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Abstract Hydrogen is a promising candidate for clean
and sustainable energy resources to substitute fossil fuels to
mitigate global environmental issues. Electrochemical
hydrogen production has been regarded as a viable and
promising strategy. The overall water splitting is currently
the predominant electrochemical hydrogen production
method, which could be driven by renewable energy to
achieve sustainable production. However, the current
challenges are the intrinsically sluggish and energy-inten-
sive oxygen evolution reduction (OER) at the anode and
the expensive noble metal-based catalysts for overall water
splitting, which limit the practical applications. Extensive
efforts have been made to develop bifunctional non-noble
metal-based electrocatalysts to boost hydrogen production
efficiency and lower the cost. Meanwhile, alternative oxi-
dation reactions with faster kinetics and less energy
requirement than OER are being explored as the anodic
reaction to couple with the hydrogen evolution reaction for
energy-saving hydrogen production. In this review, the
non-noble metal-based bifunctional electrocatalysts for
overall water splitting, as well as other novel energy-saving
hydrogen productions have been introduced and summa-
rized. Current challenges and outlooks are commented on
at the end of the article.
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1 Introduction

Under the global warming crisis, tremendous efforts have
been devoted to the development of clean and sustainable
energy resources to substitute fossil fuels. Electrochemical
storage devices and energy conversion systems are regar-
ded as promising alternatives to mitigate fossil fuels-re-
lated problems. Renewable energy can be produced from
wind, thermal, or solar sources and stored in devices such
as metal-air batteries, fuel cells, and electrolytic cells
[1-3]. Hydrogen is considered as a promising candidate for
energy storage and conversion to replace fossil fuels, due to
its zero CO, emission in production and application and
high energy density [4, 5]. Electrochemical overall water
splitting has been considered as a suitable technique to
produce H,. It is noteworthy that efficient electrocatalysts
are demanded since the sluggish kinetics and high ther-
modynamic barriers of oxygen evolution reduction (OER)
are the bottlenecks of the as-mentioned energy devices.
Currently, Pt-group metals are the most effective catalysts
for hydrogen evolution reaction (HER) while the bench-
mark catalysts for OER are Ir/Ru-based compounds [1, 6].
However, the scarcity and high cost of these metals and
their stability issues in reaction conditions severely limit
their widespread use. Therefore, earth-abundant metal
electrocatalysts have been extensively researched in recent
years to address the limits of noble metals [7]. Recently,
bifunctional electrocatalysts have also raised much
research interest (Fig. 1a [8]). Bifunctional electrocatalysts
can simplify the reaction system design and lower the cost
of catalyst synthesis [9, 10]. For instance, it is difficult to
pair two electrocatalysts together in an integrated elec-
trolyzer for practical use, because of the mismatch of
working pH ranges of the two electrocatalysts. In other
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Fig. 1 a Schematic illustration of an electrolytic cell and possible bifunctional electrocatalysts containing elements. Reproduced with
permission from Ref. [8]. Copyright 2019, Elsevier B.V. b Schematic illustration of integrated HER and biomass valorization.
Reproduced with permission from Ref. [11]. Copyright 2016, American Chemical Society

words, the maximum catalytic activities and durabilities of
the electrocatalysts are not fully exploited. In comparison,
developing bifunctional electrocatalysts, especially the
non-noble metal-based ones, is critical to the practical
implementation of electrochemical energy devices.

Although non-noble metal-based bifunctional catalysts
for overall water splitting have been extensively studied,
the intrinsic sluggish kinetics and high energy barriers in
OER severely hinder the efficiency of H, production from
the water splitting process. In recent years, alternative
oxidation reactions with faster kinetics and lower thermo-
dynamic barriers than OER are proposed to couple with
HER for more effective hydrogen production (Fig. 1b
[11]), which also requires the corresponding bifunctional
catalysts. In this article, bifunctional electrocatalysts for
water splitting and novel hydrogen production process
replacing OER will be briefly reviewed to summarize the
recent advances in this topic, which will be helpful for the
potentially interested researchers. Based on the results
discussed, the current challenges will be pointed out
briefly, and the future outlooks of non-noble metal
bifunctional electrocatalysts for H, production will also be
presented.

2 Bifunctional metal-based electrocatalysts for
water splitting

Hydrogen production by electrochemical water splitting is
regarded as a promising strategy for sustainable energy
storage and substitute of fossil fuels [12]. Developing
highly efficient and low-cost electrocatalysts to replace the
noble-metal-based ones is vital to the large-scale imple-
mentation of hydrogen energy devices. Bifunctional elec-
trocatalysts for both HER and OER are favorable for the

Q

overall water splitting systems, which not only promote the
performance of systems but also simplify the system
design. In recent years, earth-abundant transition metal-
based compounds have been extensively explored and
employed as the bifunctional electrocatalysts for overall
water splitting, such as transition metal sulfides, phos-
phides, oxides or hydroxides, nitrides, carbides, and their
mix.

2.1 Transition metal oxide-based electrocatalysts

Transition metal oxides (TMO) with the spinel structure
(AB,O,4) have been demonstrated to have high electrocat-
alytic activity due to the various oxidation states, high
conductivity, and excellent structural durability [10, 13].
Wang et al. [14] reported the improvement of catalytic
activity when transition metal oxide (Fe, Co, Ni oxides and
their mixed oxides) nanoparticles (~ 20 nm) are electro-
chemically transformed into ultra-small diameter (2-5 nm)
nanoparticles, which can serve as an efficient and durable
bifunctional water splitting catalyst in alkaline conditions.
The nanoparticle size reduction was conducted through
lithium-induced conversion reactions (Fig. 2a—f). This
method maintains excellent electrical interconnection
among nanoparticles and results in large surface areas and
numerous catalytically active sites, which is different from
most traditional chemical synthesis. The lithium-induced
ultra-small NiFeO, nanoparticles achieved 10 mA-.cm™?2
water splitting current at only 1.51 V for over 200 h
without degradation in a two-electrode configuration and
1 mol-L~! KOH, demonstrating the excellent bifunctional
catalytic activity and stability for overall water splitting in
base. This work also first demonstrated that a single tran-
sition metal oxide could be an efficient bifunctional cata-
lyst for both HER and OER [14-17]. Morphology control
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Fig. 2 Schematic illustration of TMO morphology evolution under galvanostatic cycles: a—e TMO particles gradually change from
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is another important and effective strategy for developing
transition metal oxides-based water splitting bifunctional
catalysts. For instance, Elakkiya et al. [18] fabricated a
flower-like hierarchical nanoporous nickel-cobalt oxide
(NP-NiCo,0,) for electrochemical water splitting reactions
under alkaline solution. The NP-NiCo,0, displayed a high
mass activity (83.3 A-g~') with low overpotentials
(360 mV@10 mA-cm~2 and 370 mV@10 mA-cm™ > for
OER and HER, respectively) and small Tafel slopes. The
Ni-substitution in Co30, spinel system modifies the surface
and electronic band structures, leading to high porosity,
abundant active sites, and rapid electron transfer kinetics,
resulting in the substantial enhancement of electrocatalytic
activities for both OER and HER. Tahir et al. [19] reported
a novel hybrid of Coz0,4 embedded in tubular nanostruc-
tures of graphitic carbon nitride (GCN) and synthesized
through a facile, large-scale chemical method at low tem-
perature. Owing to the high surface area, unique tubular
nanostructure and composition of the hybrid, all redox sites
are easily available for catalysis and provide faster ionic
and electronic conduction. The Co3;0,@GCN tubular
nanostructured (TNS) hybrid exhibited the lowest overpo-
tential (0.12 V) and excellent current density
(147 mA-cm_z) in alkaline OER, better than the bench-
marks IrO, and RuO,. The hybrid also demonstrated
remarkable performance in HER, with a much lower onset
and overpotential and a stable current density. Zhang et al.
[20] reported that regulating crystal structure and atomic
arrangement in single-component metal oxides signifi-
cantly enhanced the electrocatalytic activity toward the
overall water splitting (Fig. 2g—i). Single-component tran-
sition metal oxide (TMO: FeO,, NiO,, or CoO,) nanosheets
grown on nickel foam (NF) were electrochemically opti-
mized with Li ion (Na ion)-induced conversion reactions
for bifunctional electrocatalyst. Among all the candidates,
FeO,/NF-Li exhibited the optimum performance for both
HER (239 mV overpotential at 100 mA-cm™2) and OER
(276 mV overpotential at 100 mA-cm™~?). By using FeO,/
NF-Li as both the anode and cathode, the two-electrode
water splitting cell achieved a current density of

Table 1 Overall water-splitting performances of TMOs

10 mA-cm™? with only a cell voltage of 1.60 V. The
remarkable water splitting performance is attributed to the
Li-induced electrochemical conversion, which alters the
crystal structure and introduces O vacancies, creating more
active sites and increasing the electron density and con-
ductivity. Moreover, the coordination of Fe is regulated
from tetrahedral to octahedral, which reduces Gibbs free
energy for the rate-determining steps. Li et al. [21] fabri-
cated a bifunctional water splitting catalyst by growing
amorphous Co and Fe oxide on two-dimensional (2D)
black phosphorus (BP) (CoFeO@BP), which could form an
adaptive surface structure under the reduction and oxida-
tion conditions (Fig. 2j). The amorphous CoFe oxide is in a
metastable state. During HER, the CoFe oxide reacts with
BP to in situ form CoFe phosphide, which acts as the real
active center for HER. While in OER, the CoFe oxide with
abundant oxygen vacancies drives OER via the lattice
oxygen oxidation mechanism (LOM), which can effec-
tively bypass the energy unfavorable adsorbate evolution
mechanism (AEM) at higher pH. These intriguing proper-
ties of CoFeO@BP and novel mechanisms result in the
remarkable catalytic activity for overall water splitting,
which requires a cell voltage of only 1.58 V to reach
10 mA-cm™2 in 1.0 mol-.L™' KOH. The performance
comparison is shown in Table 1 [14, 16, 18, 19, 21].

Briefly, the limited exposed active sites and low electric
conductivity of transition metal oxides are the barriers to be
overcome for the development of transition metal oxide-
based bifunctional water splitting catalysts. Besides the
strategies reviewed above, combined with conductive
materials to form heterostructure electrocatalyst is another
promising solution.

2.2 Transition metal sulfide-based electrocatalysts

The outstanding physical and chemical properties of tran-
sition metal sulfides (TMSs) have raised tremendous
research interest, and TMS-based compounds have been
extensively applied as bifunctional catalysts in overall
water splitting. TMS-based compounds generally possess

Materials Electrolyte Overall voltage at 10 mA-cm™2/V Durability / h Refs.
NiFeO,/CFP 1 mol-L~" KOH 1.51 200 [14]
NiO/Ni-CNT 1 mol-L~" KOH 1.50 (20 mA-cm~?) 24 [16]
NP-NiC0,04 1 mol-L~" KOH 1.63 9 [18]
FeO,/NF-Li 1 mol-L~" NaOH 1.60 12 [19]
CoFeO@BP 1 mol-L~" KOH 1.58 24 [21]
@ r/_( Rare Met. (2022) 41(7):2169-2183
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better electrical conductivity compared to transition metal
oxides, which guarantees faster electron transfer kinetics
intrinsically [22].

The bifunctional TMS-based electrocatalysts can be
generally categorized into layered TMS (MS,: M = Mo,
W, Ta, etc.) and non-layered TMS (M,S,: M = Fe, Co,
Ni, etc.). The layered TMS have been extensively studied
as robust alternatives for noble metals as the HER elec-
trocatalysts [23-29]. However, their intrinsic OER activ-
ities are not satisfying. Therefore, numerous efforts have
been made to enhance the OER activity of layered TMS
to enable the bifunctional catalytic ability for overall
water splitting. Wei et al. [30] reported a spontaneous
phase transformation strategy of MoS, to prepare the
stabilized 1T phase from the 2H phase. The phase
transformation was triggered by the adsorption of Ir on
the surface of 2H-MoS,, which induced a strong metal-
support interaction. The water splitting cell assembled
with the [r/MoS, catalyst achieved the current density of
10 mA-cm ™~ at a cell voltage of 1.57 V. The synergistic
effect of the adsorbed Ir species and 1T-MoS, is the
origin of the superior catalytic activity. Zhang et al. [31]
applied the composite design strategy, fabricating a novel
MoS,/Ni3S, heterostructures with superior OER activity
and overall water splitting performance (Fig. 3a). The
alkaline water splitting electrolyzer assembled with such
MoS,/Ni3S, heterostructure as catalyst delivers a current
density of 10 mA-cm™? at a very low cell voltage of ca.
1.56 V. Density functional theory (DFT) -calculations
suggest that the synchronous chemisorption of hydrogen
and oxygen species is promoted by the established
interfaces between the components and the in situ gen-
erated interfaces under OER condition. In consequence,
the overall electrochemical water splitting activity is
promoted significantly. Heteroatom doping is another
effective strategy to modulate the fundamental properties
of layered TMS via the increased active sites as well as
the modulation of surface electronic structures [32, 33].
Xue et al. [34] prepared the bifunctional Fe-doped MoS,
nanocanopies on Ni foam (Fe-MoS,/NF) via an in situ
solvothermal reaction. It can achieve a water splitting
current density of 10 mA-cm™2 with a low potential of
1.52 V in 1.0 mol-.L™' KOH electrolyte. The activity of
Fe-MoS,/NF was maintained for more than 140 h under
the reaction conditions. The remarkable catalytic perfor-
mance and durability were attributed to the strong cou-
pling interactions between Fe and MoS,. Non-layered
TMS-based catalysts generally have comparable HER and
OER activities to the noble-metal-based electrocatalysts.
Further optimizations of activities are also under research.
Gong et al. [35] fabricated a Mo/Mn-Ni,S,/NF non-lay-
ered TMS-based catalyst with only a cell voltage of
1.49 V to deliver a current density of 10 mA-cm™? for the

Rare Met. (2022) 41(7):2169-2183

water splitting. It can also stand for more than 24 h while
affording a current density of 18 mA-cm™ 2.

In summary, the catalytic activity of TMS-based com-
pounds for HER and OER can be optimized by introducing
heteroatoms, phase engineering, and construction of
heterostructures. The goal is to increase the active sites on
the surface or/and regulate the electronic structure to
enhance the bifunctional electrocatalytic performance for
water splitting. A detailed comparison table has been

supplied in Table 2 [30, 31, 34, 35].

2.3 Transition metal phosphide-based
electrocatalysts

Transition metal phosphides (TMPs) feature the suit-
able d-electron configuration, rich chemical states, and
similar zero-valent metallic characteristics [36, 37].
Although phosphate atoms are active for OER, the poor
conductivity and shortage of active sites limit the catalytic
activity of TMPs. TMP-based electrocatalysts are also
prone to corrosion in strong alkaline and high overpotential
condition [38, 39]. In order to solve these issues, electronic
structures and surface properties of TMP-based electro-
catalysts need to be adjusted. Cao’s group demonstrated an
ultrathin 2D Ni,P structure as a bifunctional overall water
splitting catalysts [40]. With the resulting large pore size,
decent electronic conductivity, and a distinctive structure,
Ni,P shows outstanding catalytic performances for both
HER and OER, and drives the water splitting cell at the
voltage of merely 1.47 V to attain a current density of
10 mA-cm 2. Introducing a secondary transition metal is a
general approach. Yu et al. [41] reported a hybrid catalyst
constructed by iron and dinickel phosphides on nickel
foams (FeP/Ni,P/NF) substantially expedites alkaline
overall water splitting at 10 mA-cm™~2 with only a cell
voltage of 1.42 V, which outperforms the IrO,/Pt couple
(1.57 V) and most of the state-of-the-art bifunctional water
splitting catalysts. More importantly, it demands only a
voltage of 1.72 V to reach the commercially practical
current density of 500 mA-cm ™2, which is lower than those
for any reported bifunctional catalysts. The catalytic
activity of FeP/Ni,P/NF maintains for more than 40 h at
500 mA-cm ™2, showing remarkable durability and great
potential for large-scale implementation for hydrogen
generation. Combining TMPs with porous carbon materials
and conductive materials can effectively improve the
electrical conductivity, active sites, and corrosion resis-
tance for water splitting. Kang et al. [42] proposed a uni-
versal strategy for carbon-supported TMPs as high-
performance bifunctional electrocatalysts towards efficient
overall water splitting (Fig. 3b). The sol-gel method and a
carbonization-assisted route are combined to facilely fab-
ricate a series of TMP nanoparticles, including CoP, MoP,
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FeP, Cu,P, Ni,P, PtP,, FeNiP, CoNiP, and FeCoNiP,
coupled in an amorphous carbon matrix with one-step
carbon composite formation. Among these prepared cata-
lysts, the NiFeP@C exhibits excellent activities for both
OER and HER with overpotentials of 260 and 160 mV,
respectively, at 10 mA-cm ™2 in 1 mol-L™" KOH solution.

f

&«

The integrated electrolyzer with NiFeP@C as both elec-
trodes delivers a water splitting current density of
47.0 mA-cm™ 2 at 1.60 V, which is superior to that of the
Pt/C and IrO, assembled counterpart. The encapsulation of
the carbon matrix effectively inhibits the corrosion of
NiFeP nanoparticles and results in excellent stability. The
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Table 2 Overall water-splitting performances of TMSs

Materials Electrolyte Overall voltage at  Durability Refs.
10 mA-cm™2/V /h
IMMoS,  1molL™" 1.57 12 [30]
KOH 1.67 (20 mA-cm™2)

MoS,/ 1molL™" 1.56 10 [31]
NisS; KOH

Fe- 1molL™" 152 140 [34]
MoS,/ KOH
NF

Mo/Mn-  1molL™" 1.49 24 [35]
Ni,S,/ KOH
NF

superior electrocatalytic activity is ascribed to the accel-
erated charge transfer induced by the synergistic effects
from Ni, Fe, P, and C.

2.4 Transition metal nitride-based electrocatalysts

Transition metal nitrides (TMNs) are also regarded as
promising candidates for bifunctional electrocatalysts for
overall water splitting. The electronic structure of TMNSs is
similar to those of Pd and Pt noble metals up to the Fermi
level due to the electron transfer with nitrogen atoms [43].
Nonetheless, the intrinsic conductivity, activity, and sta-
bility of TMNs need further improvement to gain better
catalytic performance as the bifunctional catalysts for
overall water splitting. Fang et al. [44] developed an in-situ
growth strategy to prepare graphdiyne-encapsulated cobalt
nitride nanosheets (CoN,@GDY NS), demonstrating high
activity and stability in alkaline water splitting (Fig. 3c).
The catalyst achieved a current density of 10 mA-cm ™~ for
HER and OER with low overpotentials of 70 and 260 mV,
respectively, which was obviously superior to that of the
commercial Pt/C and RuO,. When it was applied as both
the cathode and anode in a two-electrode alkaline elec-
trolyzer, 10 mA-cm ™2 can be attained at an ultralow cell
voltage of 1.48 V, which is significantly smaller than that
of Pt/C—RuO, couple. The unique chemical and electronic
structures and associated interactions between GDY and
CoN, lead to greatly enhanced conductivity, promoted
charge transfer kinetics as well as an increased number of
active sites. Combining an OER active component to the
TMN is another effective strategy to promote the bifunc-
tional catalytic activity for overall water splitting. Xie et al.
[9] reported an ultrathin Ni-borate (Ni-Bi) layer on a
metallic NizN nanosheet array supported on a Ti mesh
(NizN@Ni-Bi NS/Ti) as a durable three-dimensional (3D)
core/shell structured nanoarray electrocatalyst for neutral
pH water splitting. The OER activity of Ni-Bi at near-
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neutral pH has been reported by Nocera et al., however, the
inferior electrical conductivity hampers the overall OER
efficiency [45]. With the combination of the conductive
Ni3N nanoarray, the synergistic effect promotes both the
HER and OER catalytic activities of the NizN@Ni-Bi NS/
Ti catalyst, which are superior to most reported non-noble
metal catalysts [45]. The nanoarray structures of NizN
expose more active sites with facilitated diffusion of
electrolyte and gas evolved in the reaction. The two-elec-
trode electrolyzer with NisN@Ni-Bi nanoarray only needs
1.95 V for 10 mA-cm™? water splitting current at 25 °C in
0.5 mol-L~" K-Bi solution. This cell voltage is much lower
than that for Ni;N NS/Ti (2.45 V), Ni-Bi/Ti (2.44 V), and
Co0,/CoSe; (2.18 V) [46] for the same current density.

2.5 Other transition metal-based compounds

Transition metal carbides (TMCs) have raised great atten-
tion for overall water splitting due to the excellent corro-
sion resistance and stability, high mechanical strength, high
electrical conductivity, and low cost [10]. Han et al. [47]
successfully coupled the defect-rich FeNg 3 and Mo,C
onto N-doped carbon nanosheets to synthesize FeNg o3/
Mo,C/C heterostructure nanoparticles, which exhibited
outstanding catalytic activity and stability for HER, OER
and overall water splitting. The current density of FeN g»3/
Mo,C/C can reach 10 mA-cm™? at low overpotentials of
227 mV for OER and 76 mV for HER with good stability,
and it needs only 1.55 V to reach water splitting current
density of 10 mA-cm™? in 1 mol-L™' KOH. The out-
standing electrocatalytic performance is attributed to the
enriched active sites on the formed interfaces, adjusted
binding energy through the coupling of the FeNy 3 and
Mo,C, and finally the protection by the encapsulating
carbon nanosheets. Kou et al. [48] presented a surface
engineering strategy of assembling 2D Mo,C into 3D
microflower structures, which demonstrates efficient alka-
line water splitting performance (Fig. 4a). They developed
a pyrolysis route to prepare 2D molybdenum carbide
nanomeshes and their assembled 3D microflowers
(Mo,CT, NMs and MFs, respectively). The atomic-level
surface engineering endows the Mo,CT, NMs with the
highest OER activity reported so far, which achieves
10 mA-cm ™2 at an ultralow overpotential of 180 mV. By
using the Mo,CT, MFs as both electrodes for overall water
splitting, a current density of 10 mA-cm ™2 is achieved at
1.7 V. This work revealed the significance of multiscale
structural controls and surface engineering to boost elec-
trocatalytic performance and long-term stability. Xing et al.
[49] proposed a highly efficient bifunctional-phase
molybdenum carbide (-Mo,C) electrocatalyst embedded
into carbon nanosheets, with cornstalks as the green carbon
source. The high intrinsic activity, high porosity of the
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Fig. 4 a Schematic illustration of synthetic process for 2D molybdenum carbide nanomeshes (Mo,CT, NMs) and assembled 3D

microflowers (Mo,CT, MFs). Reproduced with permission from

Ref. [48]. Copyright 2018, Elsevier B.V. b Current density of Ni,B/f-

MWCNT and Ni,B as a function of scan rate, where surface-specific double-layer capacitance (Cq) is shown in annotation; ¢ EIS
spectra of Ni,B/f-MWCNT and Ni,B recorded under the constant potential of 1.55 V (vs. RHE); d comparison of required voltage for
overall water splitting at current density of 10 mA-cm~2 for Ni,B/f-MWCNT and other recently reported noble metal-free bifunctional
catalysts. Reproduced with permission from Ref. [51]. Copyright 2019, Royal Society of Chemistry

resultant, and synergistic effect between Mo,C and carbon
matrix promote the HER and OER catalytic activities of
the as-prepared catalyst. Low overpotentials of 130 and
274 mV are needed to deliver a current density of
10 mA-cm ™ for HER and OER, respectively. In the water
splitting electrolyzer, a cell voltage of 1.65 V is required
for 10 mA-cm~ 2 in alkaline water, as well as long-term
stability of 30 h. This strategy is intriguing with its
reproducible starting materials, simple and easily scalable
synthetic procedure, which is inspiring for the sustainable
energy industry.

Transition metal borides (TMBs) are the emerging
bifunctional catalyst candidates for overall water splitting.
Similar to other aforementioned transition metal-based

Q

&«

compounds, TMBs have intrinsically high catalytic prop-
erties and long stability, yet are also limited by poor
electrical conductivity and low specific surface area.
Therefore, growing TMBs on conductive substrates, such
as carbon materials, is an effective strategy to further boost
the catalytic performance for overall water splitting. Xu
et al. [50] deposited Co-Ni-B nanoparticles on Ni foam by
a facile electroless plating method (Co-Ni-B@NF), and the
resultant catalyst demonstrated promising catalytic activity
as bifunctional catalyst for overall water splitting. The Co-
Ni-B@NF catalyst requires a cell voltage of 1.72 V to
reach water splitting current density of 10 mA-cm™ 2. Chen
et al. [51] designed a generalizable approach to overcome
the limitations of TMBs by anchoring ultrathin nickel
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boride (Ni,B) sheets on the surfaces of functionalized
small-diameter multi-walled carbon nanotubes (f-
MWCNTs). As a result, the electrochemically active sur-
face area and charge transfer resistance of the Ni,B/f-
MWCNT is 3.40 and 0.24 times that of Ni,B nanosheets,
respectively (Fig. 4b, c). For the overall water splitting, it
requires only 1.60 V to reach the current density of
10 mA-cm ™2, outperforming existing metal boride cata-
lysts as well as a commercial IrO,/Pt/C catalysts (Fig. 4d).
The outstanding electrocatalytic performance is ascribed to
the strong chemical coupling between Ni,B and
f-MWCNTs and the in situ formation of highly active
NiOOH/Ni,B and Ni(OH),/Ni,B heterojunctions. The
detailed comparison table of water splitting performances
among TMPs, TMNs, TMCs, and TMBs is supplied in
Table 3 [41-43, 45-51].

3 Bifunctional transition metal-based catalysts
for other H, production processes

Efficient and sustainable approaches for H, production are
critical to the development of the H, energy industry.
Although water splitting has been deemed as the suit-
able technique for green H, production, the anode reaction
OER becomes the bottleneck of the process, which typi-
cally demands a much higher overpotential to match the
rate of HER on the cathode [52]. This complex four-elec-
tron-transfer process has intrinsically sluggish kinetics and
high thermodynamic barriers to overcome [53]. Moreover,
the product of OER, O,, is not of significant value, and the
potential mixing of H, and O, in the headspace of an
electrolyzer poses safety concerns, requiring costly gas

separation steps. Therefore, strategies that replace the for-
midable OER with more readily oxidized molecules for
energy-saving H, production and more additional chemical
values, have been proposed recently. Several molecules,
such as methanol [54], ethanol [55], benzyl alcohol [56],
hydrazine [57-60], and 5-hydroxymethylfurfural [52],
etc. have been tested as replacements for OER due to their
more thermodynamically favorable electrochemical oxi-
dations. The corresponding bifunctional catalysts for these
reactions coupled with HER will be briefly overviewed in
the following sections.

3.1 Benzyl alcohol oxidations

Selective oxidation of benzyl alcohols is one of the most
significant issues in the modern chemical industries and
synthetic chemistry because the product benzaldehydes is
of central value in pharmaceuticals and fine chemicals
synthesis [56]. The electrochemical oxidation (ECO) of
benzyl alcohol is intrinsically advantageous to traditional
approaches, in which harsh conditions are not required
[61]. Zheng et al. [56] fabricated a self-supported, hierar-
chical, porous, nitrogen-doped carbon (NC)@CuCo,N,/
carbon fiber (CF), which demonstrated excellent catalytic
activity and stability for overall water splitting and H,
production coupled with selective ECO of benzyl alcohol.
When 15 x 107> mol-L™" benzyl alcohol was added into
the 1 mol-L~' KOH solution, the cell voltage required for
10 mA-cm™2 was lowered by 0.07 to 1.55 V, which is
smaller than those of the IrO,/Pt/C couple (1.56 V at
10 mA-cm ™). This outstanding electrocatalytic perfor-
mance is attributed to several advantages of the NC@Cu-
Co,N,/CF. First, the uniform hierarchical architecture with

Table 3 Overall water-splitting performances of TMPs, TMNs and TMCs

Materials Electrolyte Overall voltage at 10 mA.cm=2/V Durability / h Refs.
FeP/Ni,P/NF 1 mol-.L~" KOH 1.42 42 [41]
(500 mA-cm™2)
metal phosphide@C 1 mol-L~" KOH 1.56 10 [42]
CoN,@GDY NS 1 mol-L~" KOH 1.52 140 [44]
NisN@Ni-Bi NS/Ti 0.5 mol-L~" K-Bi 1.95 8 [45]
CoO/CoSe, 0.5 mol-L~" phosphate buffer solution 218 10 [46]
FeNg 023/Mo,C/C 1 mol-.L~" KOH 1.55 10 [47]
Mo,CT, MFs 1 mol-.L~" KOH 1.70 16 [48]
B-MooC 1 mol-.L~" KOH 1.65 30 [49]
Co—Ni-B@NF 1 mol-.L~" KOH 1.72 12 [50]
Ni,B/f-MWCNT 1 mol-.L~" KOH 1.60 100 [51]
Rare Met. (2022) 41(7):2169-2183 @ r/_‘
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abundant porous structure endows it with highly exposed
surface area, which is beneficial for mass transfer. Second,
the synergistic effects between Cuz3N and Cos4/N
nanoparticles modulate the adsorption strengths of key
intermediates and optimize the reaction pathway. Finally,
the N-doped carbon shell not only improves the conduc-
tivity and electron transfer rate, but also substantially
enhances the mechanical stability of CuCo,N,/CF.

3.2 Hydrazine oxidation (HzOR)

Hydrazine (N,H,) is one of the significant industrial raw
materials, which has been widely used in fuel cells, rocket
fuels, corrosion inhibitors, and synthesis chemistry [57].
Compared with other oxidizable species for coupling with
HER, hydrazine oxidation (HzOR, N,H; + 4OH™ —N, +
4H,0 + 4e™) has several advantages. First, its products
are nitrogen and water without greenhouse gas, and the risk
of mixing H, and O, in OER is thereby avoided. Second, it
has no carbon atoms, thereby avoiding the generation of
catalyst-poisoning species. Third, the oxidation potential is
significantly lowered by its stronger reducing power, which
is only — 0.33 V (vs. RHE) compared to that of OER
(1.23 V vs. RHE) [62, 63].

Tang et al. [57] first explored the H, production with
hydrazine oxidation (HzOR) in alkaline conditions by
preparing Ni,P nanoarrays in situ grown on nickel foam
(Ni,P/NF). In 1.0 mol-L ™" KOH solution with 0.5 mol-L ™"
hydrazine, the Ni,P/NF-based two-electrode outputs a
current density of 500 mA-cm™~ at a cell voltage of only
1.0 V, with strong durability and nearly 100% Faradaic
efficiency (FE) for HER. The system can constantly deliver
100 mA-cm ™~ for 10 h with the potential increases only by
15 mV. In comparison, without the presence of hydrazine,
the system only produces a current density of 20 mA-cm™>
at 1.6 V, which is much larger than 1.0 V with hydrazine
presented. This substantially demonstrates that replacing
OER with HzOR in the anode is an effective strategy for
energy-saving electrolytic hydrogen generation. Liu et al.
[60] further developed this strategy by constructing a self-
powered H, production with bifunctional hydrazine as sole
consumable. Fe-doped CoS, nanosheets (Fe-CoS,) are
fabricated as a bifunctional electrocatalyst for HER and
HzOR, by which direct hydrazine fuel cells (DHzFCs) and
overall hydrazine splitting (OHzS) units are realized and
integrated to form a self-powered H, production system. In
the OHzS unit assembled with Fe-CoS, as both electrodes,
an extremely low cell voltage of 0.95 V is needed to
deliver a large current density output of 500 mA-cm 2,
which is among the best reported OHzS works. The
DHzFCs with Fe-CoS, as anode and H,O, or O, as oxi-
dizing agents also reached the best performance among
published works for DHzFCs with  Co-based

2

K4

electrocatalyst, which produces the maximum power den-
sity values of 246 mW-cm > (H,O,) and 125 mW-cm ™2
(O,). The integrated system, where Fe-CoS, nanosheets are
applied in DHzFCs anode and the two electrodes in OHzS
unit, exhibits good stability at 0.7 V for 20 h and a
hydrogen evolution rate of 9.95 mmol-h™"!, comparable to
the best reported for self-powered H, production system
based on water splitting (Fig. 5a, b). Theoretical calcula-
tions interpreted these outstanding performances as the
effect of Fe doping, which decreases the free-energy
changes of H adsorption as well as the dehydrogenation of
adsorbed NH,NH, on CoS, [64-68]. Similarly, Zhang
et al. utilized a bifunctional P, W co-doped Co;N nanowire
array catalyst to construct a self-powered H, production
system where a DHzFC and a OHzS unit are integrated
together [58]. The production rate of H, achieves a decent
rate of 1.25 mmol-h™" at room temperature. DFT calcula-
tions decipher that the P, W codoping optimized H*
adsorption/desorption and dehydrogenation kinetics could
be the underlying mechanism. These examples substan-
tially demonstrate the remarkable advantages of replacing
OER with the highly energetically favorable HzOR, while
the development of the bifunctional catalyst for HER and
HzOR has been thriving at the current stage.

3.3 Urea oxidation (UOR)

Urea electrolysis is an intriguing energy-saving electrolysis
technique developed recently since it can simultaneously
produce H, and purify wurea-rich waste water
(CO(NH,), + H,O — 3H, + N, + CO,) [69]. The ther-
modynamic potential of urea electrolysis is merely 0.37 V,
which is significantly lower than that of 1.23 V for OER
[69]. Nonetheless, the urea oxidation reaction is a complex
6e” transfer process with sluggish kinetics, which needs
highly active catalysts to promote the reaction rate. Non-
noble metal-based bifunctional catalysts for HER and UOR
are highly favorable since they can reduce not only the cost
of the catalyst but also the design complexity of the elec-
trolysis system. Ni-Mo-based catalysts have attracted much
attention and exhibited promising UOR activity [70].
Zhang et al. [71] reported a bifunctional Ni-Mo alloy
nanotube for efficient hydrogen production coupled with
UOR as anode reaction in a hybrid water electrolysis sys-
tem. The hybrid cell constantly affords a current density of
10 mA-cm™2 at a low cell voltage of 1.43 V, which is
40 mV lower than that of the traditional water splitting
with commercial PtlllrO, couple. More importantly, the
output current gap between Ni-Mo nanotube and PtllIrO,
couple drastically increases when the driving potential
increases. DFT calculations reveal that Mo centers are the
active centers for chemisorption and O-H bond cleavage of
H,O, while Ni centers are responsible for hydrogen-
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Fig. 5 a Schematic illustration of a self-powered H, production system integrating a DHzFC and an OHzS unit, in which hydrazine is
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0.33 mol-L™"); d Tafel slopes for UOR; e LSV curves for HER; f Tafel slopes for HER. Urea splitting performance of NO and NFO in
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evolving. Wu et al. [72] prepared lantern-like porous and
hollow microspheres composed of nickel oxide-based
nanosheets for overall urea splitting. The NigoFeq 0,
(NFO) and NiO (NO) microspheres exhibit excellent
electrocatalytic properties (Fig. 5c—f). NFO achieved out-
standing overall urea splitting activity with a potential of
1.455 V at a current density of 10 mA-cm~2, and also
demonstrated excellent stability after 25-h continuous
electrolysis (Fig. 5g, h). Recently, Pang et al. have also
reported the synthesis of porous rod-like Ni,P/Ni assem-
blies for the urea oxidation reaction, which display
improved electroactivity and conductivity [73]. The
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constructed electrolytic cell based on Ni,P/Ni exhibits the

cell voltage of 1.47 V at a current density of 10 mA-cm™2.

3.4 5-hydroxymethylfurfural (HMF) oxidation

The 5-hydroxymethylfurfural (HMF) is one of the most
widely studied biomass-derived platform molecules, which
is in great abundance and can be upgraded to a series of
chemicals. In particular, the 2,5-furandicarboxylic acid
(FDCA) can serve as a monomer to produce polyamides,
polyesters, and polyurethanes, being a replacement of
terephthalic acid [74]. Compared to traditional methods of
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HMF to FDCA oxidation, the electrocatalytic method does
not require harsh conditions and expensive noble metal-
based catalysts [75]. You et al. [52] fabricated a bifunctional
catalyst of 3D Ni,P nanoparticle arrays on nickel foam (Ni,P
NPA/NF) to catalyze the oxidation of HMF to FDCA and
HER. The two-electrode electrolyzer employing Ni,P NPA/
NF required a voltage at least 200 mV smaller than pure
water splitting to achieve the same current density. The
Faradaic efficiencies for H, production and oxidation of
HMEF to FDCA are 100% and 98%, respectively. Deng et al.
[76] reported the facile preparation of copper sulfide nano-
wire @NiCo-layered double hydroxide nanosheet core—shell
(Cu,S@NiCo-LDH) nanoarrays as efficient bifunctional
electrocatalyst towards HMF oxidation and simultaneous H,
production. The Cu,S core/NiCo-LDH shell structure facil-
itates the charge/mass transfer and tunes the electronic
structure of Ni with Co, which shifts the onset potential of
HMF oxidation negatively by 150-200 mV. The Faradaic
efficiency for HMF oxidation product, FDCA, reaches
nearly 100%. The Cu,S @NiCo-LDH nanoarrays also show
outstanding HER activity and durability. As a result, the
electrolyzer with this catalyst only demands a voltage of
1.34 V to achieve the current density of 10 mA-cm 2. These
representative works illustrate the superior bifunctionality in
transition metal-catalyzed biomass upgrading coupled with
energy-saving H, production. The performances of these
electrocatalysts in other electrochemical reactions for
hydrogen production have been supplied in Table 4
[52, 56-59, 69-73, 76].

4 Summary and outlook
Being a promising candidate to replace fossil fuels, H, has

received extensive research interest in the field of the clean
energy industry. Large-scale and sustainable approaches to

Table 4 Overall H, generation by other electrochemical reactions

produce H, are the cornerstone of the H, industry. Elec-
trocatalytic water splitting is currently deemed as a reliable
strategy. However, challenging issues such as the sluggish
kinetics of anodic OER, unaffordable cost of the com-
mercial noble metal-based catalysts, and overall efficiency
have to be addressed to make it practical in large-scale
applications. Utilization of bifunctional electrocatalysts in
water splitting can significantly lower the cost of catalyst
production and simplify the electrolyzer design. In partic-
ular, bifunctional electrocatalysts with non-noble metals
are highly desired for their promising intrinsic catalytic
activity and abundance on the earth. Therefore, in this
review article, the various types of water splitting non-
noble metal-based bifunctional catalysts are briefly
reviewed. All these researches aimed to obtain highly
active, earth-abundant, and low-price bifunctional electro-
catalysts, and promote the current density efficiency to a
commercially available level. The efforts have been made
in the design and the fabrication of these non-noble metal
compound-based electrocatalysts can be summarized as
follows: (1) nanostructure design and optimization of the
transition metal-based compounds to endow them the
bifunctional catalytic activity for HER and OER, and also
the long-term stability; (2) combination with conductive
materials such as nickel foams and carbon materials to
facilitate the intrinsic electrical conductivity, and protect
the active sites/components from the corrosive reaction
conditions; (3) exploration and utilization of the synergistic
effect of the various metal or non-metal species in the
electrocatalysts, which maximizes the electrocatalytic
performance to be comparable to or even surpass the
benchmark commercial noble metal-based electrocatalysts.

The further study of bifunctional catalysts for overall
water splitting should focus on the following key points.
First, the HER and OER mechanisms over the bifunctional
catalysts should be understood at the molecular scale,

Materials Reactions Electrolyte Overall voltage at 10 mA.-cm™2/V  Durability ~ Refs.
NC@CuCozN,/CF Benzyl alcohol oxidation 1 mol-L~" KOH 1.560 60 h [56]
Ni,P/NF HzOR 1molL™"KOH  1.600 (20 mA-cm~?) 10 h [57]
PW-CosN NWA/NF HzOR 1molL™"KOH  1.590 20 h [58]
Fe-CoS, HzOR 1molL™"KOH  1.800 40 h [59]
Ni UOR 5mol-L™" KOH  1.400 22 h [69]
NiMoO,4-xH,O NAs/NF ~ UOR 1molL™"KOH  1.510 10,000 s [70]
Ni-Mo nanotube UOR 1molL”-"KOH  1.430 10 h [71]
Nig oFeo.1Ox UOR 1molL™"KOH  1.455 25h [72]
NioP/Ni UOR 1molL™"KOH  1.470 12,000 s [73]
NioP NPA/NF HMF oxidation 1molL™"KOH  1.423 12 h [52]
Cu,S@NiCo-LDH HMF oxidation 1molL™"KOH  1.340 20 h [76]
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especially based on the crystal morphologies and electronic
structure modifications. Meanwhile, to improve the long-
term stability, degradation mechanisms under reaction
conditions should also be paid attention to. Second, mor-
phologies and composition designs should be conducted to
increase the exposure of active sites and facilitate the
electron/mass transfer over the electrocatalysts. Third,
state-of-the-art characterization techniques, especially the
in-situ techniques, should be applied to study the complex
synergistic effects to understand the real catalytic active
sites and reaction mechanisms. Finally, integration of these
bifunctional catalysts into solar cells should be an inter-
esting and environmentally friendly way to produce H,.

While tremendous efforts have been made to the
bifunctional electrocatalysts for overall water splitting,
some researchers innovatively proposed that the energy-
intensive and sluggish OER could be replaced by other
more thermodynamically favorable oxidation reactions. In
this way, the efficiency of H, evolution will be substan-
tially increased with less energy input. More importantly,
the reactions to replace OER can produce other valuable
chemicals, which provides the energy-efficient strategies
for their large-scale production with simultaneous H,
production. For instance, the electrooxidation of 5-hy-
droxymethylfurfural (HMF) is an ambient way to produce
the important monomer and precursor 2,5-furandicar-
boxylic (FDCA). Therefore, we also provide an overview
of these novel hydrogen productions with oxidation reac-
tions other than OER. In particular, the extremely low
thermodynamic potential of hydrazine oxidation reaction
endows the electrolyzer with remarkably high efficiency
and ultra-small operation potentials at large current den-
sity, and it even meets the commercial standard
(500 mA-cm™2). More importantly, the significantly low-
ered energy requirements enable the self-powered H,
production devices to be practical [60]. Therefore, replac-
ing OER with other more readily oxidized reactions is a
promising strategy for the large-scale production of H,
evolution with valuable oxidation products, which is ben-
eficial to the renewable energy industries and sustainable
chemical production. The future development of such
energy-saving H, production should address the key
problems as follows. First, exploration of readily oxidized
molecules with high added value in chemical industries or
pharmacies should be continued to enlarge the scope of
candidates for energy-saving H, production. Second, more
in-depth insights into the reaction mechanisms for these
oxidations should be investigated. Thirdly, advanced
morphologies and compositions techniques should be
applied to further enhance the catalytic activity perfor-
mance. Finally, the commercial standard current density
should be the primary goal to reach in the future devel-
opment of energy-saving H, productions.
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