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Metal-doped nickel-based chalcogenides and
phosphochalcogenides for electrochemical
water splitting

Dmitrii A. Rakov ab

The rational design of an affordable, stable, and active electrocatalyst is essential for a sustainable

hydrogen economy. Recently, great progress has been achieved with nickel-based chalcogenides and

phosphochalcogenides for both hydrogen and oxygen evolution reactions, and the metal doping

strategy has been demonstrated to have a substantial impact on the performance of electrocatalysts.

Common approaches to simultaneously improve the intrinsic activity of nickel-based (phospho)-

chalcogenides by metal doping and increase the active surface area of the electrocatalyst bring some

challenges to deciding accurately whether metal doping will improve the electrocatalytic activity or not.

This review highlights the influence of 3d block metal doping (Cu, Co, Fe and Mn) on the

electrocatalytic performance of these phases with reference to the electronic structure of the materials.

Such aspects as the electrical conductivity, hydrogen and oxygen intermediate adsorption mechanism,

surface bifunctionality, role of chalcogenide/phosphochalcogenide surface functional groups, electro-

catalytic stability and related changes upon metal doping are discussed in this review article. This work

discusses current gaps that need to be filled to develop a systematic strategy in the modulation of the

electronic/structural properties of metal-doped nickel-based (phospho)chalcogenides for their effective

use in electrochemical water splitting.

Introduction

In recent years, great attention has been devoted to renewable
energy sources (e.g. solar, wind, tidal, geothermal, etc.) due to
rising concerns about the energy crisis, global warming and
the related use of fossil fuels.1–3 Among many, hydrogen, as a
carbon-free and high energy density (146 kJ g�1) source, has
become the main candidate for future alternative fuels.3 Nowa-
days, hydrogen is mainly produced in three ways, namely
methane steam reforming, coal gasification, and water electro-
lysis. Water electrolysis is one of the most environmentally
friendly means of hydrogen generation.4 The current develop-
ment of hydrogen production through water splitting at the
industrial scale requires a non-expensive, robust, and efficient
catalyst. A typical cell for electrochemical water splitting con-
sists of electrodes performing two half-reactions, the oxygen
evolution reaction (OER) at the cathode and the hydrogen
evolution reaction (HER) at the anode.

4H+(aq) + 4e�- 2H2(g) E = (�0.059pH) V vs. RHE (reduction)
(1)

H2O - O2(g) + 4H+(aq) + 4e� E = (1.23 V � 0.059pH) V

vs. RHE (oxidation) (2)
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2H2O - O2(g) + H2(g) DE = 1.23 V (3)

The HER is a process that reduces protons into hydrogen
(reduces water to hydrogen from neutral/alkaline medium),
while the OER process oxidizes water and hydroxyl anions to
molecular oxygen from acid and neutral/alkaline medium.5,6

Recently, enormous progress has been made towards the
development of a noble metal-free catalyst for electrochemical
water splitting, though the underlying strategy for rational
design and optimization of an affordable, stable and efficient
electrocatalyst is still under development.4,7–10 Multiple strate-
gies have been suggested to improve the activity and stability of
electrocatalysts, such as increasing the number of active sites,
improving the intrinsic activity, and modifying the electrolyte
composition.11–17 The increase in the intrinsic activity of sur-
face sites is a more effective means to optimize the overall
activity of the electrocatalyst compared to the nanofabrication
strategy.11 The elemental doping has a significant impact on
the overall electronic properties of the bulk phase as well as on
the surface electrocatalytic activity.17–24 Nickel-based transition
metal chalcogenides (MaXb, where X = S, Se, Te) have been
pointed out as promising noble-metal-free electrocatalysts for
water splitting due to their high efficiency, tunable electroca-
talytic behaviour, and reasonable cost of raw materials.25–37

Another family of electrocatalysts such as transition metal
phosphochalcogenides, e.g., nickel phosphochalcogenides
(NiPX3, where X = S, Se), also so-called lamellar phases, consist
of metal cation-supporting [P2S6]4� or [P2Se6]4� units weakly
bonded to each other via van der Waals forces. These com-
pounds are structurally similar to transition metal chalcogen-
ides, and upon reduced dimensionality, they show a range
of unique properties suitable for application in the electronic
industry,38,39 energy storage,40–42 and catalysis;31,43–45 more
comprehensive reviews about the structure and application of
MPX3 materials can be found in the literature.29,46,47

Here, we summarize recent advances in transition metal (TM)
doping of nickel chalcogenides and phosphochalcogenides for
electrochemical water splitting. This review emphasizes the major
aspects of elemental doping that should be considered for the
rational optimization of the electrocatalytic activity and stability of

catalysts for both the HER and OER. Fig. 1 shows unit cells of
metal-doped nickel phosphochalcogenides and some typical
nickel chalcogenides discussed in this review. To minimize the
scope of this work, the review will consider only several 3d
transition metals such as Cu, Co, Fe, and Mn.

Mechanism of electrochemical water
splitting and related factors

Regardless of the acidity of the electrolyte, the thermodynamic
voltage for water splitting is 1.23 V at 25 1C and 1 atm. However,
an extra potential, often referred to as an overpotential (Z),
is required to overcome activation energy barriers resulting
from the additional resistance of the electrode, electrolyte and
impurities (ions, dissolved gases), solid/gas interface and con-
tacts resistance as the overall mechanism of the charge transfer
at the electrocatalyst/electrolyte interface.4,6,12,14,48–50 The
reaction rate for both the HER and OER processes is greatly
affected by the acidity of the electrolyte and the electrocatalyst
nature.51,52 Therefore, chemically and morphologically stable,
and efficient noble-metal-free catalysts that can perform well
towards both half-reactions in the same media are still highly
required for electrochemical water splitting. Usually, the HER
rate decreases in solutions with a high pH value due to the
absence of free protons, while the electrocatalyst chemical
stability, e.g., against corrosion and elemental etching, and
kinetics of the counter OER half-reaction are more efficient at
higher pH due to partial surface oxidation and facile formation
of oxygen intermediate species;11,53–56 however, the water
splitting mechanism in neutral and alkaline media is even
more complex due to an extra step involving water dissociation.
Recently, it was shown that not only the medium pH but also
the electrode/electrolyte interfacial structure of solvated ions is
important for the HER as it contributes to interfacial transport
and the overall energy barrier for a conversion reaction, and
therefore new strategies to optimize the arrangement of inter-
facial water molecules and their short-range order near
the charged surface by tuning the cation chemistry should be
considered.57

Fig. 1 Visual representation of unit cells for metal-doped (left) phosphochalcogenides (monoclinic, symmetry space group P1), nickel monochalco-
genides (hexagonal, symmetry space group P1), nickel dichalcogenides (hexagonal, symmetry space group P1), and (right) tri nickel dichalcogenides
(trigonal, symmetry space group P1). Axes XYZ correspond to periodic cell dimensions (ABC).
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The mechanism of electrochemical water splitting in differ-
ent media is summarized in Tables 1 and 2.

The electrochemical catalyst minimizes the energy barrier to
proceed through the chemical process compared to an identical
non-catalytic reaction that does not affect the chemical equili-
brium. The concept of ‘‘active sites’’ is often used to describe
the surface atomic spot contributing the most towards the
adsorption of intermediates during the electrochemical water
splitting process. However, the mechanism of both the HER
and OER depends on the acidity of the electrolyte, which might
consist of multiple steps also involving a water dissociation.
In this case, the active site will be a combination of several
surface centers, not only one, with different adsorption proper-
ties to facilitate the optimum rate of all involved steps, includ-
ing water surface dissociation. Therefore, to further address the
activity of electrocatalysts in different media, this review will
focus on a combination of several factors affecting the HER and
OER processes for metal chalcogenides and phosphochalco-
genides rather than looking for a true active site/sites of these
materials. Namely, the role of electric conductivity (metallicity),
adsorption kinetics of both hydrogen and oxygen inter-
mediates, bifunctionally of the surface and surface functional
groups (P, S or Se-based groups) on the electrochemical water
splitting will be further discussed in this review.

Electrical conductivity and metallicity

The electric conductivity of the catalyst has a strong influence
on its overall electrocatalytic activity; however, the electric
conductivity may be relevant for the dry materials as some
changes in the surface chemistry are expected after the contact
with the electrolyte. The changes in oxidation state and
presence of surface functional groups can significantly affect
the charge transfer process; therefore, the effective conductivity
as the HER and OER descriptor should be measured only for
activated catalysts directly from the solution.58 The electrical
conductivity might have an impact on the surface wettability of
the electrocatalyst, which has to be investigated. In Fig. 2a,
Mattia et al. showed that the contact angle between the carbon

substrate and polar water or non-polar solvents depends on the
annealing temperature of the pre-treated carbon material;
however, in these conditions, it is difficult to separate the
contribution of surface functional groups and electrical con-
ductivity of the material.59 Usually, the material with higher
bulk electrical conductivity is more electrocatalytically active
compared to the low electric conductive system (Fig. 2b);
however, the surface reactivity towards adsorption/desorption
of intermediates should be considered as well.25,31,60–64

Hydrogen adsorption

The binding strength of adsorbed hydrogen on the active site of
the catalyst is an important descriptor of the electrocatalytic
HER activity of the material in acid media (Fig. 2). The catalyst
with a strong binding strength of adsorbed hydrogen inter-
mediates limits the desorption step (Tafel/Heyrovsky step),
while the weak binding leads to poor adsorption-activation
behaviour (Volmer step) according to the Sabatier principle
(Fig. 2d). As shown in Fig. 2b, materials with a more metallic
character often form stronger bonding with hydrogen compared
to semiconductors upon adsorption of a proton. However, this
binding strength of hydrogen intermediates (H*) does not
solemnly depend on the electrical conductivity of the electrocata-
lyst, but is also influenced by its position in the conduction band
and the Fermi level at the solid–liquid interface. The localized
density of state measurement is an important way to understand
the excess and/or deficiency of electrons at the specific surface
centres,65,66 which can be an indicator of the adsorption strength
of the intermediates. Apart from that, the nature of the surface
termination of the catalyst should be also considered due to the
difference in electrocatalytic activity of exposed adsorption
sites.67,68 Specifically, the HER occurring predominantly through
the chalcogenide site makes NiS2 more active compared to NiSe2,
whereas the opposite trend can be observed for the HER occurring
on the metal site.69,70 It was shown that the position of the
conduction band of the active site located above the standard
hydrogen electrode (SHE) leads to weak bonding with adsorbed
hydrogen, while a conduction band lower than SHE shows the

Table 1 Mechanism of the HER and OER in acidic aqueous media

Step HER in acid OER in acid

Overall 2H+(aq) + 2e� = H2(g) 2H2O = 4H+(aq) + O2(g) + 4e�

(1) H+(aq) + e� = H*(ad) H2O = OH(ad) + H+(aq) + e�

(2) H+(aq) + e� + H*(ad) = H2(g) OH(ad) = O(ad) + H+(aq) + e�

(3) H*(ad) + H*(ad) = H2(g) O(ad) + H2O = OOH(ad) + H+(aq) + e�

(4) OOH(ad) = H+(aq) + O2(g) + e�

Table 2 Mechanism of the HER and OER in neutral/basic aqueous media

Step HER in neutral/alkaline OER in neutral OER in alkaline

Overall 2H2O + 2e� = H2(g) + 2OH�(aq) 4OH�(aq) = 2H2O + O2(g) + 4e� 4OH�(aq) = 2H2O + O2(g) + 4e�

(1) H2O + e� = H*(ad) + OH�(aq) 2H2O = OH(ad) + H2O + H+(aq) + e� OH�(aq) = OH(ad) + e�

(2) H2O + e� + H*(ad) = H2(g) + OH�(aq) OH(ad) + H2O = O(ad) + H2O + H+(aq) + e� OH�(aq) + OH(ad) = O(ad) + H2O + e�

(3) H*(ad) + H*(ad) = H2(g) O(ad) + H2O = OOH(ad) + H+(aq) + e� O(ad) + OH�(aq) = OOH(ad) + e�

(4) OOH(ad) = H+(aq) + O2(g) + e� OOH(ad) + OH�(aq) = O2(g) + H2O + e�
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opposite trend with strong adsorbed H* intermediates.60 This is
also related to the occupancy of the conduction band and type of
semiconductor; the very high occupancy of the conduction band
is unfavourable for the acceptance of one extra electron from the
hydrogen, and subsequently, this leads to weak bonding (anti-
bonding).

Therefore, the electrocatalyst should have a partially occu-
pied and low-energy conduction band for stronger hydrogen
bonding; and modification of the material between n-type and
p-type semiconductors might be an effective strategy.71–74

Oxygen intermediate adsorption

Speaking of the oxygen evolution reaction, this process is
controlled by the binding strength of oxygen-based intermedi-
ates (O*, OH*, OOH*), and the ideally performing water oxida-
tion electrocatalyst binds these species neither too strongly nor
too weakly.61,63 Previously, it was mentioned that the space
charge layer at the surface of the electrode affects the resulting
potential drop of the Helmholtz layer along with the energy
barrier for the charge transfer kinetics, and, therefore, it
directly influences the concentration of hydroxyl anions and
adsorption strength of oxygen-containing intermediates.63

In this regard, it is believed that p-type semiconductors are
more suitable catalysts for the OER compared to n-type ones, as

p-type semiconductive materials possess more positive near-
surface potential with large availability of holes on the electrode
surface for stabilization of adsorbed oxygen-based inter-
mediates.75,76 As shown in Fig. 2e, metal doping has a profound
impact on the hybridization state of the metal–chalcogenide
bond; namely, for doping metals in an oxidation state less
positive than that of nickel, nickel shares more electrons with
the chalcogenide making the metal–chalcogenide bond shorter
and the chalcogenide more negative. Meanwhile, doping Ni–X
with highly positive M leads to an opposite effect, namely, the
metal–chalcogenide bond gets longer with higher electron
occupancy on the Ni site. According to the theory of charge
transfer,77 electron transfer can take place only from any
occupied state to an unoccupied state if their energies are
matched. For reduction, the electrons transfer from the occu-
pied state of the electrode to the unoccupied state of the
electroreactant, while for oxidation the receiving state will be
on the electrode. The strong overlap of the occupied and
unoccupied states near the Fermi level on the electrocatalytic
electrode will minimize the overpotential needed for charge
transfer. Suntivich et al. have shown this for perovskite oxides
and another work has been done for the LixNi1�xO catalyst,
which shows higher electrocatalytic activity towards the OER
upon Li doping due to hybridization of the Ni–O bond and the

Fig. 2 (a) Contact angle on CVD-carbon film deposited on glassy carbon: contact angle for water and nonpolar fluorosilicone (FPMS) as a function of
annealing temperature and electrical conductivity of the carbon substrate. Reproduced with permission from ref. 59. Copyright r 2006, American
Chemical Society. (b) The hydrogen adsorption free energy DGH as a function of the conduction band minimum Ecv for a 2 � 2 supercell of transition
metal dichalcogenides. The pink dashed lines indicate the SHE, and S and M indicate semiconductor and metallic, respectively. Reproduced with
permission from ref. 60. Copyright r 2017, the Royal Society of Chemistry. (c) Volmer–Tafel and Volmer–Heyrovsky hydrogen evolution reaction
mechanism in acid and alkaline media. Reproduced with permission from ref. 79. Copyright r 2012, American Chemical Society. (d) Sabatier principal
volcano plot for the binding energy of adsorbed intermediates. Reproduced with permission from ref. 80. Copyright 2015 Elsevier Ltd. (e) Schematic
illustration of chemical bond hybridization between chalcogen (X) and nickel (Ni) atoms upon doping of metal (M). (f) Schematic diagram for electronic
structures of NiO and LiNiO2 (left) and energy diagram at the oxide–liquid interface on the vacuum level scale at pH = 14 (right); the redox level for
O2/H2O (red dashed line) is�4.84 eV, the conduction band minimum (CBM) level for NiO is�1.7 eV according to the formula: ECBM = Ebandgap� Eionization,
(Ebandgap = 3.7 eV, Eionization = 5.4 eV). Reproduced with permission from ref. 78. Copyright r 2019, American Chemical Society.
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creation of more vacancies for electron acceptance upon adsorp-
tion of oxygen-based intermediates, as shown in Fig. 2f, where a
new unoccupied state emerges near the Fermi level.61,78

Bifunctionality of the surface

As mentioned above, the acidity of the electrolyte has a strong
influence on the electrocatalyst rate performance, and hydro-
gen evolution in neutral/alkaline media requires an overpoten-
tial associated with a decrease in a number of electroactive
species, namely H+, according to the Nernst equation.81 So, an
extra step such as ‘‘water dissociation’’ takes place to generate
electroactive species for both cathodic and anodic reactions.
In this regard, the proper combination of surface neighbours,
i.e., active sites, for facile water deprotonation, recombination
of intermediates, and gas desorption can improve the efficiency
of the HER rate even at high pH values and/or improve the OER
in acidic media.22,51,82–84 This phenomenon is called ‘‘bifunc-
tionality’’, namely, the catalyst should possess both strong and
weak bonding active sites responsible for the adsorption of O*-
based intermediates and recombination/desorption of H* inter-
mediates (Fig. 3). This can be achieved by TM doping with
different oxophilicity; for example, the Ni–Pt(111) surface
shows lower HER overpotential in alkaline media than that of
non-doped Pt(111).85 In this case, the hydrophilicity of Pt(111)
improves with Ni doping and more protons can be electro-
generated upon adsorption of water molecules. A similar
observation was done for TM doping in the NiPS3 phase, where
a proper combination of TM with different oxophilicity and
doping ratio leads to more active HER and OER behaviour.32,86

Also, highly oxophilic vanadium was successfully used in the
Co1�xVxPS electrocatalyst to accelerate the water dissociation
kinetics.87 Thus, both the H* and O* intermediate bonding
strength should be taken into account to comprehensively

evaluate the impact of the electrocatalyst nature on the water
splitting mechanism.82

Surface functional groups (P, S or Se-based groups)

Anion nature and its chemical response to changes in the
acidity of the electrolyte can significantly affect the reactivity
of the electrocatalyst. It was shown that the MoP(001) surface
shows high activity towards the HER in neutral media, where
Mo sites help to adsorb water and MoP sites recombine H* into
H2.88 Meanwhile, an excess of H+ or OH� alternates the surface
and block sites for the dissociation of water, which leads to
poor electrocatalytic behaviour. Fang et al. show that P-doping
improves the H* desorption/recombination process in bi-
metallic NiCo alloy, while Se and O-doping show the opposite
trend.89 This is due to the difference in electronegativity of the
anion, which follows the trend O (3.44) 4 Se (2.55) 4 P (2.19),
and both O and Se demonstrate very strong hydrogen adsorp-
tion enthalpies. Li et al. showed that incorporating Se-vacancies
into Ni2P (Ni2P/Ni3Se4) significantly improves the HER activity
due to an increase in adsorption energy for the H* intermediate
on the Se site.90 In the case of bimetallic nickel–iron oxide, the
introduction of sulphur to oxygen vacancies also showed sur-
face charge delocalization to iron sites, i.e., more electrons on
iron sites after sulphur doping, which is again due to the
difference in the electronegativity of the anions (S (2.58) vs. O
(3.44)).65 Such changes in surface charge between neighbours
contribute a significant role to the bifunctionality of the
electrocatalyst as well as its electronic conductivity (band gap
value).

Regarding the effect of anion chemistry on the OER beha-
viour, Wu et al. show that S2�-vacancies in NiFe are responsible
for high water oxidation activity, which changes to SOX form
after long-term cycling. This process was attributed to surface
poisoning and deterioration of the OER activity of the electro-
catalyst. However, Hu et al. showed that the chalcogenide anion
of CuO@CuSx leaches into the electrolyte during cycling and
SO4

2� is formed.91 The presence of SO4
2� in the solution and

the oxidized CuO@CuOOH surface leads to an interfacial
abundance of OH� which improves the OER activity. The
leaching of chalcogenide anions during the OER was seen in
many literature reports.92–95 However, some reports focus
unjustifiably too much on the structure of the pre-catalyst to
describe the OER mechanism rather than comprehensively
investigating the activated surface of the electrocatalyst.96

As for phosphide and phosphate anions, the electrocatalysts
with these compounds also demonstrated an improved beha-
viour for water oxidation;97,98 however, again more studies are
needed to understand the difference between pre-catalyst and
real active sites.

Metal-doped nickel
phosphochalcogenides (NiPX3)

MPS3 (M = Cu, Ni, Fe, Co, Mn) are semiconductors with a band
gap in the range of 1.3–3.5 eV, whereas MPSe3 (M = Cu, Ni,

Fig. 3 Mechanism of surface bifunctionality for the Volmer–Tafel HER
reaction in neutral/basic media where water dissociation takes place.
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Fe, Co, Mn) show more metallic behaviour29,64,99 and the
conduction band is mainly formed by [P2S6]4� or [P2Se6]4�

frameworks where the metal contributes to the occupancy of
the states.100 In general, MPSe3 phases outperform MPS3

phases in electrocatalytic activity due to higher electrical con-
ductivity leading to better charge transfer kinetics,32,36,64,101,102

where the MxPy phase is found to be more electrocatalytically

active than the MxSy/MxSey phase for both HER and OER
processes.103–105 As shown in Fig. 4a and b, electrocatalytic
hydrogen evolution was studied for MPS3 bulk phases, and the
lowest overpotential was found for NiPS3; meanwhile, CoPS3

shows superior OER performance to other MPS3 materials.31

As said above, the HER activity greatly depends on the adsorp-
tion strength of H* intermediates to the catalyst surface, and a

Fig. 4 LSV curves for (a) HER and (b) OER activity of bulk MPS3 phases. Reproduced with permission from ref. 31. Copyright r 2017, American Chemical
Society. (c) Schematic illustration of Ni1�xMxPS3 (where M is a doping metal) nanosheet preparation by exfoliation of bulk crystals in organic solvent
(N,N-dimethylformamide (DMF)). Images of Mn-doped NiPS3 nanosheets prepared by the synthetic route in Fig. 3c were obtained by (d) SEM, (e) AFM,
and (f and g) TEM. Reproduced with permission from ref. 22. Copyright 2018 Elsevier Ltd. (h) Possible edges of the MPS3 material with adsorption sites.
Reproduced with permission from ref. 122. Copyright r 2021, the Royal Society of Chemistry. (i) Charge transfer model of Co2+, Co3+, Co4+ in a covalent
system. Reproduced with permission from ref. 123. Copyright 2021, Wiley-VCH. (j) LSV curves for the OER activity of trimetallic phosphides grown on
Ni3S2/Ni foam. Reproduced with permission from ref. 140. Copyright r 2020, American Chemical Society. (k) LSV curves for the HER activity of high
entropy CoPS3-based alloy. Reproduced with permission from ref. 121. Copyright r 2022, American Chemical Society. All reported polarization curves
were recorded in 1.0 M KOH.
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rational combination of both weak and strong adsorption
centres can be an effective strategy to optimize the electro-
catalyst performance.

Song et al. showed that NiPS3 possesses both weak and
strong H* adsorption centres, whereas FePS3 has only weak H*
centres with DGH 4 0 eV.32 The electronic structure analysis
shows that the lowest unoccupied molecular orbital (LUMO) at
the conduction band, which is responsible for the electron
acceptance, is located at a different position for MPS3 (M = Ni,
Fe, Mn).106 Specifically, the LUMO of NiPS3 represented by the
eg orbital is at relatively higher energy than t2g of FePS3 and
MnPS3, therefore showing that NiPS3 will be in favour of the
Tafel/Heyrovsky desorption step compared to other MPS3

phases due to weaker electron affinity.31 The excellent water
oxidative activity of CoPS3 is the most likely due to higher CoxPy

activity compared to the NixPy phase.107–109 The band gap
of NiPS3 was found to be 1.4–1.8 eV experimentally,110,111

while density functional theory gives a wider range of values
1.0–2.19 eV resulting from the choice of the basis set, tempera-
ture effect and zero-point motion correction term.43,110,112 The
valence band of NiPS3 consists of up-spin 3d eg of nickel, 3s of
phosphorous, and 3p of sulphur, whereas the conduction band is
dominated by down-spin 3d eg of nickel.113 The position of the
metal d-band near the Fermi level means that the nickel centre
will likely accept an electron during the cathodic reaction.

Metal-doped NiPS3 phase can be synthesized via different
methods such as solid-state synthesis,22 solvothermal,114 and
chemical vapour deposition;43,115 however, precise control of
stoichiometry can be better realized only through solid-state
synthesis in an inert atmosphere. In this method, elemental
powders are mixed in their stoichiometric ratio and annealed at

high temperatures in a degassed quartz tube. To further expose
the active surface area, the as-synthesized bulk phase can be
sonicated in an organic solvent to allow exfoliation across a van
der Waals gap (Fig. 4c), where the degree of exfoliation can be
controlled by the nature of the organic solvent and sonication
conditions.116,117 Fig. 4d–g show the morphology of Mn-doped
NiPS3 nanosheets prepared by solid-state synthesis and exfoliation
with N,N-dimethylformamide (DMF). Table 3 shows the summary
of some synthesis methods for metal phosphochalcogenides.

Alam et al. investigate the nature of the active sites in CoPS3

and NiPS3 monolayer sheets, which demonstrated the highest
activity on the edges compared to that on the plane, similar to
the MoS2 phase.122 Detailed analysis of the hydrogen adsorp-
tion free energy on each atom of the investigated edge ribbons
(Fig. 4h) shows that during both the first and second hydrogen
adsorption steps, CoPS3 shows stronger adsorption on both
metallic and sulphur/phosphorous sites compared to that
of NiPS3. Metallic adsorption sites of NiPS3 show a positive
free energy value unlike that for CoPS3, whereas sulphur and
phosphorus always interact strongly with adsorbed hydrogen
for these two phases. These differences in adsorption sites
indicate why the HER for CoPS3 occurs via the Volmer–Tafel
step with high coverage of adsorbed hydrogen, while that in
NiPS3 happens through Volmer–Heyrovsky with low coverage of
adsorbed hydrogen.

Considering the difference in electrocatalytic activity of
NiPS3 and CoPS3 and their difference in the adsorption
strength of hydrogen, it is important to ask why NiPS3 outper-
forms CoPS3 in the HER but underperforms that in the OER.
This is related to the formation of high valence metallic states
such as Co3+/Co4+ during the water oxidation, which strongly

Table 3 Synthesis details of selected metal phosphochalcogenides

Material Metal precursors Source of P/S Method of synthesis Ref.

Bulk MPS3

(M = Ni, Co,
Fe, Mn)

Metal powders Phosphorous,
sulfur

Sealed under high vacuum and annealed in a quartz glass
ampule at 650/750 1C for 120/288 h

31

Bulk MPSe3
(M = Ni, Co,
Fe, Mn)

Metal powders Phosphorous,
selenium

Sealed under high vacuum and annealed in a quartz glass
ampule at 650 1C for 240 h

45

Exfoliated
MnPX3

(X = S, Se)

Metal powders Phosphorous,
sulfur

Similar to ref. 31, then sonicated in sodium cholate at 750 W for
1 h and collected after centrifugation

36

Exfoliated
FePSe3

Metal powders Phosphorous,
sulfur

Similar to ref. 31, then sonicated in acetone–water mixture for 4 h
and collected after centrifugation

36

Exfoliated NiPS3 Metal powders Phosphorous,
sulfur

Similar to ref. 31, then sonicated in CTAB mixture for 10 h and
collected after centrifugation

118

NiPS3/C or
CoNiPS3/C

Ni–Co Prussian
blue analogue

Phosphorous,
sulfur

Prepared Ni–Co PBA placed in a tube furnace for annealing.
Synthesised samples were washed with CS2 and HCCl3

43

Bulk Cu2P2S6 Cu2S P2S5 Stoichiometric mixture was vacuum sealed in a quartz tube and
annealed at 623 K for 24 h

119

Cu3PS4 Cu powder Phosphorous,
sulfur

Stoichiometric mixture was vacuum sealed in a quartz tube and
annealed at 800 K for one week

120

Ni0.7Fe0.3PS3/
Mxene

Ni(NO3)2�6H2O
(Z98.5%),
Fe(NO3)3�9H2O
(Z98%)

Phosphorous,
sulfur

Transitional metal layered hydroxide aqueous solution was
mixed with Ti3C2Tx solution, and the mixture was ultra-sonicated
for 1 h. The as-obtained nanocomposites were preheated in an Ar
atmosphere at 300 1C for 1 h, then mixed with red phosphorus
and sulphur powder in a molar ratio of 1 : 3 and vacuum sealed in
a quartz tube for annealing

44

Metal doped
NiPS3

Metal powders Phosphorous,
sulfur

Sealed under high vacuum and annealed in a quartz glass
ampule at 650/750 1C for 120/288 h

22, 32,
86 and 121
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absorbs H2O and OH� as well as a higher degree of covalency
between the metal and oxygen, which decreases the value of the
charge transfer due to the hybridization of 3d and 2p orbitals
(Fig. 4i).123

The Xu group studied the Co-doped NiPS3 phase towards
hydrogen evolution activity, and Ni0.95Co0.05PS3 nanosheets
appeared to be the catalyst with an optimal composition having
an overpotential of 71 mV vs. RHE at �10 mA cm�2 and Tafel
slope of 77 mV dec�1 at 1.0 M KOH,86 and the Co-doped sample
was found to be more electrically conductive than the NiPS3

phase by three orders of magnitude. This agrees with a
decreased value of band gap that was previously seen for Co-
doped nickel sulphides from B1.4/1.2 eV to 0.17/0.08 eV.124

The nickel phosphides show a metallic nature with a metal
d-band located near the Fermi level125,126 with phosphorous 3s
and 3p states located mostly in the conduction band much
lower than the Fermi level. The Co-doping to nickel phosphide
phase shifts the nickel 3d band to the Fermi level, which
creates a hole state, optimizing the value of free energy for
hydrogen adsorption compared to other undoped Co/Ni.127,128

This also corresponds to the lower band gap for the Co-doped
NiPS3 phase, e.g., 1.47 eV for CoNiPS3 vs. 1.50 eV for NiPS3 eV,
which demonstrates excellent HER/OER activity on the N-doped
carbon substrate compared to non-doped pure NiPS3 phase.43

Fe-doped NiPS3 phase has been widely studied for electro-
chemical water splitting, and the Ni0.9Fe0.1PS3 phase demon-
strated excellent HER (72 mV vs. RHE at �10 mA cm�2 and
Tafel slope of 73 mV dec�1) and OER (329 mV vs. RHE at
20 mA cm�2 and Tafel slope of 69 mV dec�1) in 1 M KOH.32 The
same composition demonstrated good HER activity of
196 mV@10 mA cm�2 on MXene nanosheets, while the OER
activity was optimized with a relatively larger Fe content of
Ni0.7Fe0.3PS3@MXene (282 mV@10 mA cm�2).44 For the HER, it
was shown that Fe-doping narrows the band gap of the mate-
rial, which leads to better charge transfer as well as optimizes
the H* binding energy (DGH B 0.00 eV).32,129 Meanwhile, the
enhancement in the OER activity upon Fe-doping is most likely
due to the formation of highly active Ni(Fe)OOH species.32,44,130

The catalyst surface undergoes severe oxidation within an
anodic scan, and the metal oxide phase will contribute a major
part to the OER performance of the catalyst due to reduced
charge trasnfer resistance.118

R. Subbaraman et al. showed that the OH–M2+d bond is a
fundamental descriptor of the HER/OER activity of metal oxide-
based electrocatalysts, and this bond strength increases in the
following trend Mn 4 Fe 4 Co 4 Ni, which corresponds to a
decrease in catalyst reactivity, namely, the reactivity falls in
accordance with Ni 4 Co 4 Fe 4 Mn.131 Despite successful
NiPS3 doping by Co and Fe, the HER activity was not improved
upon Mn doping,22 which might be related to the large band
gap of MnPS3 and relatively strong H2O adsorption due to the
low position of the LUMO within the conduction band.29,106,132

Apart from that, the MnP phase does not show any active sites
with ideal DGH (within �0.2 eV) compared to those of NiP, CoP
and FeP analogues.133 The corresponding decrease in OER
activity of NiPS3 upon Mn doping is in good agreement with

the formation of MnO2 which strengthens the OH–M2+d bond
and hinders the Tafel/Heyrovsky recombination–desorption
step. Besides, the Mn doping also increases the level of
metal–oxygen covalency due to 3d and 2p hybridization (Ni–O
is 2.09 Å vs. Mn–O is 1.92 Å), namely, the 2p hole state near the
Fermi level disappears with an increase of Mn content, which
leads to stronger interactions with adsorbed intermediates.134

The stronger adsorption character and lower electrical conduc-
tivity correlate with increased electron affinity for the Mn4+

state affecting the charge transport.135 This is also evidenced by
the increasing dominance of the Volmer step for both HER and
OER processes with Mn-doped NiPS3.22 In this sense, the NiPS3

doping with low oxophilic metals, such as Cu, should be
considered to further expand the role of oxophilicity on the
performance of the NiPS3 electrocatalyst,119,136 especially know-
ing that a successful synergetic effect can be achieved in their
mixed phosphides.136 Also, Cu doping in the NiS@Ni2P phase
demonstrated a positive effect on the electrocatalytic HER activity
of the nickel-foam-based catalyst.137 The 10 weight % Cu doping
in NiPS3 showed a stable photocathodic HER behaviour in 0.5 M
H2SO4,138 and the electronic structure of this doped phospho-
chalcogenide is a p-type semiconductor, which might be bene-
ficial for the electrochemical OER as mentioned above. Cu
alloying with sulphur and phosphorus sources can give Cu3PS4

and Cu2P2S6 phases,119 and the DFT calculation for the CuPS3

monolayer revealed its small band gap of 1.63 eV.139 Although,
CuPS3 has never been reported for electrochemical water splitting,
it will likely be less active than pristine NiPS3; however, the
presence of Ni in the CuPS3 phase can give a very low value for
hydrogen adsorption energy, e.g., 0.09 eV similar to that of Pt
surfaces of �0.09 eV.139 Therefore, it will be interesting to see
some work on the synthesis and application of the Cu-doped
NiPS3 phase towards the HER and OER.

Last but not least, it might be also useful to consider three or
more metal-based MPX3 phases for electrochemical water split-
ting (Fig. 4j and k) to properly adjust the surface bifunctionality
and electronic properties.121,140,141 The electrocatalytic activi-
ties of selected metal phosphochalcogenides towards the HER
and OER are summarised in Tables 4 and 5.

Metal doped nickel chalcogenides
(NiaXb, X = S, Se)

Nickel chalcogenides, such as sulphides and selenides, are
found in different stoichiometric and non-stoichiometric com-
positions, namely, NiX, NiX2, Ni3X2, and Ni9X8. Both sulphides
and selenides are insoluble in water and stable within neutral
and near-neutral pH; also, their surfaces are covered with oxide/
hydroxide films under harsh alkaline conditions, making them
highly suitable for HER electrocatalysts and OER precatalysts.26

However, these compounds are highly unstable within acidic
conditions due to the dissolution of chalcogenides.26 It was
found that the HER electrocatalytic activity of nickel selenides
changes in the following order Ni3S2 4 NiS2 4 NiS, which was
attributed to the higher electrical conductivity of Ni3S2.144
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Meanwhile, the opposite result showed that NiS outperforms
the Ni3S2 catalyst,145 which is probably related to different
phases of NiS and Ni3S2 having different exposed adsorption
sites. As for selenides, NiSe2 was found to be superior to other
nickel selenide phases for both the HER and OER in 1.0 KOH.146,147

A more comprehensive review of nickel chalcogenides and their
synthesis, including tellurides, as catalysts for electrochemical
water splitting, can be found in the literature.26,148 Synthesis
methods of some metal chalcogenides are shown in Table 6.

Wang et al. estimated the hydrogen evolution activity for
different metal dichalcogenides, and it was found that CoX2 has
the lowest absolute value of H* adsorption.60 As shown in
Fig. 5a and b, Kong et al. demonstrated that the HER activity
in 0.5 M H2SO4 decreases in the order of CoX2 4 NiX2 4
FeX2,149 which is most likely due to a decrease in electrical
conductivity in CoX2 4 NiX2 4 FeX2 and partial occupation
of the conduction band in CoX2 and NiX2.155,156 A similar trend
for the dichalcogenide phase was observed towards the OER
process in 1.0 M KOH on different substrates.151,157,158

Regarding monochalcogenides, NiX and CoX also exhibited
superior HER and OER activity in an alkaline medium;153,159,160

however, FeS has also demonstrated superior activity towards
the OER process, which might be due to different surface
area and roughness factors between the examined metal
monosulfides.150,161–163 However, it is important to accurately
estimate the active surface area of the catalyst to provide a
meaningful comparison of the effect of the chemical nature of
metal chalcogenides on their electrocatalytic activity.164,165 The
HER activity of both MnS2 and MnS is the lowest compared to
other chalcogenides due to weak hydrogen bonding to the
surface resulting from the smallest DOS occupation near the
Fermi level,153,166,167 and the same conclusion was done
towards the OER activity of manganese sulphide, which is most
likely due to the strong OH–M2+d bond (Fig. 5c).131

It was shown that Co-doping in NiaXb improves both the
HER and OER performance, which is in good agreement with
the optimized H* adsorption energy and higher electrical
conductivity of CoX2.149,155,168–171 As shown in Fig. 5d and e,

Table 4 HER properties of selected metal phosphochalcogenides in different aqueous media. All catalysts were studied with a glassy carbon electrode
substrate unless mentioned differently, e.g., carbon cloth.a The nanosheet morphology was denoted as NSs

Materials Loading mass, mg cm�2 j@Z, mA cm�2@mV Electrolyte Ref.

NSs NiPS3 (thickness = 4 nm) 510 � 10 10@193 1.0 M KOH 32
NSs CoPS3 (thickness = 2.8 � 0.7 nm) 350.0a 10@202.8 1.0 M KOH 121
NSs FePS3 (thickness = 0.7 to 1.7 nm) 150 10@337 0.5 M KOH 142
NSs FePSe3 (thickness = 0.7 to 1.7 nm) 150 10@309 � 2 0.5 M KOH 101
NSs FePSe3 (thickness = 0.7 to 1.7 nm) 150 10@195 � 3 0.5 M H2SO4 101
NSs MnPS3 (thickness = 38.1 � 11.2 nm) 141.5 10@1090 � 71 1.0 M KOH 36
NSs MnPS3 (thickness = 38.1 � 11.2 nm) 141.5 10@835 � 68 0.5 M H2SO4 36
NSs MnPSe3 (thickness = 16.7 � 9.3 nm) 141.5 10@992 � 56 1.0 M KOH 36
NSs MnPSe3 (thickness = 16.7 � 9.3 nm) 141.5 10@640 � 87 0.5 M H2SO4 36
NSs MnPS3 (thickness = 7.6 nm) 1250 10@1140 1.0 M KOH 22
NSs Co-doped NiPS3 (0% Co doping) (thickness = 6.7 nm) 510 � 10 10@B220 1.0 M KOH 86
NSs Co-doped NiPS3 (5% Co doping) (thickness = 6.7 nm) 510 � 10 10@71 1.0 M KOH 86
NSs Co-doped NiPS3 (9% Co doping) (thickness = 6.7 nm) 510 � 10 10@145 1.0 M KOH 86
NSs Fe-doped NiPS3 (0% Fe doping) (thickness = 4 nm) 510 � 10 10@193 1.0 M KOH 32
NSs Fe-doped NiPS3 (5% Fe doping) (thickness = 4 nm) 510 � 10 10@130 1.0 M KOH 32
NSs Fe-doped NiPS3 (10% Fe doping) (thickness = 4 nm) 510 � 10 10@72 1.0 M KOH 32
NSs Fe-doped NiPS3 (15% Fe doping) (thickness = 4 nm) 510 � 10 10@152 1.0 M KOH 32
NSs Mn-doped NiPS3 (0% Mn doping) (thickness = 7.6 nm) 1250 10@320 1.0 M KOH 22
NSs Mn-doped NiPS3 (5% Mn doping) (thickness = 7.6 nm) 1250 10@380 1.0 M KOH 22
NSs Co0.6(VMnNiZn)0.4PS3 (thickness 2.8 nm) 350.0a 10@65.9 1.0 M KOH 121
NiPS3/C nanoshape 300 10@B330 1.0 M KOH 43
CoNiPS3/C nanoshape 300 10@B140 1.0 M KOH 43

Table 5 OER properties of selected metal phosphochalcogenides in aqueous media. All catalysts were studied with a glassy carbon electrode substrate.
The nanosheet morphology was denoted as NSs

Materials Loading mass, mg cm�2 j@Z, mA cm�2@mV Electrolyte Ref.

NSs NiPS3 (thickness = 0.64 nm) 382 10@350 0.1 M KOH 118
NSs CoPS3 10@378 1.0 M KOH 143
NiPS3/C nanoshape 300 30@B330 1.0 M KOH 43
CoNiPS3/C nanoshape 30@B285–250 1.0 M KOH 43
NSs rGO-FePSe3 150 10@430 0.5 M KOH 101
Ni0.7Fe0.3PS3@MXene 250 10@282 1.0 M KOH 44
NSs Fe-doped NiPS3 (0% Fe doping) (thickness = 4 nm) 510 � 10 20@437 1.0 M KOH 32
NSs Fe-doped NiPS3 (5% Fe doping) (thickness = 4 nm) 510 � 10 20@359 1.0 M KOH
NSs Fe-doped NiPS3 (10% Fe doping) (thickness = 4 nm) 510 � 10 20@329 1.0 M KOH
NSs Fe-doped NiPS3 (15% Fe doping) (thickness = 4 nm) 510 � 10 20@356 1.0 M KOH
NSs Mn-doped NiPS3 (0% Mn doping) (thickness = 7.6 nm) 1250 10@295 1.0 M KOH 22
NSs Mn-doped NiPS3 (5% Mn doping) (thickness = 7.6 nm) 1250 10@350 1.0 M KOH
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surface wettability plays a crucial role in attenuating the HER/
OER overpotential, which mitigates near-surface insulating
bubble adhesion due to the formation of a very low contact
angle at the electrolyte/surface interface.172,173 This pheno-
menon is significantly influenced by surface oxophilicity, e.g.,
the ability to connect with oxygen-based species either through
adsorption or formation of hydrogen/ionic bonds, which helps
to improve the kinetics of the adsorption step.174 However,
when comparing any electrocatalyst grown on a 3D substrate it

is important to study the electrochemical activity normalized by
active surface area, not just by geometric surface area, to avoid
misleading observations.164,165 The improved HER perfor-
mance, resulting from the increase in oxophilic high valence
states decreasing the activation energy barrier, was shown for
various Fe-doped NiaXb as nanoparticles deposited on the
electrode or a composite architecture grown on a conductive
substrate.175–179 The excellent OER performance of Fe-doped
NiaXb was attributed to the formation of the Ni(Fe)OOH phase,

Fig. 5 (a) LVS curves of transition metal disulphides in which surface-area-normalized current density is plotted against the potential in 0.5 M H2SO4.
(b) LVS curves of transition metal diselenides in which surface-area-normalized current density is plotted against the potential in 0.5 M H2SO4.
Reproduced with permission from ref. 149. Copyright r 2013, the Royal Society of Chemistry. (c) LSV for sulphur-containing transition metal
(hydro)oxides compared with commercial RuO2 at 1.0 M KOH. Reproduced with permission from ref. 199. Copyright r 2020 Wiley Publications.
(d) Contact angles of bare nickel foam (NF), Ni2S3/NF and CoSx–Ni2S3/NF, where CoSx–Ni2S3/NF shows superhydrophilic behaviour. (e) LVS for bare nickel
foam (NF), Ni2S3/NF and CoSx–Ni2S3/NF during the OER process in 1.0 M KOH. Reproduced with permission from ref. 172. Copyright 2020 Elsevier Ltd.
(f) LSV curves of NiSe, Mn–NiSe, Pt/C and bare carbon fibre paper in 0.5 M H2SO4. Reproduced with permission from ref. 186. Copyright 2020 Elsevier Ltd.

Table 6 Synthesis details of selected metal chalcogenides

Material Metal precursors Source of S/Se Method Ref.

MX2 (M = Ni, Fe,
Co, and X = S, Se)

A metal film by e-beam
evaporation

Selenium/sulphur
power

Selenium/sulphur power and metal precursor heated with Ar flow in a
tube furnace

149
and
150

Fe–NiS2/CF Ni(NO3)2�6H2O
(0.3 mmol), Fe(NO3)3�
9H2O (0.1 mmol)

Sulphur powder Layered metal hydroxides are grown on a carbon fibre. Then, sulphur
power and metal precursor are heated with Ar flow in a tube furnace

151

FexNi1�xSe2

nanoparticles
Nickel acetylacetonate
and iron acetylacetonate

Selenium powder A mixture of 0.1 mmol of Ni(acac)2, 0.1 mmol of Fe(acac)2 and
0.4 mmol of selenium powder was dissolved in the mixed solution of
organic solvents. Then, solvothermal synthesis was performed in the
autoclave. Particles were collected by centrifugation

152

MS (M = Ni, Co,
Fe, Mn)

Metal hexacyanoferrate
(MHCF) (M = Ni, Mn, Fe,
Co)

Na2S Electrodeposition of metal hexacyanoferrate on the surface of the GC
electrode by applying potential from 0 V to 1 V for 20 cycles. Then, the
same electrodeposition with 10 mM of Na2S solution

153

Metal doped
NiX/NF
(X = S, Se)

Metal salts, nickel foam Thiourea,
selenium powered

Solvothermal synthesis in an autoclave with/without the addition of a
reducing agent

92
and
154
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which possesses high water oxidative activity due to the bifunc-
tionality of the surface in the alkaline medium.130,151,158,180–182

It was also shown that even the presence of 1.0 mM Fe3+

impurities in alkaline electrolyte significantly increases the
OER activity of the NiOxHy phase.183 This outstanding OER
activity was attributed to the formation of a high oxidation Ni
and Fe state, where Fe is an actual active site with an unoccu-
pied state at the minimum of the conduction band.183,184 In
contrast to the poor HER/OER activity of Mn-doped NiPS3, Mn-
doped NiaXb materials show improved electrocatalytic beha-
viour compared to the non-doped sample (Fig. 5f),185,186 and
this is apparently due to the absence of electrocatalytically poor
NiMnP and MnP phases.187–189 It was shown that Mn doping in
nickel sulphide leads to stronger H2O interaction energy and
optimized H* adsorption energy on the catalyst surface, subse-
quently enhancing the HER performance in neutral and alka-
line solution.190 Although, the Mn doping in NiS leads to a large
band gap from 2.05 eV for NiS to 2.31 eV for Mn0.5Ni0.5S,
respectively.124,191 It was also shown that Mn-doping in nickel-
based oxides or chalcogenides shows a worse effect on the electro-
chemical water splitting performance than Co or Fe doping, which
correlates with the poor conductivity and very strong oxophilicity of
Mn-doped nickel-based catalysts.192,193 It is likely that the success-
ful Mn doping to nickel-based chalcogenides was just observed
due to the overestimation of the active surface area of the electro-
catalyst, especially for those samples prepared not through solid-
state synthesis, although the positive effect of the oxophilic Mn
states in nickel oxides or chalcogenides for the water dissociation
step might take place. More investigation in this direction is
needed to properly answer this question.

Yin et al. demonstrated that Cu, as well as Co, can improve the
HER activity of NiS in 1.0 M KOH, which is due to changes in Ni
electronic structure enabling the lower charge transfer resis-
tance,169 namely the doping makes the eg–t2g gap (exited–transition
state) for the 3d orbital small enough for fast charge transfer and
increases the Ni3+ content for a better adsorption mechanism. The
CuNiS composite also demonstrated an outstanding OER activity
in alkaline media with stronger H2O adsorption energy for
Cu–NiOOH compared to the NiOOH phase.194

Wang et al. calculated DGH for various metal-doped NiSe2,
and, in general, it was found that on both nickels, selenium,
and the dopant site of (001), (110), and (111) plane Fe, Co, and
Cu doping improves H* adsorption much better compared to
other metals (DGH B 0.0 eV).179 Besides, considering a trime-
tallic composition to optimize electrocatalyst performance
again might be an effective strategy.195–198 The electrocatalytic
activities of selected metal chalcogenides towards the HER and
OER are summarised in Tables 7 and 8.

Electrocatalytic stability

Several processes take place upon electrochemical water split-
ting, which directly affects the durability of the catalyst; for
example, oxidation, elemental leaching, structural distortion
and so on. Therefore, the rational design of electrocatalysts

should consider the link between the electrocatalytic activity
and the chemical stability of materials against degradation.
Fig. 6 shows the relationships between electrocatalytic activity
and chemical stability of transition metal dichalcogenides
(TMDs) with different electronic structures.25 The basal plane of
TMDs with metallic character possesses higher electrocatalytic
activity (DGH B 0 eV) than that of semiconducting materials
(DGH 4 0 eV), and the transition metal nature of metallic TMDs
does not influence their activity much compared to that of
semiconductors. Accordingly, metal doping for metallic TMDs
might not be an effective strategy to optimize the performance
of electrocatalysts, as it strongly influences the chemical stability
of the material. As shown in Fig. 6b, most of the TMD edge sites
are stable against the dissolution of chalcogens into the elec-
trolyte (DGHX o 0 eV); therefore, the increase in the number of
exposed edge sites of the catalyst is highly desirable to optimize
the electrocatalytic activity. The chemical stability of electro-
catalysts can be described according to their density of state in
Fig. 6a, which shows that semiconductive materials with a
higher occupancy in the valence band are more likely to transit
electrons to the conduction band, which leads to higher activity

Table 7 HER properties of selected metal chalcogenides in different
aqueous media. The nanosheet morphology was denoted as NSs

Materials
Loading mass,
mg cm�2

j@Z, mA
cm�2@mV Electrolyte Ref.

NiS — 10@169 1.0 M NaOH 153
CoS — 10@251 1.0 M NaOH
FeS — 10@329 1.0 M NaOH
MnS — 10@589 1.0 M NaOH
NSs NiS2 — 10@172 1.0 M KOH 169
NSs Co–NiS2 — 10@80 1.0 M KOH
NSs Fe–NiS2 — 10@192 1.0 M KOH
NSs Cu–NiS2 — 10@143 1.0 M KOH
NSs NiS2 200 10@249 0.5 M H2SO4 175
NSs Fe–NiS2 200 10@121 0.5 M H2SO4
NSs NiSe2/CF 2000 10@207 1.0 M KOH 186
NSs Mn–NiSe2/CF
(10% Mn doping)

2000 10@128 1.0 M KOH

Table 8 OER properties of selected metal chalcogenides in aqueous
media. The nanosheet morphology was denoted as NSs

Materials
Loading mass,
mg cm�2

j@Z, mA
cm�2@mV Electrolyte Ref.

NiOS/C 240 10@420 1.0 M KOH 199
CoOS/C 240 10@400 1.0 M KOH
FeOS/C 240 10@490 1.0 M KOH
MnOS/C 240 10@600 1.0 M KOH
Fe–NiS2/CF 1410 20@243 1.0 M KOH 151
NiSe2 450 10@305 1.0 M KOH 152
FeSe2 450 10@332 1.0 M KOH
Ni0.25Fe0.75Se2 450 10@271 1.0 M KOH
Ni0.5Fe0.5Se2 450 10@235 1.0 M KOH
Ni0.75Fe0.25Se2 450 10@250 1.0 M KOH
Ni2S3 — 100@450 1.0 M KOH 200
Co–Ni2S3 — 100@380 1.0 M KOH
Fe–Ni2S3 — 100@270 1.0 M KOH
Cu–Ni2S3 — 100@430 1.0 M KOH
NiSe/NF — 50@420 1.0 M KOH 201
Co–NiSe/NF — 330@420 1.0 M KOH
Cu–NiSe/NF — 380@420 1.0 M KOH
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and lower chemical stability. For the metallic TMDs, the occupancy
near the Fermi level as well as the vacancy of unoccupied orbitals
plays the determining role in the catalyst stability. Additionally, the
covalency of the metal–anion bond has to be taken into account to
predict possible changes in oxidation states and phase transition
during electrochemical water splitting; however, a compromise
between the structural stability and high electrocatalytic activity
of the material should be found.134

The mechanical damage caused by involving gas bubbles on the
surface of the electrocatalyst is another problem, as the gas depar-
ture induces an opposite force towards the surface, which is
proportional to the size of the bubble.50,202,203 This might signifi-
cantly influence the morphology of the electrocatalyst and its
electrocatalytic stability; therefore, a super hydrophilic surface
design with mechanically stable morphology, e.g., preferably flat,
should take place to facilitate gas detachment upon wetting of the
nanopores. Other methods which can be utilized to enhance bubble
detachment, such as the application of an external magnetic,
ultrasonic fields, etc., are thoughtfully discussed in the literature.50

Summary and perspectives

Electrochemical water splitting has attracted enormous attention
in recent years due to the rise of the fuel cell-based industry and

global concern about climate change. Transition metal van der
Waals materials, such as chalcogenides and phosphochalco-
genides, have demonstrated a substantial electrocatalytic perfor-
mance, which might be comparable with noble metal-based
electrocatalysts upon surface defect engineering, high surface
area morphology, and structure modification. Transition metal
doping seems to be one of the best strategies to further enhance
the performance of the host phase through overall electrical
conductivity changes, bifunctionality of the surface, aerophobicity
(hydrophilicity), etc.; however, this approach stills lacks a funda-
mental theory of ‘‘why and how’’ that can guide rational electro-
catalyst design.

This review attempts to summarize recent advances in metal
doping (Co, Fe, Mn, Cu) of nickel-based chalcogenides (NiaXb,
X = S and Se) and phosphochalcogenides (NiPX3, X = S and Se)
as a catalyst for electrochemical water splitting. This literature
briefly introduced the main concepts of electrochemical water
splitting as well as transition metal chalcogenides and phos-
phochalcogenides as a family of electrocatalysts. We explained
the effect of anion nature on the electrocatalytic activity as well
as its stability against leaching or oxidation. It is found that the
relationship between electronic structure and electrocatalytic
activity/stability for metal-doped nickel-based chalcogenides
(NiaXb, X = S and Se) and phosphochalcogenides (NiPX3, X = S
and Se) is not well conceptualized. The current practice to

Fig. 6 (a) Projected density of states on the chalcogen atom (S or Se) for TMDs relative to the Fermi level, Ef. The blue densities of states indicate that the
basal plane is metallic, whereas the grey ones are semiconducting. (b) Semiconducting single-layered TMD basal planes. The plot of the hydrogen
adsorption free energy, DGH, as a function of the HX adsorption free energy, DGHX (X = S or Se). (c) The differential hydrogen adsorption free energy
DGH as a function of the HX adsorption free energy at a corrosion resistance of 10�6 bar H2X (X = S or Se). The dashed lines indicate DGH = 0 eV and
DGHX = 0 eV. The data span a narrow range of DGH and the mean absolute errors are small, but the R2 values are low due to the significant scatter.
Reproduced with permission from ref. 25. Copyright 2015 Elsevier Ltd.
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improve the catalyst activity/stability possesses an arbitrary
character that relies on empirical experience to optimize sur-
face wettability, bifunctionality, electric conductivity, etc. Here,
we show that doping of considered metals (Mn, Fe, Co, Cu)
can improve the electrocatalytic behaviour of NiaXb either due
to bifunctionality, e.g., facile water dissociation step, and/or
improving electrical conductivity except for Mn-doping, whereas
doping in (NiPX3, X = S and Se) shows more complex behaviour.
Namely, the electrocatalytic activity of NiPS3 is proportional to the
activity of two different phases, e.g., NixSy and NixPy. The metal
phosphide phase is more electrocatalytically active than the
chalcogenide phase, and MnP is the least active phase amongst
its counterparts, which results in Mn doping having a deteriorat-
ing impact on the HER/OER activity of (NiPX3, X = S and Se)
materials. Other considered doping metals (Co, Fe, Cu) except Mn
unanimously demonstrated either success or promise for effective
electrochemical water splitting with both chalcogenides and
phosphochalcogenides. However, the doping ratio should be
considered carefully to adjust the surface bifunctionality as well
as the conductivity of the material. Mn doping for electrochemical
water splitting should be considered very carefully over such
doping as Cu, Co, and Fe in nickel (phospho)chalcogenides/oxides
phases; this is due to a very high difference in the electron affinity
and oxophilicity between Mn and Ni sites, which might lead to
poor charge transport and dominant adsorption behavior during
electrochemical water splitting.

This review explains the relationships between computational
data for the electronic structure and experimental electrocatalytic
changes in nickel-based chalcogenide and phosphochalcogenide
electrocatalysts upon transition metal doping. Apart from the
general suggestion to consider a larger variety of doping metals
as well as to use more than one metal for doping to properly
adjust the bifunctionality and electrical conductivity of the
material, some gaps in the systematization of the current
results should be considered for accurate comparison.

On the theoretical side, more systematic studies are needed
to fulfil the gap between the correlation of electronic structure
and electrocatalytic performance of transition metal-doped
NiaXb and NiPX3. When describing the free energy of the
electrocatalyst during HER/OER processes, it is important to
report the energy of the CB/VB regarding the vacuum reference
to accurately compare it with SHE potential at the same scale.
Electronic structure studies should consider a higher level
of density functional theory than a local-density and general-
ized gradient approximation, such as Hubbard correction
approaches, to accurately represent the density of states profile
for semiconductive phases. More attention should be dedicated
to studies of the thermodynamic stability of metal-doped NiaXb

and NiPX3 by accurate comparison of their band gap and
referenced position of the Fermi level, as well as the role of
electrolyte species on the thermodynamics of the conversion
reaction. Picosecond scale ab initio molecular dynamic
approaches will be highly useful for this purpose.

On the experimental side, a broader variety of metals should
be considered for doping of NiaXb and NiPX3 within the same
conditions for comparison, including the accurate correction of

their active surface area. A commonly accepted strategy, to
increase the surface area of electrocatalysts through morpho-
logy changes, makes it more complicated to understand the
true nature of the electrocatalytic activity/stability of the mate-
rial, especially for foam-based electrocatalysts, as their electro-
chemical data corrected onto a geometric surface area might
overestimate the real activity. The active surface area and active
surface area normalized voltammetry data should be reported
to accurately describe the trend in intrinsic activity and stability
of different metal-doped nickel-based catalysts. It is compul-
sory to use a fixed metal doping ratio whenever accurate data
for different metal-doped NiaXb and NiPX3 is reported. Apart
from that, it is preferably to compare as-synthesized crystals
with the same dominant facet structure in order to avoid
contribution of polycrystallinity in the electrocatalysts. In this
regard, it makes sense to conduct more fundamental experi-
mental studies on metal doping in nickel-based (phospho)-
chalcogenide phases for bulk materials with the same sym-
metry of crystals or preferably in single crystal form. It will also
be important to conduct additional studies for Cu, Ni, Co, Fe
and Mn-based (phospho)chalcogenides/oxides, to understand
the maximum difference in the oxophilicity of transition
metals, which can enable efficient charge transport and bifunc-
tionality in these systems. New precise experimental methods,
as well as real-time testing to detect the true electrocatalytic
activity and stability of the active site of the material, should be
considered more often. A phase transformation upon metal
doping and/or applied current might take place; therefore, the
precise structure with its physical–chemical properties of newly
formed phases (oxides, etc.) need to be examined carefully, at
least using chelating agents, along with electrochemical testing
which selectively reacts with metals in a particular oxidation
state or more direct synchrotron-based techniques.
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Š. Huber, A. Y. S. Eng and M. Pumera, ACS Appl. Mater.
Interfaces, 2017, 9, 12563–12573.

32 B. Song, K. Li, Y. Yin, T. Wu, L. Dang, M. Cabán-Acevedo,
J. Han, T. Gao, X. Wang, Z. Zhang, J. R. Schmidt, P. Xu and
S. Jin, ACS Catal., 2017, 7, 8549–8557.

33 Z. Liang, Z. Yang, J. Dang, J. Qi, H. Yuan, J. Gao, W. Zhang,
H. Zheng and R. Cao, Chem. – Eur. J., 2019, 25, 621–626.

34 S. Wang, B. Xiao, S. Shen, K. Song, Z. Lin, Z. Wang, Y. Chen
and W. Zhong, Nanoscale, 2020, 12, 14459–14464.

35 J. Chang, G. Wang, A. Belharsa, J. Ge, W. Xing and Y. Yang,
Small Methods, 2020, 4, 1900632.

36 R. Gusmão, Z. Sofer and M. Pumera, Adv. Funct. Mater.,
2019, 29, 1805975.

37 J. Yu, W.-J. Li, H. Zhang, F. Zhou, R. Li, C.-Y. Xu, L. Zhou,
H. Zhong and J. Wang, Nano Energy, 2019, 57, 222–229.

38 R. N. Jenjeti, R. Kumar and S. Sampath, J. Mater. Chem. A,
2019, 7, 14545–14551.

39 A. Hashemi, H.-P. Komsa, M. Puska and A. V.
Krasheninnikov, J. Phys. Chem. C, 2017, 121, 27207–27217.

40 Y. V. Kuzminskii, B. M. Voronin and N. N. Redin, J. Power
Sources, 1995, 55, 133–141.

41 Y. Sang, L. Wang, X. Cao, G. Ding, Y. Ding, Y. Hao, N. Xu,
H. Yu, L. Li and S. Peng, J. Alloys Compd., 2020, 831,
154775.

42 Q. Liang, Y. Zheng, C. Du, Y. Luo, J. Zhang, B. Li, Y. Zong
and Q. Yan, Small Methods, 2017, 1, 1700304.

43 Q. Liang, L. Zhong, C. Du, Y. Zheng, Y. Luo, J. Xu, S. Li and
Q. Yan, Adv. Funct. Mater., 2018, 28, 1805075.

44 C.-F. Du, K. N. Dinh, Q. Liang, Y. Zheng, Y. Luo, J. Zhang
and Q. Yan, Adv. Energy Mater., 2018, 8, 1801127.

45 R. Gusmão, Z. Sofer, D. Sedmidubský, Š. Huber and
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