

This journal is © The Royal Society of Chemistry 2024
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synthesis methods, offering guidance for selecting the most
appropriate approaches based on experimental conditions.
Additionally, beyond the methods listed in Table 2, microwave-
assisted,114 and plasma-enhanced62,63 synthetic strategies,
among others77,79,118 have also proven to be effective for
synthesizing TMPs. Through these techniques, TMPs can be
designed with unique morphology, composition, even when
using identical materials, to optimize their specic properties
that enhance their catalytic performance. However, it is
important to note that the comparing the electrochemical
properties of identical-phase TMPs synthesized via different
methods is relatively complicated, as potential variables,
particularly size and shape, can inuence catalytic perfor-
mance. For example, nickel phosphides, prepared by an
annealing method123 and a thermal decomposition method,124

respectively, despite both being in the Ni2P phase, exhibited
quite different OER activity. In the study by Wang et al.,
however, the Ni2P synthesized via the annealing method
showed similar performance to that of the thermal decompo-
sition method.125 Such variations likely originated from
J. Mater. Chem. A, 2024, 12, 28574–28594 | 28581
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Table 2 Summary of advantage and disadvantage of TMPs synthetic methods

Synthetic method Phosphorus source Advantage Disadvantage

Solid
phase

Annealing (PH3 gas) Hypophosphite, elemental
phosphorus

Facile, prepare unique morphology Generate toxic PH3 gas

H2 reduction (TPR) Pytic acid, phosphate,
phosphorus acid

Economical, green and nontoxicity High reaction temperature

Liquid
phase

Thermal
decomposition

Organophosphorus Precise control of size and morphology Toxicity, ammability

Solvothermal/
hydrothermal

Hypophosphite/elemental
phosphorus

Low reaction temperature Prolonged reaction time, high
pressure

Electrodeposition Hypophosphite One-step process, easily prepare
multicomponent materials

Difficult to set-up, limited
substance
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differences in morphological characteristics and crystallinity
rather than the synthesis method itself.
5. Performance enhancement
strategies
5.1. Composition–performance relationship

The electrochemical properties of TMPs can be precisely tuned
by manipulating their metal-to-phosphorus stoichiometry. For
instance, nickel phosphides (NixPy) can occur in at least seven
distinct Ni/P ratios (Ni3P, Ni12P5, Ni2P, Ni5P4, NiP, NiP2, and
NiP3), each of which inuences the HER catalytic activity owing
to changes in their electronic structures.126 In 2023, Rappe et al.
conducted atomistic computational calculations to investigate
the correlation between the surface reconstruction of various
NixPy compositions and their HER activities in an electro-
chemical environment.119 Under these reaction conditions,
Fig. 5 (a) Surface phase diagrams illustrating surface termination and ad
Ni3P, Ni12P5, Ni2P, Ni5P4, NiP2, and NiP3. Pv: P vacancy; Pad: P adatom. B
electrode) lines are denoted by the dashed black andwhite lines, respectiv
Schematic illustration of synthetic pathway for transforming Co nanopart
CoP nanoparticles. (d) Polarization curves of Co2P, CoP, Ti and Pt for HER
Society.

28582 | J. Mater. Chem. A, 2024, 12, 28574–28594
surface reconstruction occurred with H coverage, and the
formation of phosphorus vacancies (Pv) signicantly inu-
encing the catalytic properties (Fig. 5a). Under acidic condi-
tions, Ni3P and Ni5P4 were predicted to require the lowest
overpotential, followed by Ni2P and Ni12P5. Interestingly, this
trend aligned well with that of the experimental results reported
by Liu et al.35 The formation of Pv reduced the catalytic activity
toward the HER. The DFT calculation results claried the nature
of H binding and provided insight into the optimal design of
active sites to enhance catalytic performance. Another study
presented the Ni–P bond length as a descriptor to compare the
origin of the enhanced HER activity in Ni5P4 compared to
Ni2P.127 Both Ni5P4 and Ni2P share an identical Ni3 hollow site,
which serves as the adsorption site for H. The study revealed
that Ni5P4 exhibited an increased Ni–P bond length relative to
Ni2P, correlating with its superior HER performance. This
observation suggests that the elongation of the Ni–P bond in
Ni5P4 plays a crucial role in enhancing its catalytic activity.
sorbate (white letters), under electrochemical reaction conditions for
oundary of bulk stability region and 0 VRHE (RHE: reversible hydrogen
ely. Reprintedwith permission.119 2023, American Chemical Society. (b)
icles into Co2P and CoP nanoparticles. TEM images of (c1) Co2P and (c2)
in 0.5 MH2SO4. Reprinted with permission.50 2015, American Chemical

This journal is © The Royal Society of Chemistry 2024
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Similarly, the inuence of the composition of cobalt phos-
phides on the HER activity has been thoroughly investigated.
Schaak's group synthesized Co2P and CoP nanoparticles
through the thermal decomposition of TOP, ensuring similar
morphologies to directly compare their HER activities while
minimizing other contributing factors (Fig. 5a, c1 and c2).50 The
observed trend in HER activity was Co < Co2P < CoP, with CoP
exhibiting the lowest overpotential, suggesting that a higher P
content can lead to an increase in activity (Fig. 5d). Ha et al.
further proposed, based on DFT results, that P could serve as an
active site for the HER.32 This nding implied that a higher P
content might enhance catalytic activity through different HER
mechanisms occurring at P sites, distinct from traditional metal
sites. The study also observed a gradual loss in activity, attrib-
uted to the formation of (oxy)phosphate(s) phases, as indicated
by Co K-edge and P K-edge XAS results, which revealed the
emergence of PO4(P

5+) species. Xiao et al. demonstrated
a correlation between the activity and stability of molybdenum
phosphide and the degree of phosphorization.34 They prepared
Mo3P and MoP through a two-step sintering process, where
each sample underwent thermal treatment for 2 hours, Mo3P at
800 °C under Ar and MoP at 650 °C under H2. Subsequent DFT
calculations elucidated that post-phosphorization, the P site
acted as an active site, displaying almost zero Gibbs free energy
(DGH*). Consequently, MoP displayed superior electrocatalytic
activity compared with those of Mo3P and Mo. Moreover, Cho
Fig. 6 (a) Schematic illustration of synthetic procedure of NiCoP. Sc
hydrothermal temperature of (b1) 90, (b2) 120, and (b3) 150 °C, respec
respectively. (c) Polarization curves of NiCoP‖NiCoP and Pt/C‖RuO2 e
permission.107 2023, John Wiley and Sons. (d) Schematic illustration for s
angle annular dark-field scanning transmission electron microscopy (H
Reprinted with permission.128 2017, John Wiley and Sons. High resolution
nanosphere (Ni2P NSs), (f3 and f4) short nanorods (Ni2P NRs-S), and (f5 an
as-synthesized Ni2P NSs, Ni2P NRs-S, and Ni2P NRs-L. The vertical bars in
performance of Ni2P NSs and Ni2P NRs-L. (h) LSV curves and (i) Tafel plo

This journal is © The Royal Society of Chemistry 2024
et al. discovered that the phase-dependent HER activity of iron
phosphide was Fe < Fe2P < FeP.33 While these comprehensive
investigations have signicantly advanced our understanding of
the intricate relationships among composition, surface prop-
erties, and electrocatalytic performance in TMPs, it remains
essential to conduct more deeper atomistic-level studies on the
inuence of P content, both for HER and OER catalysts.
5.2. Morphology/structure control

Many researchers have focused on augmenting the catalytic
activity of TMPs via the meticulous control of their morphology.
For instance, Chen et al. observed the dynamic microstructural
changes in NiCoP, in which the structure evolved from hexag-
onal nanosheet arrays to nanoneedles based on hydrothermal
temperature (90 to 150 °C) (Fig. 6a and b1–3).107 Synthesized at
120 °C, NiCoP exhibited a distinctive multiscale hierarchical
structure, featuring nanoneedles that grew along the edges of
nanosheets. This unique structure contributed to an increased
active surface area, facilitating accelerated gas release and
electron transfer. Consequently, this catalyst demonstrated
high current density operation as a bifunctional catalyst with
exceptional performance (1.981 V at 1 A cm−2) and stable
operation (600 h) (Fig. 6c). Similarly, Li et al. demonstrated
a morphology-controllable synthesis of amorphous NiFeP
nanostructures, displaying nanoparticles (NP), nanowires (NW),
anning electron microscopy (SEM) images of NiCoP synthesized at
tively. The scale bars are 2, 5, and 2 mm in figure (b1), (b2), and (b3),
lectrodes for overall water splitting in alkaline media. Reprinted with
ynthesizing NiCoP/C nanoboxes. (e1 and e2) SEM, (e3) TEM, (e4) high-
ADDF-STEM) and elemental mapping images of NiCoP nanoboxes.
transmission electron microscopy (HRTEM) images of (f1 and f2) Ni2P

d f6) long nanorods (Ni2P NRs-L). (g) X-ray diffraction (XRD) patterns of
dicate the XRD pattern of the Ni2P standard (JCPDS no. 89-2742). HER
ts. Reprinted with permission.129 2016, Royal Society of Chemistry.

J. Mater. Chem. A, 2024, 12, 28574–28594 | 28583
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nanosheets (NS) and thick akes (TF), achieved by manipu-
lating synthetic variables such as reaction time, temperature,
and phosphorus source.111 In alkaline simulated seawater,
NiFeP-NS and NiFeP-NW performed well as HER and OER
catalysts, requiring only 129 and 126 mV at 100 mA cm−2,
respectively. Consequently, this resulted in an overall water
splitting voltage of 1.57 V at 100 mA cm−2 (Table 1).

Metal–organic framework (MOF)-based synthesis strategies
have been commonly used to control the morphology of TMPs.
MOF-derived TMPs could exhibit various structures, including
0 D, 1 D, 2 D, and hollow structure, among others.14 For
instance, Lou et al. successfully synthesized hollow NiCoP/C
nanoboxes from Co-based ZIF-67 nanocubes (Fig. 6d), which
had a uniform size of 750 nm, with each element (Ni, Co, and P)
well-distributed throughout the shell of nanocubes (Fig. 6e1–4),
exhibiting higher activity in the alkaline OER than those of
NiCoP and Ni–Co LDH.128 Wang et al. prepared N-doped carbon-
incorporatedMo-CoP nanosheet arrays on a Ti foil (Mo-CoP/NC/
TF) using MOF-etching strategies.130 When utilized as an HER
catalyst, Mo-CoP/NC/TF displayed superior activity across all pH
ranges, owing to its unique geometric structure.

The importance of shape control was further emphasized by
several studies investigating the facet-dependent activity of TMPs.
For instance, Schaak's group successfully synthesized highly
branched CoP nanostructures that primarily exposed (111) crystal
facets using chemical strategies involving a close relation
between TOP and TOPO.52 However, these structures were less
active thanmulti-faced and spherical CoP NPs, requiring a higher
overpotential of 117 mV compared to 100 mV for their counter-
parts to achieve a current density of 20 mA cm−2. A similar study
by Seo et al. involved the design of Ni2P NPs in spherical shape
(Ni2P NSs) as well as in short rod and long rod shapes (Ni2P NRs-S
and NRs-L, respectively).129 The Ni2P NSs were prepared using
a simple one-pot heat up method of Ni and P sources. The rod
length was controlled by adjusting the injection rate of Ni-TOP
Fig. 7 (a) TEM image of in-plane NiP2/Ni5P4 heterostructures. (b) Catalyti
NiP2/Ni5P4. Deep green: Ni; light blue: P; and gray: H. (c) DGH* calculate
surfaces. Reprinted with permission.87 2022, John Wiley and Sons. (d) S
nanosheets. (e) Charge density at the interface of Ni2P/Ni5P4 heterostruc
energy diagram of Ni2P, Ni2P/Ni5P4, and Ni5P4 nanosheets. (g) HER polariz
Reprinted with permission.59 2023, Elsevier.

28584 | J. Mater. Chem. A, 2024, 12, 28574–28594
solution, with slower injection leading to the formation of
longer nanorods. Their predominant crystal facets, identied by
XRD and TEM characterization, were (001) for Ni2P NSs and (210)
for Ni2P NRs-L, respectively (Fig. 6f1–6). When used as HER cata-
lysts, the Ni2P NSs displayed higher activity and faster kinetics
than the rod-shaped catalysts (Fig. 6h and i), indicating that an
optimized shape with highly active crystal planes could
substantially promote the catalytic activity of TMPs.
5.3. Interface engineering

Numerous studies have emphasized the pivotal role of the
electronic structures of catalysts in catalytic processes.131,132

While adjusting the composition is an effective way to modulate
electronic structure of monometallic TMPs, it oen falls short
of achieving signicant improvements in catalytic activity. A
more powerful approach to optimizing electronic structure is
interface-engineering, which integrates different phases and
simultaneously induces unprecedent properties owing to
charge redistribution at hetero-interface region. For instance, to
address the poor activity of metal-rich nickel phosphides, Zhou
et al. employed an anion substitution strategy, integrating P-
rich NiP2 with Ni5P4 by substituting S with P through a solid-
phase reaction.87 This approach effectively constructed in-
plane heterostructures and modulated the electronic structure
between those of NiP2 and Ni5P4. The formation of NiP2/Ni5P4
heterojunction was clearly represented by HRTEM, where crys-
talline NiP2 and Ni5P4 constructed a distinct boundary between
them (Fig. 7a). Subsequent DFT calculations revealed that this
electronic structure modulation resulted in hydrogen adsorp-
tion strength (DGH*) at the P site in the interface region
approaching the ideal value (0 eV) (Fig. 7b and c). This opti-
mization resulted in a catalytic performance comparable to that
of Pt, achieving low overpotentials of 30 and 249 mV at 10 mA
cm−2 and 2 A cm−2 for the acidic HER, respectively (Table 1).
c surfacemodels with H adsorption on P and Ni sites of Ni5P4, NiP2, and
d at equilibrium potential for HER at the Ni and P sites of the catalytic
chematic illustration of the preparation of Ni2P, Ni2P/Ni5P4, and Ni5P4
ture nanosheets. (blue: depletion; yellow: accumulation) (f) Gibbs free
ation curves of Ni2P, Ni2P/Ni5P4, and Ni5P4 nanosheets in 0.5 M H2SO4.

This journal is © The Royal Society of Chemistry 2024

https://doi.org/10.1039/d4ta04455j


Review Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
5 

 2
02

4.
 D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 2
3/

07
/2

5 
10

:2
8:

19
. 

View Article Online
Similarly, Lyu et al. developed Ni2P/Ni5P4 heterostructured
porous nanosheets via a solvothermal method followed by
a phosphorization process, enabling a comparison of their
activities with those of single-phase Ni2P and Ni5P4 (Fig. 7d).59 At
the interface, the strong interaction between Ni2P and Ni5P4
induced electron transfer fromNi2P to Ni5P4 due to the difference
in work function. This charge redistribution contributed to the
optimization of the adsorption and desorption behaviors of
reaction intermediates, resulting in improved HER activity of
Ni2P/Ni5P4 compared to the single-phase samples, with only
72mV needed to reach 10mA cm−2 (Fig. 7e–g). Additionally, Yang
et al. fabricated a NiSe2/NiP2 heterostructure through a one-step
phosphoselenization of Ni(OH)2 precursors to leverage the
synergistic effects of combining the superior electrical conduc-
tivity of NiSe2 with the exceptional stability of NiP2.135 The iden-
tical pyrite structures of NiP2 and NiSe2 exhibited a compatible
lattice match, resulting in an interfacial strain of 4.3%. Such
integration also brought about internal electron redistribution at
the interface, as XPS revealed electron transfer from P to Se.
Attributed to this electronic interaction, the NiSe2/NiP2 demon-
strated accelerated water-splitting process, achieving a voltage of
1.56 V to deliver a current density of 10 mA cm−2 in an assemble
cell. Although current interfacial engineering strategies have
yielded signicant advancements in designing and promoting
potential candidates to replace noble metal catalysts, challenges
remain, such as understanding the atomistic congurations at
the hetero-interface and their specic contributions to improved
performance.
5.4. Defect engineering

Regulating electronic and band structure and active sites of
TMPs can be realized by defect engineering, which conse-
quently affects the catalytic behaviors.136 For example, Yuan
Fig. 8 HRTEM images of CoP (a) before NaBH4 treatment (CoP-B0) an
surface are circled by white dotted lines. XPS spectra of (c) Co 2p and (d) P
(e) Polarization curves for HER in 1 M KOH, comparing Ni12P5 with phosp
and Pt/C. (f) Electron distribution (cyan: electron depletion; yellow: ele
isosurface (red: electron accumulation; blue: electron depletion). Relativ
and (h) v-Ni12P5. Reprinted with permission.134 2020, John Wiley and So

This journal is © The Royal Society of Chemistry 2024
et al. synthesized CoP nanorods with phosphorus vacancy (Pv)
via NaBH4 reduction of as-synthesized CoP.133 Aer a 1 hour
NaBH4 treatment (referred to as CoP-B1), lattice defects were
clearly visible in the HRTEM images, while the original
morphology of the pristine CoP (referred to as CoP-B0) was
retained (Fig. 8a and b). XPS analysis revealed that Pv altered the
electronic structures of Co and P, with CoP-B1 showing a higher
valence state of Co3+ compared to CoP-B0 (Co2+) (Fig. 8c).
Additionally, the P 2p peaks also shied to a lower energy level,
although this shi was less pronounced than that observed in
the Co 2p peaks, further indicating electron transfer from Co to
P (Fig. 8d). Consequently, the anion deciency in CoP-B1
facilitated the formation of phosphates species on its surface,
and the higher valence state of Co promoted the reconstruction
of active CoOx(OH)y sites, making CoP-B1 highly active as an
OER catalyst. Using DFT calculations, Duan et al. explored the
role of Pv in TMPs as catalysts for the HER and conducted
a comparative analysis of the HER performance of Ni12P5 with
and without Pv in an alkaline medium.134 The Ni2P was
synthesized via a solid-phase reaction by calcinating phosphate
sources, and Pv was introduced by using an excess amount of P
source. Owing to the Pv-induced electron redistribution, the
energy barrier for the H*desorption step was signicantly
reduced, thereby improving the HER performance (Fig. 8f–h).
Remarkably, the Ni12P5 with Pv (v-Ni12P5) displayed higher
catalytic activity than pristine Ni12P5 (p-Ni12P5), even surpassing
that of Pt/C (Fig. 8e). Ma et al. performed an analogous study on
MoP and discovered that MoP with Pv exhibited a larger elec-
trochemically active surface area and more favorable charge
transfer, leading to the improved the HER activity in both acidic
and alkaline electrolytes by up to 70 and 62 mV, respectively.137

In addition to P vacancies, the introduction of cationic
vacancies has been proven to be effective in modulating the
d (b) after 1 h NaBH4 treatment (CoP-B1), where some defects of the
2p in CoP-B0 and CoP-B1. Reprintedwith permission.133 2021, Elsevier.
horus vacancies (v-Ni12P5), pristine Ni12P5 (p-Ni12P5), nickel foam (NF),
ctron accumulation) and two-dimensional charge density difference
e energy profiles of DFT calculated reaction pathways for (g) p-Ni12P5
ns.
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electronic structure. Zhang et al. used Mn as a sacricial dopant
in Ni2P, creating abundant vacancies through an acid-etching
process of Mn in Ni2P.139 The introduction of cationic vacan-
cies caused delocalization of electron around active Ni species
and increased the valence state anionic P, as revealed by XPS
analysis. Subsequent DFT calculations highlighted the rela-
tionship between cationic vacancy defects and enhanced cata-
lytic activity, emphasizing changes in the Gibbs free energy of
reaction intermediates in both the HER and OER processes.

More recently, a novel approach has been proposed that
creating dual vacancies, both cationic and anionic, using
a catalytically inactive phase. Xu et al. incorporated an inactive
ZnO phase during the acid etching process of Ni foam, and then
synthesized ZnO/Ni2P heterostructure on Ni foam by a phos-
phorization process.93 Although the ZnO phase did not partici-
pate directly in catalytic reactions, it served as an “electron
pump”, withdrawing electrons from Ni and donating them to P.
This process generated Ni cationic and P anionic vacancies,
which in turn facilitated catalytic reactions, the highly oxidized
Ni promoted hydrogen adsorption, while the P vacancies
improved charge transfer, thereby enhancing overall catalytic
performance.
5.5. Heteroatom doping

The incorporation of foreign elements into TMPs effectively
modulates the local coordination and electronic structure of the
Fig. 9 (a) Schematic illustration for synthesizing Ni5−xZnxP nanocrystals.
for Ni5P4 and Zn-doped Ni5P4 (Zn-Ni5P4) (c) polarization curves of Ni5−xZ
2023, American Chemical Society. HRTEM images of (d) NiP and (e) Ni0.
Atomic-scale view of Ni0.96Co0.04P, with phosphorus vacancies highligh
areas in Fig. 2f. Reprintedwith permission.108 2023, JohnWiley and Sons. (
1.0 M KOH. (i) Comparison diagram of DOS, (j) energy barriers of water dis
Cu-Ni2P/NF with 0%, −3.62%, +2.26%, and +2.71% strains, respectively
permission.96 2023, John Wiley and Sons.

28586 | J. Mater. Chem. A, 2024, 12, 28574–28594
host material, inuencing the surface affinity and, conse-
quently, the electrochemical performance.140 Numerous studies
have demonstrated the crucial role of dopants in improving
catalytic activity.141,142 For instance, Graves et al. conducted
a computational study to explore the effects of various metal-
dopants (M) on Ni5P4.138 Their ndings revealed that
substituting the original Ni3 hollow site on pristine Ni5P4, where
hydrogen adsorption is most favorable, with Zn led to a signi-
cant contraction in the M–Ni bond length. This modication
resulted in a Gibbs free energy (DGH*) close to zero, indicating
enhanced hydrogen adsorption (Fig. 9b). Subsequent experi-
mental studies, based on these theoretical calculations,
successfully synthesized Ni5−xZnxP nanocrystals and conrmed
the superior HER performance of Ni4.90Zn0.10P4, surpassing that
of undoped Ni5P4 (Fig. 9a and c). Similarly, Lv et al. adopted
a cation exchange technique to precisely control the doping
amount and induced various defects at the surface, including
lattice distortions and P vacancies.108 HRTEM images and
intensity proles clearly demonstrated an increase in defects
and phase development following the incorporation of Co into
NiP (Fig. 9d–g). Electron energy loss spectroscopy (EELS) anal-
ysis further proved that P vacancies predominantly occurred
near the Co sites on the outermost surface of the Ni0.96C0.04P.
Consequently, these surface-engineered Ni0.96C0.04P catalysts
exhibited signicantly enhanced activity for overall water
splitting compared to undoped NiP, highlighting the critical
role of atomic-level engineering. The effect of lattice strain on
(b) Gibbs free energy diagram of first and second hydrogen adsorptions
nxP, Ti foil, and Pt/C for HER in 1 M KOH. Reprinted with permission.138

96Co0.04P. Inset: corresponding fast Fourier transform (FFT) pattern. (f)
ted by red circles. (g) Intensity profile recoded from the corresponding
h) HER polarization curves for CuxCoy-Ni2P/NF samples, Pt/C, andNF in
sociation, and (k) DGH* for Ni2P/NF, Cu1Co2-Ni2P/NF, Co-Ni2P/NF, and
. The d-band center is denoted by pink dotted line. Reprinted with

This journal is © The Royal Society of Chemistry 2024
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the catalytic activity of Ni2P induced by dual-cation co-doping
was also reported by Feng et al.96 They initially prepared
Ni(OH)2 doped with foreign metals (Cu and Co) on Ni foam,
followed by phosphorization of this precursor through a gas–
solid reaction using hypophosphite sources. When comparing
the co-doped sample (Cu1Co2-Ni2P/NF) with single metal-doped
samples (Cu or Co-Ni2P/NF), they found that the dual Co and Cu
co-dopants induced a signicant lattice compression of 3.62%
and adjusted the d-band center closer to the Fermi level (Fig. 9i).
Such strain facilitated rapid water dissociation and optimal
adsorption/desorption of H* intermediates (Fig. 9j and k). As
a result, the optimized Cu1Co2-Ni2P/NF sample accomplished
more than a two-fold improvement in the HER performance
compared to Cu-Ni2P/NF and Co-Ni2P/NF (Fig. 9h). Similarly, an
anion–cation co-doping strategy demonstrated by Zhu et al.
enhanced the electrocatalytic properties with the ensemble
effects of Zn and F ions.143 Moreover, the introduction of
nonmetal atoms alone into TMPs has been reported in various
studies, including B-CoP nanowire arrays,90 N-doped Ni–Co
phosphide,144 S-doped Co2P,145 and S-doped NiFeP driven by S-
doped MOFs,105 demonstrating the advantages of heteroatom
doping on catalytic activity.
5.6. Alloying

The incorporation of additional elements is effective at over-
coming the activity limitations of monometallic phosphides.
Fig. 10 (a) XRD patterns of Fe2−xNixP. Vertical bars indicate the Ni2P
extended X-ray absorption fine structure (EXAFS) spectra of (b) Ni k-edg
American Chemical Society. (d) Volcano plot showing the overpotential
terminated Ni1.67M0.33P(10�10) surfaces (solid markers) and Cu- and Pd
illustrate the relationship between h and GH for Ni1.67M0.33P(10�10) surfa
(dashed). Reprinted with permission.146 2022, American Chemical Society
corresponding elemental mappings of FeCoNiP catalyst. (f) Comparison
phosphides. Reprinted with permission.147 2018, Royal Society of Chemi

This journal is © The Royal Society of Chemistry 2024
The positive impact of alloying on electrocatalytic properties
has already been demonstrated in studies of transition metal
suldes (TMS).148,149 Shin et al. elucidated the alloying effect of
TMPs by focusing solely on the alloy composition, excluding
other variables.88 They prepared FexNi2−xP samples with varying
compositions via solution phase synthesis, while maintaining
the same crystal structure of P�62m as the monometallic phos-
phides (Ni2P and Fe2P) (Fig. 10a). Subsequent EXAFS analysis
revealed signicant distortion of Ni–P bonds and minimal
distortion of the M–M bonds in Fe0.5Ni1.5P samples, attributed
to alloying effects (Fig. 10b and c). These ndings indicated that
the reduced charge transfer from Ni to P might be responsible
for the enhanced acidic HER activity. Habas et al. conducted
a similar study to investigate the relationship between the
electrocatalytic activity and the incorporation of secondary
metal elements.146 Using Ni2P as the parent material, they
synthesized alloyed nickel phosphides (Ni1.6M0.4P) by incorpo-
rating various metals (M = Co, Cu, Mo, Pd, Rh, and Ru)
employing easily obtainable metal-phosphine precursors. All
the synthesized samples maintained the same morphology and
crystal structure as the host Ni2P, with only slight lattice
expansions, except for Ni1.6Co0.4P, allowing for direct compar-
ison. Additionally, DFT calculations revealed that the adsorp-
tion free energy (GH) varied with the different metal elements,
leading to the successful establishment of a volcano-shaped
relationship between composition and catalytic activity
(top) and Fe2P (bottom) reference, respectively. Fourier transformed
e and (c) Fe k-edge for Fe2−xNixP. Reprinted with permission.88 2020,
as a function of Gibbs free energy for hydrogen adsorption on ABB-
-enriched Ni1.33M0.67P(10�10) surfaces (open markers). The gray lines
ces alone (solid) and when including Cu- and Pd-enriched surfaces
. (e) Scanning transmission electron microscopy (STEM) image and the
of oxygen evolution reaction performance for various transition metal
stry.

J. Mater. Chem. A, 2024, 12, 28574–28594 | 28587

https://doi.org/10.1039/d4ta04455j


Journal of Materials Chemistry A Review

Pu
bl

is
he

d 
on

 2
5 

 2
02

4.
 D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 2
3/

07
/2

5 
10

:2
8:

19
. 

View Article Online
(Fig. 10d). Other synthetic methods for obtaining bimetallic
phosphides included the conversion of a core/shell structure to
a solid solution through an annealing process, which could
overcome the limitations of conventional method that oen
yielded uncontrollable nanostructures.106 Additionally, electro-
deposition techniques also could be employed to fabricate
alloyed TMPs lm with hierarchical morphologies.150

Trimetallic phosphides have demonstrated higher catalytic
activities compared to their mono- and bi-metallic counter-
parts. Liu et al. synthesized different compositions of TMPs
through a solution-based chemical reduction of metal ions,
followed by phosphorization of the resulting powders via a gas–
solid reaction.147 These TMPs were characterized by a uniform
distribution of each element, and their catalytic performances
were thoroughly investigated (Fig. 10e). The OER performance
followed the sequence FeP < NiP < CoP < FeNiP < CoNiP < FeCoP
< CoNiP < FeCoNiP, which corresponded to the inclination
observed in the chemical shi of metal–P bonds in XPS spectra
(Fig. 10f). This gradual increase in catalytic activity clearly
highlighted the importance of the high valence states of metal
species induced by alloying effects. Similarly, Kumar et al. re-
ported that spikey-ball-shaped FeCoNiP exhibited superior
activity as water-splitting catalysts at an industrial scale level.109

Using a one-pot heat-up method with metal and P precursors,
they controlled the composition of the products by adjusting
the ratio of metal precursors. Their results showed that Fe0.5-
CoNi0.5P displayed the highest catalytic activity, implying that
this synthetic strategy holds promise for practical applications.
Additionally, MOF-based methods could be used to synthesize
ternary TMPs. For instance, Li et al. synthesized MOF-derived
Ni-Co-Fe-P nanobricks and demonstrated exceptional perfor-
mance, achieving a high activity of 1.46 V at 10 mA cm−2 (Table
1) while maintaining stable operation at an industrial-level
current density toward overall water splitting.110 Furthermore,
TMPs alloyed with various combinations of elements have been
reported, including Mn–Ni–Co ternary phosphides,154 quater-
nary Ni–Co–S–P,155 and Zn–Ni–Co–M (M = O, S, P, and Se).156
5.7. High-entropy TMPs

High-entropy materials, which consist of more than ve
uniformly mixed elements in a single-phase, have recently
attracted widespread attention.157,158 Despite the inherent chal-
lenges associated with mixing multiple elements, such as phase
separation and irregular elemental distribution, numerous
studies have shown that through various synthetic strategies, it
is possible to achieve a complete solid solution in high-entropy
alloys (HEAs) thereby modulating their physicochemical prop-
erties. This phenomenon is particularly evident in high-entropy
transition metal phosphides (HEMPs), where the synergistic
effects of individual elements give rise to unique characteristics
not previously observed in simpler systems. A notable example
is the work by Zhao et al., where ve metal chloride precursors
and tetrabutylphosphonium chloride (TBPC) were combined
with ethylene glycol (EG) as a eutectic solvent.159 The mixture
was then thermally treated at 400 °C under a N2 atmosphere.
This eutectic solvent method successfully yielded HEMPs
28588 | J. Mater. Chem. A, 2024, 12, 28574–28594
containing Co, Cr, Mn, Fe, Ni, and P. Remarkably, these HEMPs
exhibited signicantly enhanced HER and OER performances
compared to their monometallic phosphide counterparts. This
study not only introduced a novel synthetic approach for
HEMPs but also highlighted the potential for expanding the
compositional diversity and functional capabilities of these
materials by incorporating additional elements through the
simple mixing of different metal chloride sources. Using a sol–
gel synthetic method, Lu et al. further demonstrated the
synergistic effects of the metal elements mentioned above by
comparing the electrocatalytic activity of single-phase TMPs
with varying compositions, ranging from mono- to multi-
metallic phosphides (Fig. 11a).151 Their ndings revealed that
HER and OER performance improved with an increase in the
number of metal ions, likely due to electronic structure modu-
lation induced by increased entropy (Fig. 11b and c). In another
approach, Li et al. electrodeposited a CoFeNiCrMnP compound
on NF, providing a different method for synthesizing HEMPs
and identied the role of each metal element in the HER
process.64 Comparative analysis with quaternary TMPs
conrmed the superior activity and kinetics of CoFeNiCrMnP in
catalytic reactions, with Fe and Ni making particularly signi-
cant contributions to hydrogen evolution (Fig. 11d and e). This
work suggests that a detailed analysis in individual elements
within HEMPs could lead to further enhancements in catalytic
performance through optimized compositional design. Wang
et al. clearly showed enhanced HER performance by high-
entropy effect, as conrmed by DFT calculations.152 The solid-
state reaction using each element powder and subsequent
exfoliation process produced 2D Co0.6(VMnNiZn)0.4PS3 nano-
sheets, achieving notable catalytic activity (65.9 mV@10 mA
cm−2). Theoretical studies demonstrated that in high-entropy
materials (CoVMnNiZnPS3), the edge S sites and basal P sites
were more active than metal Co sites, with optimized DGH*

values of – 0.17 eV and 0.35 eV for HE-S and HE-P, respectively
(Fig. 11f and g). Additionally, Mn sites in Co0.6(VMnNiZn)0.4PS3
exhibited a lower water dissociation barrier (0.69 eV) than Co
sites in CoPS3 (1.21 eV), demonstrating promoted kinetics in the
Volmer step for alkaline HER, attributed to the high-entropy
effect (Fig. 11h). To further enhance electrocatalytic perfor-
mance, recent efforts have focused on synthesizing HEMPs with
controlled crystal structures or unique morphologies. A novel
synthetic method of using a high-entropy MOF (HE-MOF) as the
template resulted in short-rage amorphous FeCoNiCuMnPx/C
composites, which ensured high electron conductivity and
abundant reaction sites.160 Furthermore, Du et al. developed the
comelting-lling-freezing-modication (co-MFFM) method to
synthesize 1D high-entropy metal phosphides encapsulated by
single-wall carbon nanotubes (HEP@SWNTs), which offered
superior activity owing to efficient mass transfer and stable
operation as electrocatalysts (Fig. 11i and j).153 Although the
detailed effects of alloying with various metals on the modi-
cation of the electronic structures have not been fully eluci-
dated, these studies present notable synthetic strategies with
distinct advantages and may help gain diverse perspectives on
the approach and development of HEMPs.
This journal is © The Royal Society of Chemistry 2024
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Fig. 11 (a) TEM and element mapping images of obtained TMP nanoparticles. Polarization curves for (b) HER and (c) OER of different elec-
trocatalysts in 1.0 M KOH. Reprinted with permission.151 2021, Royal Society of Chemistry. (d) Polarization curves and (e) Tafel plots for HER of
high entropy catalysts in 1 M KOH solution. Reprinted with permission.64 2023, John Wiley and Sons. (f) Crystal structure of CoVMnNiZnPS3 and
top views of CoPS3 and CoVMnNiZnPS3, respectively. (g) Free energy diagram for HER at the edge sites. (h) Calculated energy profiles of water
dissociation for Co0.6(VMnNiZn)0.4PS3 and CoPS3, including Co, V, Mn, Ni, and Zn sites. Reprinted with permission.152 2022, American Chemical
Society. (i) The synthetic procedure for HEP@SWCNTs. (j) LSV curves of HEP@SWCNTs, RuO2, HEP, and SWCNTs for OER in 1 M KOH. Reprinted
with permission.153 2024, American Chemical Society.
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6. Conclusion and outlooks

In this review, a comprehensive discussion of the fundamental
aspects and evaluation parameters of HER and OER was pre-
sented. Moreover, the origin of the activity of TMPs was
described in terms of the role of P and theoretical descriptors,
This journal is © The Royal Society of Chemistry 2024
such as the Gibbs free energy. Subsequently, various P sources
and synthetic strategies including conventional methods and
novel approaches were introduced. Finally, numerous studies
on the activity enhancement strategies of TMPs and their cor-
responding impacts on performance were summarized. As
substantial achievements have been made in the electrolysis
J. Mater. Chem. A, 2024, 12, 28574–28594 | 28589
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Fig. 12 Schematic illustration of outlooks for future TMPs.
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applications of TMPs, the electronic structure, microstructure,
and adsorption/desorption strength of the reaction intermedi-
ates were revealed to be the primary factors inuencing the
electrocatalytic properties.

Despite the substantial achievements indicating the excep-
tional HER and OER performances of TMPs, comparable with
those of noble metal-based electrocatalysts, there is still room
for improvement to fully replace commercially used catalysts.
The following improvements are suggested (Fig. 12).

(1) For industrial-scale applications, it is essential to develop
large-scale synthesis methods and electrode fabrication
processes. While lab-scale experiments, conducted under ideal
conditions, have demonstrated the exceptional performance
and stability of TMPs, few studies have explored their use in
actual water-splitting devices. Given the practical applications,
such as proton exchange membrane and anion exchange
membrane water electrolyzer (PEMWE/AEMWE), operate under
relatively harsh conditions like high temperature (∼80 °C) and
operation voltage and current density, it is important to develop
simple, scalable synthetic strategies that maintain activity and
stability in such environments.

The synthesis of TMPs at the laboratory scale is currently
hampered by signicant limitations that must be addressed to
enable large-scale production. Conventional synthetic methods
typically require high reaction temperatures and oen produce
toxic gases, such as PH3, due to the use of large quantities of
elemental P or hypophosphite compounds. These challenges
pose signicant barriers to both the scalability and environ-
mental sustainability of TMP production.

In response to these current issues, recent efforts have
focused on developing green and economically viable large-scale
synthesis methods. Among the most promising approaches is
the use of phytic acid and biomass, such as (Saccharomycetes/
yeasts), as environmentally friendly and cost-effective P sources.
28590 | J. Mater. Chem. A, 2024, 12, 28574–28594
Successful synthesis of various TMPs using these green methods
has been reported, suggesting a viable pathway towards
sustainable large-scale production. Additionally, ink-jet printing
using ionic liquid P sources, such as [BMIM]$PF6, has emerged
as another potential technique for large-scale fabrication,
achieving production dimensions up to 10 × 10 cm2.

In practical applications, particularly for colloidal TMPs
particles, the choice of lm fabrication methods is also crucial,
as these devices typically require either a catalyst-coated
substrate (CCS) or a catalysts-coated membrane (CCM). For
example, common methods like spray coating and drop casting
offer simple and fast processing, while electrophoretic deposi-
tion (EPD) can produce catalysts lm with strong adherence,
enhancing stability during catalytic reactions. To abbreviate
these lm fabrication process, self-supported electrodes have
been predominantly developed, such as those produced via
electrodeposition and hydrothermal reactions. These methods
enable the direct growth of catalysts materials on substrates,
such as Ni foam or carbon paper, resulting in 3D structures with
large surface areas and porous architectures that promote effi-
cient water electrolysis. Furthermore, designing substrates with
unique structures or robust properties than conventional ones
can further enhance catalytic performance and durability,
underscoring the necessity of ongoing research.

(2) The development and application of advanced, diverse
characterization techniques are crucial for gaining deeper
insights into the behavior of high-entropy transition metal
phosphides (TMPs) in electrocatalysis. While the strategy of
combining various elements has signicantly improved elec-
trocatalytic performance, the precise contribution of each
element remains ambiguous, particularly in complex high-
entropy TMPs systems. A key challenge arises from the inevi-
table surface reconstruction that TMP catalysts undergo under
electrochemical conditions. This process oen leads to changes
in surface morphology, crystal structure, and electronic prop-
erties. For examples, it is widely recognized that during OER,
the surface of TMPs transforms into layers of metal oxides,
hydroxides, or oxyhydroxides, which serve as the active sites for
catalysis. Therefore, detailed analyses are essential to elucidate
the role of each metal element in TMPs and to design optimized
catalysts using these expected transformations.

In situ XAS has emerged as a vital tool for monitoring
changes in oxidation states and bond-lengths, enabling
comparison with ex situ analyses and aiding in the identica-
tion of active electrocatalyst. In situ Raman technique can also
provide valuable insights into the concomitant formation of
oxygen-coordinated species, further elucidating the contribu-
tions of practical metal species during electrochemical reac-
tions. Similarly, isotope-labelling method using H2

16O and
H2

18O solution has been widely used to determine the reaction
pathway of AEM or LOM during OER process, in conjunction
with in situ infrared (IR) spectroscopy. This combination allows
researchers to measure surface-adsorbed oxygen species,
helping to identify reaction mechanisms and active metal sites.
Additionally, in situ TEM is particularly advantageous for
observing the structural evolution of catalysts under applied
This journal is © The Royal Society of Chemistry 2024
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potentials, during long-term operation, or even throughout the
synthesis process.

Despite the advancements in in situ characterization tech-
niques, there remains a need for more advanced methodologies
capable of achieving atomic resolution for in-depth under-
standing. Such technologies are essential for an in-depth
understanding of the intricate processes that occur, ultimately
guiding the design of more efficient and stable electrocatalysts.

(3) Although computational calculations offer meaningful
information to predict active sites and their corresponding
activities through a simulation model, they do not fully mirror
what happens in the actual electrochemical environments.
Therefore, it is important to bridge the gap between computa-
tional predictions and real-world electrochemical reactions.

To achieve a more precise understanding, well-organized
simulation models that closely resemble structures under
practical electrochemical environments can be developed based
on in situ analysis results, taking predicted surface reconstruc-
tion into account. These models enable to provide signicant
insights, such as the role of P atoms, intermetallic interactions
in multi-metallic TMPs, and more accurate results that align
closely with experimental ndings.

Additionally, machine learning (ML), another powerful
theoretical approach, has increasingly been used to gure out
ideal compositions and structural candidates for TMPs,
substantially reducing the time required for experimental
exploration. For instance, ML can suggest optimal combina-
tions of metal species for HEMPs catalysts or propose entirely
new approaches to TMPs, potentially paving the way for inno-
vative advancements.

Therefore, ongoing exploration of innovative synthetic
methods and material characterization, along with a deep
understanding of catalytic reaction mechanisms holds signicant
potential for the developing efficient, green and cost-effective
water-splitting catalysts that can be applied as practical devices.
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