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Recent progresses of micro-nanostructured transition
metal compound-based electrocatalysts for energy
conversion technologies
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ABSTRACT The rapid consumption of fossil fuels has caused
increasingly climatic issues and energy crisis, which leads to
the urgent demand for developing sustainable and clean en-
ergies. Electrocatalysts play a key role in the development of
electrochemical energy conversion and storage devices. Espe-
cially, developing efficient and cost-effective catalysts is im-
portant for the large-scale application of these devices. Among
various electrocatalyst candidates, earth abundant transition
metal compound (TMC)-based electrocatalysts are being
widely and rapidly studied owing to their high electrocatalytic
performances. This paper reviews the recent and re-
presentative advances in efficient TMC-based electrocatalysts
(i.e., oxides, sulfides, selenides, phosphides, carbides and ni-
trides) for energy electrocatalytic reactions, including hydro-
gen evolution reaction (HER), oxygen evolution reaction
(OER) and oxygen reduction reaction (ORR). Different com-
pounds with different applications are summarized and the
relative mechanisms are also discussed. The strategies for
developing earth-abundant and low-cost TMC-based electro-
catalysts are introduced. In the end, the current challenges and
future perspectives in the development of TMC research are
briefly discussed. This review also provides the latest advance
and outlines the frontiers in TMC-based electrocatalysts,
which should provide inspirations for the further develop-
ment of low-cost and high-efficiency catalysts for sustainable
clean energy technologies.

Keywords: energy electrocatalysis, transition metal compounds,
HER, OER, ORR

INTRODUCTION
The rapidly increasing consumption of fossil fuels (e.g.,
coal, petroleum and natural gas) is causing a series of
climatic issues and seriously damaging the global en-
vironment [1–3]. Developing renewable and environ-
ment-friendly energy systems has shown promising
prospects for the sustainable development of human so-
ciety [4–7]. Among various strategies, the electrochemical
energy conversion and storage devices have drawn great
attentions due to their low carbon emissions and high
energy densities [8]. Typically, these devices with differ-
ent applications usually involve different electrochemical
reactions, such as hydrogen evolution reaction (HER),
oxygen evolution reaction (OER), oxygen reduction re-
action (ORR), CO2 electroreduction reaction (CO2RR)
and alkohol electrooxidation reaction (AOR) [9–12].
Therefore, it is critical to improve the kinetics and reduce
the power consumptions of these reactions for high de-
vice performances. Electrocatalysts play a critical role in
enhancing reaction rates via facilitating the conversion of
reaction intermediates and reducing the resistance
[13,14]. Noble metals have been regarded as the state-of-
art electrocatalysts for HER (Pt), OER (Ir/Ru oxide) and
ORR (Pt) [15,16]. However, the high cost and limited
resources still hinder their large-scale commercialization.

Considering the cost and reducing the dependency of
noble metals, great efforts have been tried to develop
nonprecious metal-based electrocatalysts, such as transi-
tion metal-based, transition metal compound (TMC)-
based and carbon-based nanomaterials [8,17]. Especially,
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TMCs (such as oxides, sulfides, selenides, phosphides,
carbides and nitrides) have shown promising prospects in
different applications. For example, MoS2 has been
proved to be a promising HER electrocatalyst with highly
active edge sites [18], Co3O4 has been widely used for
OER in alkaline electrolytes [19], and ZnMnCoO4 has
shown comparable ORR activity to commercial Pt/C with
high stability in alkaline electrolyte [20]. However, there
are still some critical issues that significantly hinder the
practical commercialization of TMC-based electro-
catalysts [21,22]: 1) the activities of most TMC-based
electrocatalysts are still not comparable to precious metal-
based catalysts and cannot meet practical applications.
For example, industrial electrolyzers require an over-
potential of 300 mV to reach a high current density of
500 mA cm−2, while it is difficult for most of the reported
TMC-based electrocatalysts to meet this requirement.
2) In industrial applications, the electrodes should keep
stable at 500 mA cm−2 for thousands of hours, while most
of the TMC-based electrocatalysts are far from satisfac-
tory due to the structure/composition evolution. More-
over, the intrinsic stability of TMCs would be
significantly affected by the aging and polarizing in strong
acid/alkaline environment. For example, many TMC-
based electrocatalysts show inferior corrosion resistance
in the acid electrolytes or under high overpotentials [17].
Due to the surface change during the oxidization/reduc-
tion reaction, it is difficult to distinguish the actual active
sites of TMCs during the reaction and clarify the reaction
mechanisms, which significantly hinder the further im-
provement of the corresponding electrocatalysts [8]. 3) It
has been widely accepted that nano-sized electrocatalysts
outperform bulk materials owing to the significantly in-
creased electrochemical surface area (ECSA) and active
sites. However, the current industrial preparation of
TMCs still employs the gas-solid method, and therefore
most of the products are bulks with low electrocatalytic
performances. Although the unit prices of bulk TMCs are
lower than those of precious metals, their inferior elec-
trocatalytic performances seriously restrict the practical
applications. On the other hand, numerous TMC-based
electrocatalysts with high activities have been fabricated
using hydrothermal, solvothermal and chemical vapor
deposition (CVD) methods, while the amplification of
large-scale preparation from laboratorial to industrial
scale is still a critical problem due to the cost and tech-
nological problems.

To meet the current challenges and promote the
practical applications of TMC-based electrocatalysts,
various design strategies are proposed, including explor-

ing new active sites, increasing ECSA to expose more
active sites, improving the intrinsic activity of active site
and enhancing the electron transfer [4,23,24]. As the
studies of TMCs for electrocatalysis are being reported
rapidly in recent years, there are already many compre-
hensive reviews about the catalyst design and mechanism.
This mini-review aims to summarize the most recently
reported advances (since 2018) about TMC-based elec-
trocatalysts for HER, OER, ORR and the relevant devices
(such as water splitting devices and Zn-air batteries), and
outline the frontiers of this field. At first we briefly in-
troduce the basic characteristics of HER, OER and ORR.
Then the selected progresses of transition metal oxides,
sulfides, selenides, phosphides, carbides and nitrides for
the aforementioned electrocatalytic reactions are com-
prehensively reviewed. Meanwhile, the new strategies and
relevant reaction mechanisms of different electrocatalysts
are also summarized (Fig. 1). Finally, the remaining
challenges for the further development of TMC-based
electrocatalysts are discussed. This review introduces the
applicable methods for tuning the physiochemical prop-
erties (component, micro/nanostructure and electron
distribution) of TMCs, which contributes to developing
novel, low-cost and earth-abundant energy electro-
catalytic nanomaterials. Moreover, the strategies for op-
timizing the adsorption/desorption properties, facilitating
the charge and mass transfer, and finally enhancing the
electrocatalytic performances are also discussed, which

Figure 1 Schematic illustration of the strategies for enhancing the
electrocatalytic performance of TMC-based electrocatalysts.
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provides inspirations for further exploring highly efficient
electrocatalysts and promoting the practical device ap-
plications for energy storage and conversion.

ELECTROCHEMISTRY OF HER, OER AND
ORR

HER
The multiple elementary steps of HER are as follows [25]:
Volmer step:
H+ + * + e− → H* (acid), (1)
H2O + * + e− → H* + OH− (alkaline); (2)
Heyrovsky step:
H* + e− + H+ → H2 + * (acid), (3)
H* + e− + H2O →H2 + * + OH− (alkaline); (4)
Tafel step:
H*+ H* →H2 + 2*, (5)
where * represents the surface catalytic site. For acid
HER, at the first step (Volmer step), a proton is reduced
on the active site, which forms an adsorbed H. While for
alkaline HER, a H2O dissociation step has to proceed to
provide a proton before the proton reduction and ad-
sorption, which makes the kinetics more sluggish than
acid HER. In the second step, an H* will react with an-
other proton and electron to form a hydrogen molecule
when the surface H coverage is low (Volmer-Heyrovsky
reaction). While two adjoining H* will directly bind with
each other to generate H2 if the H coverage is high
(Volmer-Tafel reaction). Moreover, both the two reaction
pathways involve the formation of H*, which plays a
critical role in determining the reaction rate. Typically the
Gibbs free energy change for H* (∆GH*) reflects the in-
trinsic HER activity and an ideal ∆GH* should be close to
zero [26].

OER and ORR
OER involves four elementary steps [27]:
OH− + * →e− + OH*, (6)
OH* + OH− → O* + e− + H2O, (7)
O* + OH− → e− + OOH*, (8)
OOH* + OH−→O2 + * + e− + H2O. (9)

From the equations above, more electrons and reaction
intermediates are involved in OER than HER, which
makes OER more kinetically sluggish. As there are three
intermediates (OH*, O* and OOH*) formed during OER
and all of the steps are thermodynamically uphill, the step
with the highest barrier determines the overall OER rate.
Therefore, the binding strength between the inter-
mediates and the active sites significantly affect the re-
action kinetics. On the other hand, although the reaction

mechanism of acid OER is similar to that of alkaline OER,
only RuO2 and IrO2 show satisfactory performances in
acid electrolyte, as the strongly oxidizing and acid en-
vironment can easily damage most of the TMCs [28].
Therefore, most of the remarkable TMC-based electro-
catalysts are applied in alkaline electrolytes.

Similar to OER, most of the ORR electrocatalysts show
more efficient performances in alkaline than acid en-
vironment. There are two possible ORR reaction path-
ways in alkaline electrolyte [29]:
(i) Direct 4e− pathway:
O2 + 4e−+ 2H2O→ 4OH−. (10)
(ii) 2e− to HO2

−:
O2 + H2O + 2e−→HO2

− + OH−. (11)
Followed by further reduction or decomposition of

HO2
−:

HO2
− + H2O + 2e−→ 3OH− or 2HO2

−→ 2OH− + O2. (12)
Therefore, the 4e− pathway is kinetically faster than 2e−

pathway and most of the TMC-based electrocatalysts with
high efficiency follow the 4e− pathway. Similar to OER,
the adsorption strength of the intermediates (OH*, O*

and OOH*) also critically affects the ORR rate [30].
In summary, although the specific elementary steps of

HER, ORR and OER are different, it is clear that the
intrinsic reaction activities of HER, OER and ORR are
significantly related with the adsorption properties of
intermediates on the surface active sites. For example, if
HER intermediates bind to the catalytic sites too weakly,
the adsorption step (Volmer step) will be hindered and
significantly inhibits the following steps. While if the
intermediates bind to the surface too strongly, it will be
difficult to form products (hydrogen) with smooth des-
orption from the active sites. Namely, an ideal catalyst
should have a suitable binding strength for intermediates
in each elementary step: neither too strong nor too weak.
By plotting experimental electrochemical activities
against the calculated Gibbs free energy (∆G) by the
density functional theory (DFT), a volcano relationship
can be established. Fig. 2 shows some typical volcano
plots related with HER, OER and ORR, which clearly
show the relationship between the ∆G and the catalytic
activity. Therefore, the free energy is regarded as a useful
factor for predicting and explaining the electrocatalytic
activities, which has been widely applied in electro-
catalytic studies.

ELECTROCATALYSTS FOR HER, OER,
ORR AND RELEVANT ENERGY
CONVERSION DEVICES
Various TMC-based electrocatalysts, including oxides,
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sulfides, selenides, phosphodes, carbides and nitrides,
have been applied in electrocatalytic reactions in recent
years. Compared with other compounds (e.g., halogen-
ides, borides and arsenides), these compounds are more
promising since the preparation procedures are more
facile and safe without using highly toxic non-metallic
precursors (e.g., As, HF, HCl and HBr), and the synthesis
methods have been widely developed (such as hydro-
thermal, solvothermal and annealing methods). More-
over, it is easier to controllably synthesize these TMC-
based compounds with tunable phase and composite than
other compounds, which would lead to significantly al-
tered physiochemical properties and electrochemical
performances. Up to date, many earth-abundant and low-
cost catalysts have shown excellent electrocatalytic per-
formances which are comparable to noble metals, while
the property of each kind of compound is different and
the corresponding fabrication strategy and reaction me-
chanism are also different. This part will summarize re-
cent and representative advances of TMCs classified by
non-metallic elements and the optimization strategies are
also discussed.

Transition metal oxides
Transition metal oxide-based electrocatalysts have been
widely developed owing to their low toxicity, low cost and
abundant reserves [34]. Moreover, owing to the surface
oxygen-containing groups and the different cationic
oxidation states of transition metals, the adsorption and
activation of oxygen molecules on the oxide surface are
naturally suitable [35]. However, their poor electron
transfer ability and limited intrinsic activity are still
needed to be further improved. Many efforts are made to
improve their hydrogen and oxygen electrocatalytic ac-
tivities via various design strategies [36–40]. Exposing
facets with higher electrocatalytic activity has been proved
to be an effective way for improving the performance.

Han et al. [41] prepared crystallized Co3O4 nanomaterials
with exposed planes ({001}, {001} + {111}, and {112}) via
a facile and template-free hydrothermal strategy. In {001}
and {111} planes, Co ions occupy the tetrahedral co-
ordination (Co2+Td) (Fig. 3a). While in {112} plane, Co
ions occupy not only tetrahedral coordination but also
octahedral coordination (Co3+Oh). According to the li-
gand field theory, Co3+Oh has a stronger electron do-
nating ability and therefore is beneficial for the reduction
of –OH and O2

2−. Furthermore, DFT calculations reveal
that {112} surface has a moderate oxygen binding ability
compared with {001} and {111} planes. As a result, the
{112} faceted Co3O4 electrocatalyst showed high ORR
performance with a diffusion-limited current density of
5.48 mA cm−2 and a smaller Tafel slope (62 mV dec−1)
than that of Pt/C (69 mV dec−1) (Fig. 3b). Anion/cation
doping has been widely applied for tuning the intrinsic
activity of catalytic sites [42]. Peng et al. [43] prepared
highly porous S-doped CaMnO3 (CMO) nanotubes via
combining electrospinning, heat calcination, and sulfur-
ization treatment, in which sulfur was doped onto the
surface of CaMnO3 nanotubes to engineer the electronic
and defective properties of the pristine material. After the
introduction of sulfur, the intrinsic conductivity and
oxygen vacancies were significantly increased, which
helped to enhance the electron transfer and increase the
exposure of catalytic sites during the reaction. Moreover,
the DFT calculations revealed that the adsorption prop-
erties of the reaction intermediates were significantly
optimized by the sulfur dopants. As a result, the as-pre-
pared CMO/S nanomaterials showed significantly en-
hanced OER (Ej=10 mA cm−2=1.7 V vs. RHE) and ORR (Ehalf
=−0.760 V vs. RHE) performances in alkaline electrolyte.
Moreover, the CMO/S-based rechargeable Zn-air battery
exhibited an outstanding performance. Li et al. [44] in-
vestigated the effect of N dopants on the OER activity of
N-doped Co3O4 nanostructures (N-Co3O4), which was

Figure 2 (a) HER, (b) OER, and (c) ORR volcano plots for different electrocatalysts. Reprinted with permission from Ref. [31] (Copyright 2010), [32]
(Copyright 2015) and [33] (Copyright 2004), American Chemical Society, respectively.
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prepared via the pyrolysis of cobalt-alanine complexes in
air (Fig. 3c). DFT calculations demonstrated that the
O–H bond of the intermediate OH− on N-Co3O4 was
0.99 Å and longer than that on Co3O4 (0.98 Å), indicating
stronger adsorption of OH− and the OER kinetics was
therefore boosted. Moreover, the bandgap was sig-
nificantly narrowed from 1.80 to 1.42 eV on N-Co3O4,

and the charge transfer was facilitated during the reac-
tion. Ling et al. [45] developed Ni, Zn co-doped CoO
nanorods as HER electrocatalysts using a cation exchange
strategy and different cations were found to play different
roles in enhancing the HER performance. Due to the DFT
calculations, compared with unmodified CoO, more
electrons migrated to the surface O in Ni-CoO from the

Figure 3 (a) Schematic illustration for preparation of different Co3O4 electrocatalysts, (b) linear sweep voltammetry (LSV) of different samples at
1600 rpm in O2-saturated 0.1 mol L−1 KOH solution. Reprinted with permission [41]. Copyright 2018, Wiley. (c) A simple synthesis scheme of the as-
prepared samples. Reprinted with permission [44]. Copyright 2018, Wiley. (d) DFT calculated hydrogen adsorption free energy, ΔGH∗, on pristine
CoO, Ni-doped CoO (with ~11% surface Ni dopant concentration), and the strained Ni-doped CoO (with 1% tensile strain), (e) Density of states of
pristine CoO and Zn-doped CoO (with ~2% Zn dopant concentration), (f) LSVs of different catalysts recorded in 1 mol L−1 KOH. Reprinted with
permission [45]. Copyright 2019, Wiley.
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neighboring Ni, which helped to weaken the binding
strength between adsorbed hydrogen and active sites.
Therefore, the ∆GH* was significantly reduced to an ideal
value (−0.05 eV) (Fig. 3d). On the other hand, the pro-
jected density of state (PDOS) results revealed a sig-
nificantly increased conductivity and carrier
concentration in Zn-CoP (Fig. 3e), which facilitated the
electron transfer from the electrode to the surface cata-
lytic sites. The HER activity of the as-prepared Ni, Zn-
CoO nanorods was superior to many reported metal
oxides with an overpotential of 79 mV at 20 mA cm−2

(Fig. 3f). Zhao et al. [46] prepared Co-MnO2|OV ultra-
thin nanosheets (NSs) through a spontaneous redox re-
action between Co/NCNFs and KMnO4. Compared with
the unmodified MnO2, the Co dopants led to the for-
mation of Co-MnO2|OV ultrathin NSs and a large
amount of oxygen vacancies were in-situ formed during
the preparation process. Owing to the advantageous
structural properties, faster charge transfer and higher
exposure of catalytic sites were achieved. On the other
hand, the DFT calculations demonstrated that the elec-
trons were more delocalized on Co-MnO2|OV, which led
to a higher electronegativity and increased charge transfer
ability. Meanwhile, the calculation of free energy change
revealed that the energy barrier of the rate-determining
step was reduced after the introduction of Co dopant and
oxygen vacancies on MnO2. Finally, the Co-MnO2|OV

showed a good OER with 10 mA cm−2 at 279 mV. Liu
et al. [47] prepared an ultrathin amorphous cobalt–
vanadium hydr(oxy)oxide (CoV-UAH) by dropping an
alkaline solution with ammonium metavanadate into an
aqueous cobaltous solution. The in-situ X-ray absorption
near edge structure (XANES) spectra demonstrated that
the introduction of V significantly promoted the forma-
tion of the real OER catalytic sites (CoOOH). Meanwhile,
the electrochemical impedance spectroscopy (EIS) data
demonstrated an enhanced charger transfer ability on
CoV-UAH, which was owing to the ultrathin nano-
structure and abundant catalytic sites. Moreover, the DFT
calculations revealed that the energy barrier of elementary
step on Co site was optimized by the neighboring V atom,
thus the intrinsic activity was also enhanced. As a result,
the CoV-UAH required only 250 mV to reach
10 mA cm−2, which was a remarkable OER activity in
alkaline electrolyte.

Constructing hybrid nanomaterials with hetero-
structures is another strategy for enhancing the electro-
catalytic performance [48,49]. Yan et al. [50] engineered a
nanocrystalline CeO2/amorphous Ni(OH)2 hybrid
(NiCeOxHy) for alkaline via an electrochemical deposi-
tion method (Fig. 4a). As a result, the NiCeOxHy electrode
outperformed the commercial RuO2 with an over-
potential of 177 mV at 10 mA cm−2 and a high stability
over 300 h at 1000 mA cm−2 (Fig. 4b). It was found that

Figure 4 (a) The schematic two-step synthesis and the reaction mechanisms of the cathodic electrodeposition of metal hydroxides (M(OH)m or
MN(OH)m+n), and oxides (MOx). Mm+ and Nn+ are metal cations; (b) polarization curves (scan rate 10 mV s−1) of different electrodes; (c) illustration
showing that the OER was favored on NiCeOxHy with larger interlamellar spacing and higher ECSA compared with Ni(OH)2, respectively. Reprinted
with permission [50]. Copyright 2018, Nature Publishing Group. (d) The PDOSs of the Co-3d-bands from different regions within the IF system.
Reprinted with permission [51]. Copyright 2018, Wiley.
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the CeO2 in NiCeOxHy promoted the formation of γ-
NiOOH with larger layer lattices than unmodified
Ni(OH)2, which significantly increased the electro-
chemically active surface area (ECSA), exposed more
catalytic sites for OER and enhanced the migration of
reactants (Fig. 4c). Moreover, the electronic properties of
Ni were modified by Ce, and the DFT calculations re-
vealed that the adsorption properties of the intermediates
were also optimized. Zhang et al. [51] constructed a
Co3O4/Fe0.33Co0.66P interface by partially etching
Co(CO3)0.5(OH)·0.11H2O–Co-CHH nanowire with
Fe(CN)6

3− to form the precursor Co-CHH/FeCo2(CN)6,
followed by phosphorization with NaH2PO2·H2O under
350°C. The PDOS results demonstrated that the d-band
of Co site on the interface was downshifted (Fig. 4d),
which helped to weaken the overbinding effect and fa-
cilitate the adsorption/desorption of oxygen species dur-
ing OER. Moreover, the overlapping effects of O 2p and
H 1s orbitals of the intermediates were also optimized.
Consequently, the OER energy barrier of each elementary
step on Co3O4/Fe0.33Co0.66P was significantly lowered and
the electron current density was increased. Experimental
results proved the DFT results and the Co3O4/
Fe0.33Co0.66P exhibited a low overpotential of 215 mV at
50 mA cm−2. Yu et al. [52] fabricated a series of Ni-Mo-O
catalysts for HER and urea oxidation reaction (UOR) via
annealing NiMoO4.xH2O in H2 and Ar, respectively. The

H2-reduced sample led to the formation of Ni/NiO/MoOx
composite with a synergistic effect: water molecule was
firstly dissociated on NiO into hydrogen, which was then
stabilized on Ni and finally formed H2 on MoOx. On the
other hand, the Ar-calcined sample formed NiMoO4
composite, where Mo6+ made it easier for Ni2+ to be
oxidized to Ni3+ and promoted the UOR activity. Con-
sequently, the urea electrolyzer composed of Ni/NiO/
MoOx (cathode) and NiMoO4 (anode) exhibited a re-
markable low cell voltage of 1.38 V at 10 mA cm−2.

There are also some other studies that combine dif-
ferent strategies to design the composite and structure of
catalysts. For example, An et al. [53] simultaneously in-
vestigated the effect of anion dopant and the interface on
HER and OER. A heterogeneous electrocatalyst (N-
NiMoO4/NiS2) was engineered via N doping and sul-
furation of NiMoO4 nanowires. The PDOS results re-
vealed that the N dopants led to a higher occupation at
Fermi level in N-NiMoO4 compared with NiMoO4
(Fig. 5a), which strengthened the adsorption of reaction
intermediates. Moreover, the bandgap was also decreased
and the charge transfer was therefore facilitated. On the
other hand, the electrons were proved to migrate from
NiMoO4 to NiS2 through the heterojunction (Fig. 5b),
which contributed to stabilizing the adsorbed H atom and
facilitating the HER kinetics. Besides, the reduced elec-
tron concentration of NiMoO4 led to a higher valence

Figure 5 (a) PDOS of different samples; (b) differential charge density of N-NiMoO4/NiS2 heterojunction. Reprinted with permission [53]. Copyright
2019, Wiley. (c) Process of preparing NiCo@NiCoO2/C PMRAs. Reprinted with permission [54]. Copyright 2018, Wiley.
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state of Ni and helped to enhance the OER activity. Fi-
nally, the electrolyzer assembled by N-NiMoO4/NiS2 as
both anode and cathode required only 1.6 V to reach
10 mA cm−2. Xu et al. [54] fabricated porous microrod
arrays composed of carbon-confined NiCo@NiCoO2
core@shell nanoparticles (NiCo@NiCoO2/C PMRAs)
through carbonization and calcination of NiCo-MOF/
ZnO microrod arrays (Fig. 5c). The microstructures ex-
hibited a high ECSA with abundant catalytic sites for
OER, and the charge transfer was facilitated by the sur-
face oxygen vacancies of NiCoO2. Consequently, the
electrode of NiCo@NiCoO2/C PMRAs required an
overpotential of only 366 mV to reach 20 mA cm−2 and
exhibited a high stability of 20 h. Duan et al. [55] fabri-
cated a series of ZnCo2−xNixO4 (x=0–2) catalysts via
thermal decomposition of a mixture of Zn(OAc)2·2H2O
and Co(NO3)2·6H2O with turnable Zn/Co ratios. Via DFT
+U calculations, they first found the gap between the O p-
band and Moh (Co and Ni) d-band center in the nano-
material significantly affected the stability. Namely, when
x≤0.4, the energy of O was close to or lower than that of
Moh, indicating that the lattice was stable and it was hard
to release lattice oxygen. However, when x≥0.6, the en-
ergy of O rapidly increased and therefore the metastable
structure with unstable lattice oxygen formed. On the
other hand, the lowest unoccupied molecular orbital
(LUMO) of the lattice reflected the ability to release lat-
tice oxygen in the spinel and therefore was correlated
with the OER activity. The LUMO changed from Ni-
substitution demonstrated that 33% Ni-substitution led to
the lowest LUMO of the spinel. Therefore the ZnCo1.4
Ni0.6O4 and ZnCo1.2Ni0.8O4 would exhibit more active
redox and release more lattice oxygen during the reaction.
The electrochemical test matched well with the theoretical

results. Surface reconstruction was easily induced on both
ZnCo1.4Ni0.6O4, and ZnCo1.2Ni0.8O4, and the active phase
(NiOOH) was formed after a few cycles. Consequently,
the metastable spinel catalysts significantly outperformed
other stable spinels. Table 1 summarizes the perfor-
mances of some representative oxide-based electro-
catalysts.

Transition metal sulfides
Transition metal sulfides have shown unique physico-
chemical properties and a significantly enhanced con-
ductivity compared with metal oxides, which make them
promising candidates for many electrochemical applica-
tions [56–63]. Due to the higher electronegativity, the S
sites in the sulfides can withdraw electrons from the
metals and then act as efficient active sites for reactant
adsorption and activation [64]. Meanwhile, in alkaline
HER, the S sites can promote the water dissociation via
forming the Sσ+–TMn+–H2O network. Different strategies
have also been developed for the improvement of tran-
sition metal sulfides. Exploring highly active facets for
electrocatalysis is important for improving the activity.
Dong et al. [65] prepared a highly porous Ni3S2 thin film
(Ni3S2 NTFs) via sulfidation of anodized nickel oxide
supported on nickel foils. They successfully prepared
Ni3S2 NTFs and dominatingly exposed (003) facet con-
sisted of Ni3-triangle and S atoms. Theoretical calcula-
tions demonstrated that the Ni3S2 was metallic with high
electron conductivity. Meanwhile, the porous structure
exposed abundant catalytic sites and enhanced the mass
transfer, and the surface exhibited a hydrophilic property
that enabled good adsorption of reactants. Moreover,
both the water dissociation and the hydrogen adsorption/
desorption ability were significantly enhanced on Ni3S2

Table 1 Comparison of the performances of transition metal oxide-based electrocatalysts for different applications

Catalyst Substrate Electrolyte
/reaction

Overpotential
(mV)@mA cm−2

Tafel slope
(mV decade−1)

Stability
(mA cm−2@h)

Co3O4-NP/N-rGo [41] Carbon cloth 1 mol L−1 KOH/OER 380@10 62

CaMnO3/S [43] Carbon paper 0.1 mol L−1 KOH/OER 470@10 52 2000 cycles

N-Co3O4 [44] Ni foam 0.1 mol L−1 KOH/OER 300@10 36.3 10@1

Ni, Zn dual-doped CoO [45] Carbon fiber paper 1 mol L−1 KOH/HER 53@10 10@24

Co-MnO2 [46] Glassy carbon 1 mol L−1 KOH/OER 279@10 75 10@12

CoV-UAH [47] Glassy carbon 1 mol L−1 KOH/OER 250@10 44 40@170

NiCeOxHy [50] Glassy carbon 1 mol L−1 KOH/OER 177@10 22 1000@300

Co3O4/Fe0.33Co0.66P [51] Ni foam 1 mol L−1 KOH/OER 215@50 59.8 240@150

N-NiMoO4/NiS2 [53] CFC 1 mol L−1 KOH/OER 283@10 44.3 20@29

NiCo@NiCoO2/C [54] CFC 1 mol L−1 KOH/OER 366@20 83.97 20@20
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(003) facet with Ni3-triangle and S atoms (Fig. 6a, b). The
electrolyzer using Ni3S2 NTFs as electrodes required only
1.611 V to reach 10 mA cm−2.

Tuning the ratio of anion/cation in the material can
also induce a varied intrinsic activity. Li et al. [66] pre-
pared a-MoSx (x=2.73) via a controllable laser ablation
method from the aqueous phase Mo precursor (Fig. 6c).
The as-synthesized a-MoSx maximized the ratio of MoV

defects compared with MoS2 or MoS3, and the number of
bridging ligands of S2

2− was also optimized. Theoretical
and experimental results demonstrated that the MoV de-
fects and bridging S2

2− were excellent HER sites. Mean-
while, the charge resistance was reduced and more active
sites were exposed on MoSx. Therefore, the HER perfor-
mance of MoSx was superior to those of other molybde-
num sulfides. Yang et al. [67] synthesized CoNiFe sulfide
nanospheres with numerous mesopores (CoNiFe-S MNs)
(Fig. 6d) as a durable electrocatalyst for OER and ORR
through a simple two-step solvothermal method. The
trimetallic ions in the composite had a cooperative effect
on the mesoporous structure and the outstanding cata-
lytic performance. Among trimetallic ions, the in-
corporation of Fe was employed as an electron donor that
provided electrons to Co and Ni to weaken the oxygen
adsorption and favor the reaction. In addition, both the
mesopores and the synergistic effect of trimetallic ions
enlarged the electrochemical double-layer capacitance

and exposed more catalytic sites for OER. As a result, the
CoNiFe-S MNs exhibited outstanding OER (an over-
potential of 199 mV at 10 mA cm−2) and ORR perfor-
mances (a half wave potential of 0.78 V) with high
stability. Kong et al. [68] prepared a three-dimensional
(3D) hybrid Ni-Mo sulfide material supported by carbon
textiles (NiMo3S4/CTs) using a facile hydrothermal
method followed by post-annealing. Owing to the inser-
tion of Ni into the MoS2 lattice, the interlayer spacing was
enlarged and therefore more catalytic sites with abundant
defects were formed. Meanwhile, the 3D nanostructure
increased the ECSA and facilitated the electron and ion
transfer. Besides, the carbon textile also helped to reduce
the charge resistance and inhibited the agglomeration of
sulfides during the reaction. The NiMo3S4/CTs showed an
efficient HER performance with a high stability.

Engineering heterostructures can also improve the
electrocatalytic performance of metal sulfides [69]. Mu-
thurasu et al. [70] engineered a Co3O4/MoS2 hetero-
structure via immersing Co3O4 in MoS2-containing
dimethyl formamide (DMF) solution followed by a sol-
vothermal process under 200°C, causing a strong inter-
action between the two compounds. The MoS2 enhanced
the exposure of cobalt sites that acted as the OER active
centers. Meanwhile, MoS2 promoted the adsorption of
OER intermediates and therefore facilitated the reaction
kinetics. In return, the electron transfer between S and O

Figure 6 Calculated adsorption free energy diagrams for the (a) Volmer step and (b) Tafel step on the Ni3S2(003) facet model. Reprinted with
permission [65]. Copyrith 2019, Elsevier. (c) Schematic of the preparation process, structure of a-MoSx, and HER catalytic mechanism. Reprinted with
permission [66]. Copyright 2019, Wiley. (d) High angle annular dark field scanning transmission electron microscope (HAADF-STEM) and elemental
mapping images of NiCo2S4 and FeNi2S4. Reprinted with permission [67]. Copyright 2018, Wiley.
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on the interface promoted the conductivity and induced
higher adsorption of proton during HER. Consequently,
Co3O4/MoS2 showed good performances for both HER
and OER. Liu et al. [71] construed an interface between
(Ni,Fe)S2 nanoboxes and MoS2 nanoarrays ((Ni, Fe)
S2@MoS2) (Fig. 7a), which showed an excellent overall
water splitting performance. In-situ Raman results de-
monstrated that it was easier for the S edges on the het-
erostructure to form the S–Hads and the binding strength
of intermediates (H* and OH−*) was optimized, leading to
a faster reaction kinetics. Kim et al. [72] reported a
hierarchically structured Ni2P/MoS2 supported by nitro-
gen-doped carbon for HER. The hierarchical Ni2P/MoS2
structure was fabricated via direct phosphidation of N-
doped carbon-supported NiMoS4 (Fig. 7b). It was proved
that the surface Ni2P induced an activation of the MoS2
basal planes, which significantly improved the intrinsic

HER rate on MoS2. Moreover, the heterostructure sy-
nergistically increased the electron transfer and enlarged
the ECSA, which also enhanced the reaction kinetics. The
as-prepared nanomaterials exhibited a platinum-like HER
activity with good stability in 0.5 mol L−1 H2SO4. Nguyen
et al. [73] engineered a CoSx@Cu2MoS4-MoS2/NSG
composite via refluxing the precursors followed by a two-
step calcination with controllable heating rate and gas
flow rate, the as-prepared material showed a core-shell
heterostructure (Fig. 7c, d), which exhibited numerous
advantageous physicochemical properties: (i) the Cu and
Mo in Cu2MoS4 induced the neighboring S to be effective
electrocatalytic active sites, which showed an appropriate
oxygen adsorption property and O–O bond cleaving
ability. (ii) The sulfur in the crystal helped to induce
defects that contributed to forming surface oxyhydroxide
for oxygen evolution. (iii) The core-shell structure of

Figure 7 (a) Preparation of (Ni, Fe)S2@MoS2 heterostructures. Reprinted with permission [71]. Copyright 2019, Elsevier. (b) Fabrication process of
Ni2P anchored on MoS2 supported on N:CNT. Reprinted with permission [72]. Copyright 2019, Wiley. (c, d) High-resolution TEM (HRTEM) images
of the CoSx@Cu2MoS4-MoS2/NSG hybrid. Reprinted with permission [73]. Copyright 2020, Wiley. (e) Calculated d-band positions of metallic Ni and
Co sites and (f) free energy diagrams of ORR and OER processes on different samples. Reprinted with permission [74]. Copyright 2019, Wiley.
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CoSx@Cu2MoS4 exposed more edge-terminated sites that
showed excellent intermediate adsorption/desorption
properties. (iv) The electronic state of CoSx@Cu2MoS4
was upshifted to the Fermi level, which strengthened the
binding between the active sites and reactants. (v) The
high conductivity and ECSA realized a good mass and
charge transfer ability. Therefore, CoSx@Cu2MoS4-MoS2/
NSG was simultaneously active in HER, ORR and OER.
Moreover, the CoSx@Cu2MoS4-MoS2/NSG-based Zn-air
battery realized a high cell voltage of ca. 1.44 V with a
power density of 40 mW cm−2 at 58 mA cm−2, which
outperformed the commercial Pt/C. Table 2 summarizes
the performances of some representative oxide-based
electrocatalysts. Han et al. [74] prepared a novel NiCo2S4/
graphitic carbon nitride/carbon nanotube (NiCo2S4@g-
C3N4-CNT) composite by a two-step hydrothermal ap-
proach and a vacuum filtration process. The CNT sup-
port provided a porous network structure that facilitated
the charge transfer. Experimental studies revealed the
electronic interactions between bimetallic Ni/Co active
sites and abundant pyridinic-N species in g-C3N4. Theo-
retical calculations demonstrated the unique co-activation
of bimetallic Ni/Co atoms by pyridinic-N species via
downshifting their d-band center positions and therefore
benefitting the adsorption/desorption features of oxygen
intermediates (Fig. 7e). Consequently, NiCo2S4@g-C3N4-
CNT showed a high onset potential of 0.87 V for ORR

and surpassed many of the reported TMC-based elec-
trocatalysts (Fig. 7f). Cao et al. [75] fabricated a NiS2/CoS2
heterostructure as ORR electrocatalyst by an ion hot-in-
jection method. The lattice distortion in the interface
induced an electronic modulation, provided abundant
electrocatalytic active sites and enhanced the electronic
conductivity during the electrochemical process. Conse-
quently, NiS2/CoS2 displayed a diffusion current density
of 4.87 mA cm−2, much higher than that of NiS2 and CoS2.
Meanwhile, NiS2/CoS2 showed an onset potential of
0.90 V and half-wave potential of 0.79 V, which were
comparable to those of commercial Pt/C.

Transition metal selenides
As congeners, transition metal selenides have similar
physiochemical properties with sulfides. Moreover,
compared with oxides and sulfides, transition metal se-
lenides exhibit a metallic nature with a faster electron
transfer ability, which significantly favors the electro-
chemical reaction process [76–81]. However, their com-
posite and structural properties are still needed to be
improved to compete with noble metal-based electro-
catalysts. Various carbon supports have been applied to
enhance the exposure of active sites and further increase
the conductivity [82,83]. Shi et al. [84] prepared poly-
crystalline Ni3Se2 arrays on a nickel foam (Ni3Se2/NF)
using a solvothermal method, and the as-prepared Ni3Se2

Table 2 Comparison of the performances of transition metal sulfide-based electrocatalysts for different applications

Catalyst Substrate Electrolyte
/reaction

Overpotential
(mV)@mA cm−2

Tafel slope
(mV decade−1)

Stability
(mA cm−2@h)

MoS-CoS-Zn [58] Glassy carbon 0.5 mol L−1 H2SO4/HER 72.6@10 37.6 10@60

Co9S8/NSG-8 [61] Glassy carbon 1.0 mol L−1 KOH/OER 260@10 55 2000 cycles

Ni3S2 NTFs [65] Ni foam 1.0 mol L−1 NaOH/HER 177@20 75.7 10@30

Ni3S2 NTFs [65] Ni foam 1.0 mol L−1 NaOH/OER 319@20 101.2 10@30

a-MoSx [66] 0.5 mol L−1 H2SO4/HER 145@10 40 1000 cycles

CoNiFe-S MNs [67] Carbon fiber paper 1.0 mol L−1 KOH/OER 199@10 50.1 1.54 V@50

CoNiFe-S MNs [67] RRDE 0.1 mol L−1 KOH/ORR E1/2=0.78 V 10

NiMo3S4/CTs [68] Carbon textiles 0.5 mol L−1 H2SO4/HER 124@10 46.2 72 h

Co3O4/MoS2 [70] Ni foam 1.0 mol L−1 KOH/OER 230@20 45 20@13

Co3O4/MoS2[70] Ni foam 1.0 mol L−1 KOH/HER 205@10 98 10@14

(Ni, Fe)S2@MoS2 [71] Carbon fiber paper 1.0 mol L−1 KOH/HER 130@10 101.22 10@44

(Ni, Fe)S2@MoS2 [71] Carbon fiber paper 1.0 mol L−1 KOH/OER 270@10 43.21 1.52–1.55 V@44

Ni2P/MoS2/N:CNT [72] Glassy carbon 0.5 mol L−1 H2SO4/HER 93.9@10 57.8 3000 cycles

CoSx@Cu2MoS4-MoS2/NSG [73] Carbon paper 0.1 mol L−1 KOH/HER 118.1@10 41.1 10@33

CoSx@Cu2MoS4-MoS2/NSG [73] Carbon paper 0.1 mol L−1 KOH/OER 351.4@10 61.5 10@33

CoSx@Cu2MoS4-MoS2/NSG [73] RRDE 0.1 mol L−1 KOH/ORR E1/2=0.89 V 53.5 16.4 h

RRDE: rotating ring-disk electrode.
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nanowires exposed abundant gain boundaries on the
surface. The gain boundaries and the surface-rough
nanowire morphology of the selenides provided abundant
catalytic sites during reactions. Moreover, the adsorption
and transport properties of reactants were significantly
enhanced owing to the structural properties. The Ni3Se2/
NF showed efficient overall water splitting performance.
Wang et al. [85] prepared coral-like NiSe2/g-C3N4 hybride
using a hydrothermal method, where the NiSe2 particles
were uniformly affixed on the layers of graphitic carbon
nitride. The structural properties contributed to facil-
itating the charge transfer and enhancing the intrinsic
activity of NiSe2. The material showed efficient OER ac-
tivity (an overpotential of 290 mV at 40 mA cm−2). Wang
et al. [86] reported a CS@CNC NAs/CC nanomaterial
using a co-precipitation method followed by selenylation
in inert atmosphere (Fig. 8a). Owing to the carbon fra-
mework, the CoSe2 nanoparticles were confined in the
cobalt-nitrogen-doped carbon layers with good disper-
sion. The framework not only enabled fast charge and
mass transfer, but also helped to expose more active sites
for the reaction. Meanwhile, the adsorption properties of
the intermediates on CoSe2 were also optimized, and the
agglomeration of CoSe2 was inhibited. As a result, the
CS@CNC NAs/CC required only 84 mV to reach
10 mA cm−2 with a 72-h stability.

Tuning the phase of selenides from 2H to 1T can sig-
nificantly increase the conductivity and expose more ac-
tive sites [87]. Deng et al. [88] first loaded MoSe2 NSs

onto a nitrogen-doped porous carbon support and then
intercalated PO4

3− into the 2H MoSe2, which finally
formed a carbon-supported bi-phase-coexisting MoSe2
hybrid ((1T-2H)-MoSe2/N-MSC). The highly conductive
N-MSC support greatly reduced the charge resistance and
the 2D morphology of 1T MoSe2 increased the exposed
active sites. Meanwhile, the decreased bandgap of 1T
MoSe2 led to a higher conductivity (Fig. 8b, c). Moreover,
the DFT calculations demonstrated a reduced HER en-
ergy barrier and favorable hydrogen desorption of hy-
drogen on the bi-phase-MoSe2 (Fig. 8d). Benefiting from
these unique advantages, the P-MoSe2/N-MSC exhibited
a high HER activity (−126 mV at 10 mA cm−2) with high
durability. Deng et al. [89] first prepared TiC-C arrays via
a facile CVD method, and then they loaded 1T-MoSe2
NSs onto TiC-C via a hydrothermal method. After Ar
thermal treatment and NH3 annealing, a nitrogen-doped
MoSe2/TiC-C hierachical material with phase and mor-
phology modulation was fabricated. From the results of
theoretical calculation, the incorporation of nitrogen not
only led to a narrow band gap of the pristine molybde-
num selenide, but also induced a phase transformation
from 2H to 1T MoSe2. The DFT calculations revealed that
the N-doped MoSe2 exhibited a lower energy for H2
formation and higher ability for H2 desorption compared
with 1T and 2H MoSe2. Besides, the highly conductive
TiC-C substrate significantly reduced the charge transfer
resistance and increased the exposure of catalytic sites,
which further promoted the reaction kinetics. The MoSe2/

Figure 8 (a) Fabrication process of CS@CNC NAs/CC. Reprinted with permission [86]. Copyright 2019, Elsevier. (b, c) Calculated band structures of
2H-MoSe2 and P-MoSe2, respectively, (d) HER free energy diagrams of different selenides. Reprinted with permission [88]. Copyright 2019, Wiley.
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TiC-C exhibited an excellent HER performance (137 mV
at 100 mA cm−2) in 0.5 mol L−1 H2SO4. Zhang et al. [90]
loaded 1T-MoSe2 NSs onto the NiSe substrates using a
hydrothermal method, which formed a 3D core-shell
heterostructure with numerous metallic 1T-MoSe2 on the
surface (1T-MoSe2/NiSe). During the preparation, the
electron transfered from NiSe to MoSe2, inducing the
transformation of MoSe2 from 2H- to 1T-phase. The
edges of 1T-MoSe2 were highly active sites for HER and
the substrate NiSe helped to facilitate the water dis-
sociation. Meanwhile, the 3D conductive heterostructure
exposed more catalytic sites, and the charge and mass
transfer were facilitated during the reaction. Moreover,
the strong interaction between the two selenides con-
tributed to maintaining the 1T-phase of MoSe2. As a re-
sult, the 1T-MoSe2/NiSe showed high HER activity with
high stability.

In addition, constructing heterostructure and doping
are also applied for synthesizing novel selenides [91].
Zhao et al. [92] synthesized a 3D cobalt selenide elec-
trocatalyst composed of CoSe and Co9Se8 via a facile one-
step selenization of Co foil with Se powder in a vacuum-
sealed ampoule. By manipulating the ratio of Co/Se in the
precursor, the electronic state of Co species in the pro-
ducts was regulated and the application of the catalyst
would go from OER to HER. The higher charge-stated Co
sites promoted the OER kinetics, which was attributed to
the easier adsorption and conversion of OH− with the
presence of more high-valent cobalt. Meanwhile, the less
Seδ− sites on the surface could also favor the OER kinetics.
While the HER process preferred the lower charge state of

Co species, which could be beneficial to the enhanced
electron transfer and more exposed active sites. More-
over, the high ratio of surface Seδ− facilitated the ad-
sorption/desorption of proton and therefore facilitated
HER. Yuan et al. [93] fabricated a CoSe/MoSe2 nano-
material using the pyrolysis and selenylation of Mo, Co-
based MOFs, which were composed of CoSe nano-
particles and MoSe2 nanolamellas. The strong interaction
between CoSe and MoSe2 facilitated the electron transfer
and upshifted the d-band center of the selenides, and
therefore the adsorption of reactants (OH−) was reduced.
Meanwhile, more defects were formed due to the het-
erostructure and provided more adsorption sites for OH−.
Besides, the well dispersed nano-sized selenides provided
more OER sites. Therefore, the CoSe/MoSe2 required an
overpoetntial of only 262 mV to reach 10 mA cm−2 with
20-h stability. Jing et al. [94] prepared a Fe3Se4/FeSe/
NPGC heterostructure via a simple one-pot reduction
method (carbonizing the cornstalk cores immersed by Fe
and Se precursors under N2 protection). The hybride
exhibited a porous nanostructure with numerous chan-
nels, which significantly promoted the oxygen diffusion
and exposed more catalytic sites. The heterojunctions and
the carbon support enabled a high charge transfer rate
during the reaction. Moreover, the well dispersed sele-
nides and the N-dpoed carbon defects acted as active
ORR sites. The Fe3Se4/FeSe/NPGCs exhibited efficient
ORR performances in 50 mmol L−1 PBS electrolyte. Wang
et al. [95] prepared spinel CoIn2Se4 NSs, where Co2+ oc-
cupied the tetrahedral and In3+ occupied the octahedral
site of the crystal structure via fast selenylation of In and

Table 3 Comparison of the performances of transition metal selenide-based electrocatalysts for different applications

Catalyst Substrate Electrolyte
/reaction

Overpotential
(mV)@mA cm−2

Tafel slope
(mV decade−1)

Stability
(mA cm−2@h)

CoSe2
(400)-

NC-800 [76] Glassy carbon 1.0 mol L−1 KOH/HER 234@10 95 45@13.8

Meso-CoSSe-12h [77] Glassy carbon 0.5 mol L−1 H2SO4/HER 110@10 52 100@25

Fe7.4%-NiSe [79] Ni foam 1.0 mol L−1 KOH/OER 231@50 43 0.217 V@22

SnSe2/GNS [81] Graphite NSs 0.5 mol L−1 H2SO4/HER 382@10 109.3 5000 cycles

Ni3Se2/NF [84] Ni foam 1.0 mol L−1 KOH/OER 320@100 58 6000 cycles

Ni3Se2/NF [84] Ni foam 1.0 mol L−1 KOH/HER 95@50 67 6000 cycles

NiSe2/g-C3N4 [85] Ni foam 1.0 mol L−1 KOH/OER 290@40 143 1.42 V@10

CS@CNC NAs/CC [86] Carbon cloth 0.5 mol L−1 H2SO4/HER 84@10 38 2000 cycles

P-MoSe2/N-MSC [88] Carbon cloth 0.5 mol L−1 H2SO4/HER 126@10 51 10@10

N-MoSe2/TiC-C [89] TiC-C 0.5 mol L−1 H2SO4/HER 106@10 32 100@4

Co-Se1 [92] Co foil 1.0 mol L−1 KOH/OER 280@100 40.4 2000 cycles

Co-Se4 [92] Co foil 1.0 mol L−1 KOH/HER 268@100 61.4 2000 cycles
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Co precursors by hot-injection of cation solution into
anion (Se) solution. The CoIn2Se4 NSs featured abundant
active sites and ideal charge transfer ability for boosting
the reaction kinetics. Moreover, the DFT calculations
confirmed that the reaction pathway on the surface of
spinel selenide can be significantly facilitated. As a result,
the CoIn2Se4 catalyst showed a remarkable ORR perfor-
mance in the alkaline electrolyte. Moreover, the flexible
zinc-air battery using CoIn2Se4 as the air cathode showed
a high open-circuit voltage of 1.37 V, a large specific ca-
pacity of 733 mA hgZn

−1, and an energy density of
931 W h kg−1.

Transition metal phosphides
Transition metal phosphides have been widely explored
due to their low cost and impressive HER performances,
owing to the electronic features of P that can extract
electrons from the neighboring metals [24]. As a result,
the P sites prefer to attract the protons in the electrolyte,
contributing to a suitable bonding between the catalytic
sites and the intermediates/products. In addition, re-
searches about phosphides for electrocatalytic oxygen
reactions have been also reported recently, extending the

applications of phosphides in energy conversion [96–
100]. Tuning the crystal structure via the strain effect has
been proved to be an effective way to improve the activity.
Li et al. [101] proposed an iron phosphide material
modified by carbon for OER, where the carbon induced a
tensile strain in FeP2 crystal during the preparation
(Fig. 9a, b). The strain effect of FeP2 led to an electron
redistribution in the hydroxyl when adsorbed on the
catalytic site, which led to strengthened adsorption of the
intermediates during the reaction. The DFT calculations
demonstrated that the energy barrier of the rate-
determining step was reduced owing to the carbon-
covered strained FeP2 crystal. Meanwhile, the in-
corporation of carbon improved the chemical stability of
FeP2 nanoparticles and reduced the charge transfer re-
sistance. Therefore, the catalyst showed an outstanding
OER performance.

Dopants can also alter the adsorption properties of the
intermediates on phosphides [102]. Cao et al. [103] fab-
ricated a N-doped carbon-covered Ni-Co phosphide
material supported on nickel foam (NixCo2−xP@NC NA/
NF). They first fabricated a series of Ni–Co layered hy-
droxides on Ni foam through a hydrothermal process,

Figure 9 (a, b) HRTEM and the corresponding SAED pattern of FeP2. Reprinted with permission [101]. Copyright 2020, Wiley. (c) HER free energy
diagram of different catalysts, (d) OER free energy diagrams of different catalysts under 0 V. Reprinted with permission [103]. Copyright 2019, Wiley.
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and then a phosphidation treatment under N2 was carried
out to form various NixCo2−xP nanostructures embedded
in N-doped carbon matrix (NixCo2−xP@NC NA/NF). Via
tuning the molar ratio of Ni/Co salts, both the phase and
morphology of NixCo2−xP were tuned and embedded in
carbon matrix. The designed 3D morphology of the hy-
brid material not only provided a stable structure, but
also improved the electron/mass transfer capability.
Moreover, the unique nanostructure of the material en-
larged the ECSA, leading to increased exposure of reac-
tion active sites. The DFT calculations revealed that both
the Ni/Co ratio and surface played critical roles in de-
termining the reaction energy barrier: for HER, the ∆GH*

on NiCoP@C with a carbon shell on NiCoP was close to
zero and therefore suitable for HER (Fig. 9c). For OER,
the surface metal oxyhydroxides were responsible for the
reaction activity, and the energy barrier of the rate-de-
termining step (formation of O*) on Ni0.5Co0.5OOH was
the lowest among different phosphides, which facilitated
the OER kinetics (Fig. 9d). Therefore, the Ni0.5Co0.5P@NC
NA/NF required only 1.56 V to reach 20 mA cm−2 for
water splitting. Lv et al. [104] used graphene oxide to
control the crystal growth and synthesized a hybrid 2D
ultrathin Ni-Co phosphide with high porosity (Fig. 10a–
c). NiCo(OH)x was firstly loaded onto graphene oxide
and NiCoP NSs were obtained after the calcination and
phosphorization. In the NiCoP, electrons migrated from
metal ions to P, leading to a higher valance state of Co
and Ni, which favored the formation of surface NiOOH

or CoOOH for OER. Meanwhile, the P atoms with higher
electron density showed a high proton-capture ability
during the reaction process. The DFT calculations de-
monstrated that the energy barriers of both HER and
OER were significantly lowered on the one-layer NiCoP
than the bulk NiCoP, and the ultrathin NiCoP exhibited a
metallic property with high carrier density. Besides, the
2D and porous structure provided more active site for the
reaction. The NiCoP NSs required only 34.3 and
245.0 mV to reach 10 mA cm−2 for HER and OER, re-
spectively. Wu et al. [105] designed N-doped carbon
nanotube (NCNT)-wrapped Cr-doped FeNi-P nanoma-
terial (Cr-doped FeNi-P/NCNT) for HER and OER using
a one-step annealing method. Among all compositions,
both the NCNT and Cr dopant contributed to lowering
the electron transfer resistance. Besides, the NCNT ma-
trix helped to maintain the stability, and the introduction
of Cr increased the exposure of catalytic sites. According
to the DFT calculations, the Cr doping enhanced the
adsorption of H2O and OH− and desorption of H2, which
promoted the HER pathway (Fig. 10d). As for OER, the
rate-determining step changed from the formation of
OOH* to the formation of O2 with lower energy barrier
after Cr doping, and the theoretical potential also de-
creased (Fig. 10e). The as-prepared Cr-doped FeNi-P/
NCN showed excellent performances for both OER and
HER.

Hybrid materials have been proved to show an en-
hanced activity owing to the synergetic effect [106]. Yu et

Figure 10 (a–c) AFM image, low-magnification TEM images and SEM image of ultrathin NiCoP NSs. Reprinted with permission [104]. Copyright
2020, Wiley. (d) Adsorption energies of different intermediates on different phosphides, (e) OER free energy profiles of different phosphides.
Reprinted with permission [105]. Copyright 2019, Wiley.
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al. [107] developed the hybridized WS2/Ni5P4-Ni2P as
HER electrocatalysts through a thermal process (Fig. 11a).
WS2(1−x)P2x was detected on the surface of the WS2/Ni5P4-
Ni2P, leading to the electron density variation. The
combination of WS2 and Ni5P4-Ni2P effectively increased
the ECSA and the active sites for HER, and the electron
transportation from Ni5P4-Ni2P to WS2 enhanced the
electrochemical reaction activity. According to the DFT
calculation, the new active sites arose with the P and Ni
doping into the WS2. The calculated Fermi levels of NiP2,
Ni5P4 and WS2 were −4.661, −4.953 and −5.462 eV, re-
spectively, which implied the electrons flowed from
Ni5P4-Ni2P to WS2 and facilitated the HER. Yang et al.
[108] reported a hierarchical vanadium-cobalt phosphide
material covered by amorphous cerium oxide (V-CoP@a-
CeO2), which was supported by carbon cloth for HER and
OER (Fig. 11b). The material was prepared through a
three-step procedure, including the hydrothermal pro-
cess, phosphorization, and final electrodeposition. Theo-
retical calculations demonstrated that there was a
synergistic effect between V and CeO2, which altered the
electron redistribution in the material and increased the
electron density of Co sites. As a result, the hydrogen
adsorption on Co sites was optimized and the reaction
energy barrier was reduced. Besides, the Co sites with
lower valance state favored the formation of surface
CoOOH, which was the actual OER site. Moreover, the
charge resistance was sharply decreased after the combi-

nation of the hybrid metal phosphide and the amorphous
ceria, leading to an enhanced electron transfer during the
reaction process. The V-CoP@a-CeO2 only needed a
voltage of 1.56 V to reach 10 mA cm−2. Boppella et al.
[109] prepared a nitrogen-doped carbon-supported 2D
CoP/NiCoP composite material using the combination of
co-precipitation, electrostatic self-assembly, and phos-
phorization. The synergy between the two metal phos-
phide components led to an altered electron distribution,
which reduced the energy barrier and facilitated the re-
action kinetics. The interface between CoP and NiCoP
created more adsorption sites for the reactants. The het-
erostructure and the 2D morphology of the nanomaterial
helped to expose more catalytic sites. The strong coupling
between the metal phosphides and the carbon support
helped to reduce the electron transfer resistance. There-
fore, the CoP/NiCoP composite exhibited an efficient
HER performances in a wide pH range. Zhang et al. [110]
developed a CoP NS combined with CNTs (CoP NS/
CNTs) for HER using a hydrothermal synthesis. The
CNT support inhibited the agglomeration of CoP and
therefore more active sites were exposed. Meanwhile,
owing to the strong interaction between CoP and CNTs,
the charge-transfer capability of CoP NS/CNTs was sig-
nificantly enhanced, leading to a more rapid kinetics for
HER. Besides, the CNTs favored the wettability of CoP
NS and improved the interaction between the active site
and water molecule, which significantly promoted the

Figure 11 (a) Fabrication of WS2/Ni5P4-Ni2P hybrid on Ni foam. Reprinted with permission [107]. Copyright 2019, Elsevier. (b) Morphology and
element distribution of V-CoP@a-CeO2. Scale bars in (b1), (b2), (b3), (b4) and (b6), are 1 μm, 100 nm, 50 nm, 5 nm and 100 nm, respectively.
Reprinted with permission [108]. Copyright 2020, Wiley.
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water dissociation. With all enhanced properties men-
tioned above, the CoP NS/CNTs only required an over-
potential of 68 mV to reach 10 mA cm−2. Table 4
summarizes the performances of some representative
oxide-based electrocatalysts.

Transition metal carbides and nitrides

Carbides
Owing to the s- and p-orbitals of neighboring C atoms,
the d orbitals of metals in transition metal carbides are
broadened and exhibit a Pt-like d band center, making
the carbides show noble-metal-like physiochemical
properties. As a result, carbides have been regarded as
excellent HER electrocatalysts due to their metallic elec-
tronic structures, high conductivity, and earth abundance
[111–116]. Tuning the phase and engineering the meso-
structure can significantly enhance the activity. Baek et al.
[117] constructed a metastable α-MoC1−x with highly
ordered mesopores (MMC) from a nanocasting strategy
using silica as the hard template. The DFT calculation
showed that the α-MoC1−x had a stronger affinity to OH*

species and could favor the water dissociation during
HER compared with hexagonal β-Mo2C (Fig. 12a). Be-
sides, the unique mesoporous morphology of MMC
provided a higher surface area and abundant active sites
for HER. Due to the facilitated water dissociation and
effective proton transfer of MMC, the Pt/MMC electro-

catalyst exhibited high HER performance, which was
superior to commercial Pt/C (Fig. 12b). Dopants can also
optimize the adsorption of intermediates of carbides. Han
et al. [118] doped nitrogen into WC nanoarrays on car-
bon fiber paper via a CVD process using WO3 nanoarrays
as the substrate and melamine as the nitrogen source.
Theoretical calculations demonstrated that the N dopants
downshifted the density of 5d states of W in N-WC
compared with that of WC. As a result, the affinity be-
tween H and catalytic sites became weaker, which led to
an enhanced intrinsic activity. In addition, the mor-
phology of the catalyst not only enlarged the exposure of
active sites, but also accelerated the gas releasing. As a
result, the as-prepared catalyst only required 190 mV to
reach 200 mA cm−2. Karuppannan et al. [119] fabricated a
nitrogen and fluorine-doped carbon-encapsulated Fe/Fe3
C (NFC@Fe/Fe3C) electrocatalyst by the carbonization
and acid etching of a Fe-poly(aniline-fluoroaniline) co-
polymer, in which the carbide sites synergistically inter-
acted with F- and N-doped carbon and promoted the
adsorption and reduction of oxygen on the ORR catalytic
sites. Electrochemical tests showed that NFC@Fe/Fe3C-9
exhibited a higher E1/2 value than commercial Pt/C with
an excellent durability in alkaline electrolyte. Moreover,
NFC@Fe/Fe3C-9 exhibited high methanol tolerance in
both acidic and alkaline electrolytes.

Constructing hybrids with heterostructures can facil-
itate the reactions of carbides [120]. Lu et al. [121] syn-

Table 4 Comparison of the performances of transition metal phosphide-based electrocatalysts for different applications

Catalyst Substrate Electrolyte
/reaction

Overpotential
(mV)@mA cm−2

Tafel slope
(mV decade−1)

Stability
(mA cm−2@h)

CoP-Doped MOF [97] Carbon Fiber paper 1.0 mol L−1 KOH/HER 34@10 56 2000 cycles

MoP@NCHSs-900 [98] GCE 1.0 mol L−1 KOH/HER 92@10 62 5000 cycles

Ni2P nanoarray [99] Ni foam 1.0 mol L−1 KOH/HER 306@1000 76 5000 cycles

NiPS3/Ni2P NSs [100] GCE 1.0 mol L−1 KOH/HER 85@10 82 10@12

Strained FeP2 [101] Ni foam 1.0 mol L−1 KOH/OER 240@10 56

NiCoP@NC NA/NF [103] Ni foam 1.0 mol L−1 KOH/OER 305@50 70.5 10@15

NiCoP@NC NA/NF [103] Ni foam 1.0 mol L−1 KOH/HER 37@10 53.9 35@22

Ultrathin NiCoP NSs [104] Ni foam 1.0 mol L−1 KOH/OER 245@10 59.2 5000 cycles

Ultrathin NiCoP NSs [104] Ni foam 1.0 mol L−1 KOH/HER 34.3@10 49.9 5000 cycles

Cr-doped FeNi-P/NCN [105] Glassy carbon 1.0 mol L−1 KOH/OER 240@10 72.36 1000 cycles

Cr-doped FeNi-P/NCN [105] Glassy carbon 1.0 mol L−1 KOH/HER 190@10 68.51 1000 cycles

WS2/Ni5P4-Ni2P [107] Ni foam 0.5 mol L−1 H2SO4/HER 94@10 74 1000 cycles

V-CoP@a-CeO2 [108] Carbon cloth 1.0 mol L−1 KOH/OER 225@10 58 20@40

V-CoP@a-CeO2 [108] Carbon cloth 1.0 mol L−1 KOH/HER 68@10 48.1 20@60

CoP NS/CNTs [110] GCE 1.0 mol L−1 KOH/HER 68@10 57 10@24

GCE: glassy carbon electrode.
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thesized well-dispersed carbide nanocrystals trapped in
porous N-doped carbon dodecahedra (MC-M2C/PNCDs)
for HER via pyrolysis of Mo/W contained ZIF-8. The
TEM images showed that the porous carbon frameworks
enfolded the ultrafine carbide nanocrystals with a mixed
phase of MC and M2C (Fig. 12c–j). Owing to the unique
compositions and morphology, the catalysts exhibited
much higher ESCAs and more active sites than the single-
phase carbide, which was beneficial to the diffusion of the
electrolyte. And the strong coupling between N-doped
carbon and carbides facilitated the electron transfer. Be-
sides, the interaction between MC and M2C favored the
reaction pathways by optimizing the adsorption for re-
actants. As a result, both MoC-Mo2C/PNCDs and WC-
W2C/PNCDs exhibited enhanced HER activity compared
with single-phased carbides. Li et al. [122] developed a
metal-organic coordination precursor-assisted strategy
for synthesizing porous molybdenum-contained carbon
nanomaterials (mC-Mo). Dopamine hydrochloride was
applied to induce the self-assembly of Mo-based nano-
crystalline and silica was chosen as the hard template. The
Mo2C and Mo2N nanocrystallines were well confined in
the as-prepared mesoporous materials, which showed a

much higher surface area compared with nonmesoporous
materials. Due to the mesoporous structure, the exposed
active sites were significantly increased, which led to
stronger mass and charge transfer properties. Besides, the
interaction between Mo2C and Mo2N induced a sy-
nergistic effect and provided a novel Moσ+ site, which was
highly active for HER. The mC-Mo electrocatalyst out-
performed commercial Pt/C in alkaline HER at high
current densities. Li et al. [123] synthesized novel N-
doped carbon nanofibers that contained Ni and Mo2C
nanoparticles (Ni/Mo2C-NCNFs) via a facile electro-
spinning method combined with a post-synthesis carbo-
nization. Combining the electrospinning and
carbonization process, the Ni and Mo2C nanocrystallines
were well dispersed and strongly coupled in the carbon
framework. Owing to the structural and composite
properties, the electron/mass transfer capability and the
exposure of active sites were favored. Moreover, the
strong coupling between Ni and Mo2C induced electron
transfer from Ni to Mo2C. As a result, the adsorption of H
on Ni and Mo2C was simultaneously optimized during
HER, and the water dissociation at Ni sites was also fa-
vored. On the other hand, the metal-carbide interaction

Figure 12 (a) Free energy profiles of water dissociation on different carbides, (b) HER LSV curves of different catalysts. Reprinted with permission
[117]. Copyright 2019, Wiley. Field emission scanning electron microscopy (FESEM), TEM, HRTEM images and elemental mapping of (c–f) MoC-
Mo2C/PNCDs and (g–j) WC-W2C/PNCDs. Reprinted with permission [121]. Copyright 2019, Wiley.
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induced an upshifted Ni d-band center and therefore the
affinity between OH− and Ni was enhanced during OER.
The Ni/Mo2C-NCNFs showed a high overall water
splitting performance (a cell voltage of 1.64 V to reach
10 mA cm−2).

Nitrides
Transition metal nitrides are novel metallic electro-
catalysts with unique physiochemical and electronic
properties [124–128]. Owing to the neighboring N atoms,
the d-electron density of metals is increased and the
contraction of the d-band center occurs, which induces
that the nitrides show a similar electronic structure with
Pt-group metals [124]. In addition, nitrides show high
electron transfer ability and stability during the reaction
[24]. Panda et al. [129] synthesized cubical CuN3 by the
nitridation of copper acetate, which efficiently catalyzed
HER, OER, and overall water splitting. Notably, water
molecules could easily attack the coordinatively un-
saturated copper sites in CuN3 and be deprotonated,

which induced the formation of oxo-bridged copper sites
and a CuO shell. Additionally, lots of vacancies and CuO
(H) structure with defects were generated through oxi-
dative potentials (Fig. 13a, b). The strong collaborative
effect between the amorphous overlayer and CuN3 and
the defected structure helped to optimize the adsorption
of the intermediates during OER. And metallic Cu-
enriched CuO surface favored the HER pathways. Con-
sequently, the electrolyzer assembled by CuN3 showed a
voltage of 1.62 V at 10 mA cm−2 with 10-day stability. The
carbon support can alter the adsorption of the inter-
mediates on nitrides. Miao et al. [130] prepared an h-
MoN/BCNT nanomaterial, where hexagonal MoN na-
noparticles were well encapsulated in B,N-codoped CNTs
(BNCNTs) (Fig. 13c, d). They postmodified the Mo-based
polyoxometalates, which were reduced by hexamethyl-
enetetramine (HMT) with ammonia gas in the BNCNT.
A large number of MoN NSs spread over the nanotubes
(BNCNTs), which helped to expose abundant active sites
and enhanced the electron transfer. The DFT calculations

Figure 13 (a) HRTEM images and (b) SAED pattern of Cu3N post-OER. Reprinted with permission [129]. Copyright 2019, American Chemical
Society. (c, d) TEM and HRTEM images of h-MoN@BNCNT, (e) free energy of hydrogen adsorption on different samples. Reprinted with permission
[130]. Copyright 2019, Wiley. (f) Schematic illustration of preparation of FexN/N-CNT-GR and (g) ORR polarization curves of FexN/N-CNT-GR and
Pt/C. Reprinted with permission [131]. Copyright 2020, Elsevier.
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showed that different carbon layers on MoN(001) led to
different hydrogen adsorption ability: both N-doped/B,N-
codoped graphene and pristine MoN(001) showed either
too strong or too weak H adsorption. However, assem-
bling N-doped/B,N-codoped carbon onto MoN(001)
could optimize both the adsorption and desorption of
hydrogen on the catalysts (Fig. 13e). Moreover, the
electron transfer between different composites
(MoN→C→N) induced the carbon atoms to be new ac-
tive sites for HER. Noh et al. [131] loaded FexN nano-
particles in N-doped CNT-graphene (FexN/N-CNT-GR)
through a hydrothermal process followed by annealing.
Numerous small N-rich FeN nanoparticles were confined
by the anchoring and defect sites of carbon support
(Fig. 13f). The synergistic effect of FexN (M=Fe, Co)
nanoparticles and support created ORR sites with su-
perior durability. Moreover, the 3D porous structure
significantly facilitated the oxygen diffusion. Experi-
mental results demonstrated that the FexN/N-CNT-GR
catalyst showed an enhanced ORR activity with a half-
wave potential of 0.89 V vs. RHE comparable to com-
mercial Pt/C in alkaline electrolyte (Fig. 13g).

Interface engineering has also been applied to design
nitride-based electrocatalysts [132]. Wang et al. [133]
engineered a copper-nickel nitride loaded on carbon fiber
cloth (Cu1Ni2-N/CFC) via annealing CuNi-LDH pre-
cursor in ammonia. The as-prepared Cu1Ni2-N/CFC ex-

hibited a highly open and interconnected nanostructure,
which simultaneously improved the mass and charge
transfer (Fig. 14a–c). The controlled lattice arrangement
between Cu4N and Ni3N contributed to increasing the
HER active sites. The DOS showed that the Cu1Ni2-N was
metallic and the d-band center of Cu4N-Ni3N was
downshifted, which optimized the adsorption of reaction
intermediates. Besides, the surface hydroxide species
generated during the reaction could serve as the OER
active sites. When using hydrazine aqueous solution as
the electrolyte, the electrolyzer based on Cu1Ni2-N/CFC
required a voltage of 0.24 V at 10 mA cm−2 with over 75-h
stability. As Lai et al. [134] reported, strong-interacted
NiCoN/C hybrid nanocages were prepared via nitridation
of chemically etched ZIF-67. The as-prepared material
presented a high ECSA and reduced electron transfer
resistance. The DFT calculations demonstrated that the
interaction between C-sites in carbon layer helped to
stabilize the Co and Ni sites, weaken the overbinding of
the intermediates and promote the electron transfer
(Fig. 14d). Moreover, the (Ni, Co)-N-bonding induced
fast electron transfer and promoted the transformation of
Co2+→Co0, which was considered as an ideal site for
water adsorption and splitting. Dong et al. [135] designed
a V-Ni based nitride with 3D hierarchical heterostructure
(VN@Ni3N-Ni/CC) via in-situ nitridation of V–Ni–O
precursors anchored on carbon cloth. The 3D hierarchical

Figure 14 (a,b) TEM and (c) HRTEM images of Cu1Ni2-N/CFC. Reprinted with permission [133]. Copyright 2019, Wiley. (d) Alkaline HER free
energies on different catalyst surfaces. Reprinted with permission [134]. Copyright 2019, Wiley. (e) HER free energy profile on tdifferent systems.
Reprinted with permission [135]. Copyright 2019, American Chemical Society.
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nanostructure of the material helped to expose more ac-
tive sites, promote the interaction between the electrode
and electrolyte, and favor the release of the formed gas.
The Ni 2p binding energy exhibited a positive shift, in-
dicating a strong electron interaction in VN@Ni3N–Ni,
which significantly optimized the adsorption and deso-
rption of H*: the ∆GH* of Ni-site in VN@Ni3N was much
lowered, and therefore served as an excellent HER site
(Fig. 14e). As a result, VN@Ni3N–Ni showed a high
catalytic performance with 8, 23, and 32 mV onset po-
tentials in 1.0 mol L−1 KOH, 1.0 mol L−1 PBS and
0.5 mol L−1 H2SO4, respectively. Table 5 summarizes the
performances of some representative oxide-based elec-
trocatalysts.

CONCLUSIONS AND PERSPECTIVES
From the discussions above, a large number of transition-
metal-compound-based nanomaterials have been de-
signed and fabricated for electrocatalytic HER, OER and
ORR in recent two years. And many of them have shown
promising prospects in replacing noble metal-based cat-
alysts for sustainable energy conversion and storage. To
promote the development of electrocatalysts, various
strategies have been proposed and applied in fabricating
novel electrocatalysts, such as improving the ECSA to
expose more catalytic sites, inducing electron redistribu-

tion in the surface sites to modify the physiochemical
properties of catalysts, increasing the intrinsic activity of
active sites via tuning the composite/structure and opti-
mizing the adsorption/desorption property of the inter-
mediates, and reducing the resistance to favor the
electron transfer during the reaction. As a result, some of
the novel TMC-based nanomaterials can even outperform
the noble metal-based electrocatalysts.

However, there are still some critical issues to be solved
for further development and actual commercialization of
TMC-based electrocatalysts: 1) the next-generation sus-
tainable electrochemical energy conversion devices
usually involve multi-reactions to simultaneously parti-
cipate on the anode and cathode. For example, water
electrolysis devices require simultaneous HER and OER,
while zinc-air batteries require efficient OER and ORR
performances on the anode. Therefore, more efforts are
needed to develop novel catalysts with multi-functions
and further improve the activities and stability to meet
the industrialization requirements. 2) During the elec-
trochemical reaction process, the high overpotential and
the acid/alkaline electrolytes create a corrosive environ-
ment, which could induce strong reconstruction on the
surface sites (including the composition, valence state,
and phase change). However, most of the simulative
crystalline structures in the theoretical calculations are

Table 5 Comparison of the performances of transition metal carbide/nitride-based electrocatalysts for different applications

Catalyst Substrate Electrolyte
/reaction

Overpotential
(mV)@mA cm−2

Tafel slope
(mV decade−1)

Stability
(mA cm−2@h)

Co-NC@Mo2C [112] GCE 1.0 mol L−1 KOH/HER 99@10 65 1000 cycles

Fe/Fe5C2@N-doped carbon [113] RRDE 0.1 mol L−1 KOH/ORR E1/2=0.85 V 57 5000 cycles

Mo2CTx nanomeshs [114] Ni foam 1.0 mol L−1 KOH/OER 180@10 66 1.9 V@16

Mo2C/VC heterojunction [115] Glassy carbon 0.5 mol L−1 H2SO4/HER 122@10 43.8 10000 cycles

MoC-Mo2C/PNCDs [121] Carbon fiber paper 1.0 mol L−1 KOH/HER 121@10 60 10@20

WC-W2C/PNCDs [121] Carbon fiber paper 1.0 mol L−1 KOH/HER 101@10 90 10@24

mC-Mo-850 [122] RDE 1.0 mol L−1 KOH/HER 173@10 55 10/50/100@16

Ni/Mo2C-NCNFs [123] RDE 1.0 mol L−1 KOH/HER 143@10 57.8 10@100

Ni/Mo2C-NCNFs [123] RDE 1.0 mol L−1 KOH/OER 288@10 78.4 10@100

NiNS [125] Glassy carbon 1.0 mol L−1 KOH/HER 197@100 58.8 5000 cycles

Ni3N/VN [126] Ni foam 1.0 mol L−1 KOH/HER 56@10 47 10@16

FeNi3N/NG [127] RRDE 1.0 mol L−1 KOH/ORR E1/2=0.79 V 78.8

Cobalt vanadium nitride [128] Carbon cloth 1.0 mol L−1 KOH/HER 118@10 73.6 1.56 V@20

Cu3N/NF [129] Ni foam 1.0 mol L−1 KOH/OER 286@10 118.5 10@14

Cu3N/NF [129] Ni foam 1.0 mol L−1 KOH/HER 118@10 122 10@14

h-MoN@BNCNT [130] Glassy carbon 0.5 mol L−1 H2SO4/HER 78@10 46 10@24

NiCoN/C [134] Carbon cloth 1.0 mol L−1 KOH/HER 103@10 1000 cycles

VN@Ni3N–Ni/CC [135] Carbon cloth 1.0 mol L−1 KOH/HER 57@10 40 3000 cycles
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ideal models, which are based on the ex-situ character-
izations such as XRD, HERTM and XPS. Therefore, there
is still a gap between the theoretical and actual active sites,
which makes it difficult to precisely predict the catalyst
performance in the actual electrochemical test using the
DFT calculation results. Hence, it is necessary to involve
in-situ characterizations into the research and clarify the
actual physicochemical properties of the active sites
during the reaction. And it is clear that combining the-
oretical calculations and in-situ characterizations can
greatly contribute to understanding the effect of active
sites on the reaction performance and summarizing the
structure-performance relationship. In the very recent
years, this strategy has been more and more frequently
applied in the electrocatalytic research, and the reported
in-situ characterizations include XRD, XANES, Raman
and infrared spectra [136–138]. 3) Currently, most of the
TMC-based nanomaterials are prepared via a hydro/sol-
vothermal method followed by annealing at a high tem-
perature to increase the crystallinity. Especially, for
sulfides, phosphides, nitrides and selenides, the sources of
S, P, N and Se are usually toxic and may cause environ-
mental concerns. Moreover, most of the current instru-
ments for the preparation of nanomaterials are still
laboratory level and it is difficult for the yield to reach a
kilogram level. To realize the future commercialization of
these TMC-based catalysts, it is necessary to develop fa-
cile preparation methods with massive amount producing
ability. 4) Except the self-supported materials, most of the
electrocatalysts have to be loaded onto the electrode using
polymer binders to ensure strong-enough attachment
during long-term operation [139]. However, the use of
binders will significantly increase the cost (e.g., the price
of Nafion solution (5 wt.% in mixture of lower aliphatic
alcohols and water) is ca. 250 USD/25 mL) and cover the
surface of the electrocatalysts, which would inhibit the
exposure of active sites. Meanwhile, the conductivity will
also be affected by the binder and the contact gap be-
tween the catalysts and the electrode. Therefore, further
development of self-supported electrodes should help to
lower the cost and enlarge the amount of active sites and
conductivity. 5) Most of the current studies about TMC-
based oxygen electrocatalysts are usually tested in alkaline
electrolytes, as the acid environment with high over-
potential will greatly corrode or dissolve the nanomater-
ials. It is therefore necessary to design and construct new
composites or heterostructures to increase both the ac-
tivity and stability of electrocatalysts in a wide pH range.

Therefore it is believed that further improvement of
TMC-based electrocatalysts can be achieved from the

inspirations of recent advances with deep understanding
of the fundamental mechanisms and rational design of
the composite and structure, which can help to replace
the noble metal-based electrocatalysts and explore can-
didates for electrochemical energy devices.
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微纳结构过渡金属化合物能源转化电催化剂研究
进展
王嘉骏1, 张昭1, 丁佳1, 钟澄1, 邓意达1, 韩晓鹏1*, 胡文彬1,2*

摘要 化石能源的快速消耗已导致日益严重的气候问题与能源危
机, 因此开发清洁绿色的可持续能源技术对人类社会的发展至关
重要. 电化学能源转化与存储器件目前受到广泛关注, 而开发高效
廉价的电催化剂则是该类技术发展的重中之重. 在多种电催化剂
中, 过渡金属化合物由于其储量丰富、性能优越而被广泛研究. 本
文综述了包括氧化物、硫化物、硒化物、磷化物、碳化物及氮化
物在内的微纳结构过渡金属化合物电催化剂的近期研究进展, 内
容包括各类化合物的可控制备方法、实际电催化应用(析氢、析氧
及氧还原)与相关反应机理; 同时讨论了该领域目前存在的挑战与
进一步的发展策略. 本文意在介绍过渡金属基电催化剂的最新进
展与研究前沿, 从而为进一步开发低成本、高性能的清洁能源电
催化剂提供参考与思路.
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