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A B S T R A C T

Hydrogen has emerged as a clean and renewable energy source with the potential to mitigate global energy and
environmental crises. Electrolytic water splitting, a highly efficient and sustainable technology, has garnered
significant attention for hydrogen production. However, the slow kinetics of the oxygen evolution reaction on the
anode and the high energy consumption limit the practicality of industrial-scale electrocatalytic water splitting.
To address the challenge, the development of advanced electrolytic systems and the exploration of alternative
oxidation reactions are crucial. This review highlights the recent advancements in coupled electrocatalytic
hydrogen production strategies, including urea and hydrazine oxidation, value-adding electrosynthesis using
small molecules, and waste upcycling and degradation. Various catalysts, the pertinent catalytic mechanisms for
anodic oxidation reactions, and methods to decrease the energy barriers are discussed. Furthermore, the po-
tential challenges and prospects for energy-saving electrolysis and promotion of hydrogen production are
examined. A comprehensive understanding of these strategies and their implications is important to the devel-
opment of efficient and sustainable hydrogen production.

1. Introduction

Hydrogen is a clean and renewable energy source with the potential
to replace fossil fuels and address the global energy and environmental
crisis [1,2]. Electrocatalytic water splitting (2H2O (l) → 2H2 (g)+O2 (g),
ΔG = 237.2 kJ mol− 1), a highly efficient and sustainable strategy, has
emerged as a promising platform for hydrogen production [3]. This
technology has garnered significant attention due to its ability to facil-
itate water splitting and reduce energy consumption through the use of
electrocatalysts. Electrocatalytic water splitting involves the oxygen
evolution reaction (OER) at the anode and the hydrogen evolution re-
action (HER) at the cathode. Various electrocatalysts, including precious
metal-based materials [4–7], non-precious metal-based oxides [8–11],
carbides [12–14], nitrides [15–17], selenides [18–22], phosphides [23,
24], sulfides [25,26], and alloys [27,28], have been developed for the
HER and OER processes.

OER occurring at the anode is a four-electron transfer process with
slow kinetics, resulting in high energy consumption and limiting the

commercial practicality of electrocatalytic water splitting [29]. To
address the issue, advanced electrolytic systems are crucial. One
approach adopts thermodynamically favorable small molecule oxida-
tion reactions using ethanol [30], benzyl alcohol [31], 5-hydroxymethyl
furfural [32], and urea [33], to replace the sluggish OER and couple it
with HER to achieve energy-efficient hydrogen production. This
approach is currently a hot research topic as illustrated in Fig. 1. For
example, Jiang et al. [34] have demonstrated that the potential required
for the urea oxidation reaction (UOR) is 340 mV lower than that for
conventional OER. However, UOR produces carbon emissions in the
form of CO2, and the industrial value of the products is relatively low.

Hence, it is of utmost importance to enhance the practical and in-
dustrial value of the anodic products. Electrosynthesis utilizing small
molecules holds great promise in the production of high-value chem-
icals. For instance, Ma et al. [35] have prepared the Pt-NP/NiO-NS
catalyst with excellent properties in both the methanol oxidation reac-
tion (MOR) and HER for the co-production of hydrogen and
value-adding formate based on a two-electrode electrolytic cell. The
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catalyst requires a voltage of 1.39 V to achieve a current density of
10 mA cm− 2, which is significantly lower than that of the typical
HER/OER couple. We have proposed a two-electrode MOR/HER
configuration catalyzed by the Ni-Mo-Se bifunctional electrocatalyst,
which boasts a lower voltage than the OER/HER couple [21]. This
configuration enables the oxidation of methanol into high-value
formate, resulting in both energy-efficient hydrogen production and
value-adding products simultaneously. In addition to generating
value-adding by-products at the anode, waste upcycling and degrada-
tion can be coupled with HER to accomplish energy-efficient hydrogen

production. Zhou et al. [36] have utilized Fe3+/Fe2+ as a redox medium
to construct a system for hydrogen production and electrolysis of H2S.
This coupled system significantly reduces the energy consumption for
hydrogen production while recovering useful sulfur resources. Although
how to decrease the energy barrier of the anodic oxidation reaction for
energy-saving hydrogen production is a hot research area, there have
been few comprehensive reviews on this important topic. It is noted that
some of the catalytic properties including selectivity and yield for
value-adding and assisted hydrogen production have been reviewed
[37–41]. However, the mechanisms of various oxidation reactions and

Fig. 1. Number of papers on the topic of coupled electrocatalytic hydrogen production from 2004 to 2024 (Data collected from the Web of Science all databases
using “coupled hydrogen production” as keywords).

Fig. 2. Schematic of coupled electrocatalytic hydrogen production systems. Copyright permission has been received for all the images.
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coupling with waste degradation and upgrading have not been thor-
oughly discussed. Therefore, a comprehensive review of the latest
research advances and challenges in assisted hydrogen production,
value-adding hydrogen production, and waste degradation/upgrading
will help guide future research in this important area.

In this review, we comprehensively discuss various strategies of
coupled electrocatalytic hydrogen production, including the adoption of
urea and hydrazine oxidation, value-adding electrosynthesis using small
molecules such as alcohol, aldehyde, glucose, and amine, as well as
waste upcycling and degradation, as described in Fig. 2. We also delve
into the latest research progress on the design and synthesis of efficient
electrocatalysts and explore the catalytic mechanisms of various anodic
oxidation reactions. Finally, we discuss the potential challenges of
coupled electrocatalytic hydrogen production and the prospects of
hydrogen production by energy-saving electrolysis.

2. Assisted hydrogen production

Electrochemical oxidation of some small molecules normally re-
quires low potentials. For example, hydrazine and urea can be electro-
chemically oxidized into N2 and CO2 at very low potentials (− 0.33 V and
0.37 V vs. the reversible hydrogen electrode (RHE), respectively) [42].
Moreover, the products of these reactions are safer than those of OER,
which is vulnerable to the mixing of hydrogen and oxygen [43,44].
Therefore, coupling-assisted oxidation reactions such as hydrazine
oxidation reaction (HzOR) and UOR with HER can improve the effi-
ciency and safety of electrocatalytic hydrogen production, as listed in
Table 1.

2.1. Hydrazine oxidation reaction

HzOR exhibits a lower energy barrier (N2H4 + 4OH− → N2 + 4H2O +

4e− , − 0.33 V vs. RHE) and emits no polluting gas [54,93,94]. By

Table 1
Typical assisted hydrogen production systems.

Catalyst Electrolyte Cell voltage at
10 mA cm¡2

ΔE[a] ref

Cu1Co2-Ni2P/NF 1.0 M KOH +

0.1 M N2H4

0.16 V 1.44 V [45]

Ru-(Ni/Fe)C2O4 1.0 M KOH +

0.1 M N2H4

0.01 V 1.472 V [46]

Cu1Ni2-N 1.0 M KOH +

0.5 M N2H4

0.24 V 1.39 V [47]

Rh2P uNSs 0.5 M H2SO4

+ 0.05 M
N2H4

0.377 V 1.373 V [48]

Ni-C HNSA 1.0 M KOH +

0.1 M N2H4

0.14 V @
50 mA cm− 2

1.5 V @
200 mA cm− 2

[49]

Ru-Cu2O/CF 1.0 M KOH +

0.5 M N2H4

0.0174 V 1.3646 V [50]

RuFe-Ni2P@NF 1.0 M KOH +

0.5 M N2H4

0.14 V 1.4 V @
1000 mA cm− 2

[51]

RhIr MNs 1.0 M KOH +

0.5 M N2H4

0.13 V 1.456 V [52]

Ni3N-Co3N
PNAs/NF

1.0 M KOH +

0.1 M N2H4

0.668 V @
100 mA cm− 2

− [53]

Mo-Ni3N/Ni/NF 1.0 M KOH +

0.1 M N2H4

0.055 V 1.485 V [54]

CC@WS2/Ru-
450

1.0 M KOH +

0.5 M N2H4

0.0154 V 1.7046 V [55]

Ru-Ni(OH)2
NW2/NF

1.0 M KOH +

0.1 M N2H4

0.152 V @
100 mA cm− 2

1.58 V @
100 mA cm− 2

[56]

6W-O-CoP/NF 1.0 M KOH +

0.1 M N2H4

0.00873 V 1.611 V [57]

Ni2P/NF 1.0 M KOH +

0.5 M N2H4

1.0 V @
500 mA cm− 2

− [58]

N-Ni5P4@CoP/
CFP

1.0 M KOH +

0.1 M N2H4

0.037 V 1.515 V [59]

RhRu0.5 1.0 M KOH +

1 M N2H4

0.054 V @
100 mA cm− 2

− [60]

Ru1-NiCoP 1.0 M KOH +

0.3 M N2H4

0.09 V @
50 mA cm− 2

1.57 V @
50 mA cm− 2

[61]

CoSe2 1.0 M KOH +

0.5 M N2H4

0.017 V 1.483 V [42]

CoS2/TiM 1.0 M KOH +

0.1 M N2H4

0.81 V @
100 mA cm− 2

1.08 V @
100 mA cm− 2

[62]

Ni3S2/NF-2 1.0 M KOH +

0.2 M N2H4

0.867 V @
100 mA cm− 2

1.143 V @
100 mA cm− 2

[63]

Rh/RhOx 1.0 M PBS +

0.3 M N2H4

0.598 V 0.422 V [64]

RP-CPM 1.0 M KOH +

0.3 M N2H4

0.023 V 2.416 V [65]

Ni-Co-P/NF 1.0 M KOH +

0.1 M N2H4

0.88 V @
200 mA cm− 2

1.04 V @
200 mA cm− 2

[66]

CoFeNiCrMnP/
NF

1.0 M KOH +

0.4 M N2H4

0.14 V @
200 mA cm− 2

1.54 V @
200 mA cm− 2

[67]

(P-Co/Ni3P)A3/
NF

1.0 M KOH +

0.4 M N2H4

0.017 V @
100 mA cm− 2

1.77 V @
300 mA cm− 2

[68]

CC@CoNC-600 1.0 M KOH +

0.5 M N2H4

0.353 V @
100 mA cm− 2

− [69]

PW-Co3N NWA/
NF

1.0 M KOH +

0.1 M N2H4

0.028 V 1.222 V [70]

NiMo/Ni2P 1.0 M KOH +

0.5 M N2H4

0.181 V @
100 mA cm− 2

− [71]

CoP/Co-20 1.0 M KOH +

0.5 M N2H4

0.26 V 1.64 V [72]

RuPd/C 1.0 M KOH +

0.5 M N2H4

0.0177 V 1.8923 V [73]

CoNi@CN-
CoNiMoO

1.0 M KOH +

0.5 M urea
1.58 V @
500 mA cm− 2

0.3 V@
500 mA cm− 2

[74]

1 %Cu:α-Ni
(OH)2/NF

1.0 M KOH +

0.33 M urea
1.49 V − [75]

NF/NiMoO 1.0 M KOH +

0.5 M urea
1.38 V 0.17 V [33]

NiCoP/CC 1.0 M KOH +

0.5 M urea
1.42 V 0.16 V [76]

Ni3N/
Ni0.2Mo0.8N/
NF

1.0 M KOH +

0.5 M urea
1.348 V 0.139 V [77]

Table 1 (continued )

Catalyst Electrolyte Cell voltage at
10 mA cm¡2

ΔE[a] ref

Co2P/Co4N 1.0 M KOH +

0.5 M urea
1.37 V 0.329 V [78]

CoP/C-3 1.0 M KOH +

0.1 M urea
1.40 V 0.22 V [79]

Ni/C-1 1.0 M KOH +

0.33 M urea
1.60 V − [80]

Mo-NiS 1.0 M KOH +

0.5 M urea
1.64 V @
100 mA cm− 2

0.138 V @
100 mA cm− 2

[81]

Fe-Co0.85Se/
FeCo

1.0 M KOH +

0.5 M urea
1.32 V − [82]

Ni-NiO-
Mo0.84Ni0.16/
NF

1.0 M KOH +

0.5 M urea
1.37 V 0.15 V [83]

Ni-S-Se/NF 1.0 M KOH +

0.5 M urea
1.47 V 0.1 V [84]

(Ni-WO2)@C/NF 1.0 M KOH +

0.5 M urea
1.38 V 0.18 V [85]

NiSe2/MoSe2 1.0 M KOH +

0.5 M urea
1.44 V 0.279 V @

100 mA cm− 2
[86]

NiF3/Ni2P@CC-2 1.0 M KOH +

0.33 M urea
1.54 V 0.04 V [87]

CoFeCr LDH/NF 1.0 M KOH +

0.33 M urea
1.467 V 0.138 V [88]

NiCoMoCuOxHy 1.0 M KOH +

0.33 M urea
1.5 V @
100 mA cm− 2

− [89]

Ni/MoC/
Ti3C2Tx@C

1.0 M KOH +

0.3 M urea
1.56 V 0.08 V [90]

NiCoP 1.0 M KOH +

0.5 M urea
1.36 V 0.17 V [91]

F-NiO/Ni@C 1.0 M KOH +

0.33 M urea
1.37 V 0.29 V @

200 mA cm− 2
[92]

[a] The voltage decrease of the coupled reactions compared to the HER/OER
couple at 10 mA cm− 2.
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replacing the slow OER with HzOR in water electrolysis, it is possible to
reduce the voltage required and energy consumption to produce green
hydrogen gas [60,95].

In the past few decades, many transition metal-based electrocatalysts
such as alloys [73,96], oxides [97], hydroxides [98,99], chalcogenide-
s/phosphides [63,100], nitrides/carbides, and their derivatives [99,
101] have been proposed for HzOR-coupled HER. For instance, Liu et al.
[63] have reported an ultra-thin nanosheet array of Ni3S2 with 9–14 nm
thick grown directly on a commercial nickel foam substrate (Ni3S2/NF).
Owing to the smaller Gibbs free energy of N2H4 (− 1.41 eV) adsorption
on the Ni3S2 surface compared to the H2O molecule (− 0.82 eV), an
applied voltage of only 86.7 mV is required for the Ni3S2/NF electro-
catalyst to achieve a high current density of 100 mA cm− 2 for HzOR,
which is 1.143 V lower than that of OER. Senthil et al. [102] have
modified the ratios of single palladium nanoparticles on NiCo2O4
nanoplates by pulsed laser irradiation (PLI) to form Pd/NiCo2O4 com-
posites. Pd/NiCo2O4||Pd/NiCo2O4 is used in an overall hydrazine
splitting (OHzS) electrolysis cell at low cell voltages of 0.35 V and
0.94 V to drive current densities of 10 and 100 mA cm− 2, respectively.
In situ/operando Raman spectroscopy confirms the formation of α-Co
(OH)2 and γ-NiOOH during HER and HzOR. Yang et al. [64] have
introduced the Rh-O-Rh interface to Rh/RhOx nanosheets to form a
bifunctional electrocatalyst for HzOR and HER, as illustrated in Fig. 3a.
Linear sweep voltammetry (LSV) shows that HzOR electrolysis has many
advantages over OER (Fig. 3b). The O atoms shorten the distance be-
tween H2O and active centers (Fig. 3c), thus weakening the H-O bond
and lowering the energy barrier for water decomposition. Moreover, the
O atoms weaken the N-H bond (Fig. 3d), promote the dehydrogenation
of *NH2NH2 adsorbed onto the Rh site, and improve the catalytic ac-
tivity of Rh(111). Optimal adjustment of the Rh/RhOx interface im-
proves the catalytic activity and reduces energy consumption boding
well for hydrogen production.

Ru-based nanomaterials not only promote the dehydrogenation ki-
netics of HzOR but also are promising catalysts for HER [103,104].
However, the high cost of precious metals is the key obstacle to practical
applications. Therefore, the design of atomically dispersed precious
metal catalysts is beneficial. Furthermore, the catalytic activity can be

enhanced by fine-tuning the interface interactions between the single
atom and carrier. Li et al. [105] have prepared Ru-SACs anchored to the
sulfur-deficient tungsten disulfide (WS2/Ru-SACs) by sulfidation and
galvanostatic deposition. The two-electrode cell with WS2/Ru-SACs as
bifunctional catalysts assembled for the HzOR/HER overall reaction is
depicted in Fig. 4a. To produce a current density of 10 mA cm− 2, the cell
voltage is only 15.4 mV, which is much lower than that of the com-
mercial Pt/C catalyst, as shown in Fig. 4b. Fig. 4c shows that the Ru sites
in WS2/Ru-SACs are the active centers for HzOR multistep dehydroge-
nation, and the energy barrier of the rate-determining step (RDS) de-
creases by 0.5 eV compared to the pristine WS2 catalyst. Because of the
bifunctional activity of Ru atoms, the RDS of both Volmer reactions in
alkaline HER and dehydrogenation reactions in HzOR are accelerated,
consequently improving the HER and HzOR properties.

A twisted NiCoP nanowire array immobilized with Ru-SACs (Ru1-
NiCoP) has been reported by Hu et al. [106]. At a current density of
10 mA cm− 2, an ultralow potential of HzOR was − 60 mV in addition to
an overpotential of 32 mV achieved for HER. The two-electrode elec-
trolyzer for OHzS with Ru1-NiCoP as both the anode and cathode pro-
duces a current density of 522 mA cm− 2 at a voltage of 0.3 V, which is a
significant energy-saving process compared to typical overall water
splitting (OWS), as shown in Fig. 4d. The Ru atoms optimize the
adsorption of H* in NiCoP and decrease the vacant d-band centers
(Fig. 4e), resulting in an enhanced adsorption capacity for *N2H2 and
HzOR capability. In particular, an innovative self-powered hydrogen
production system is used to achieve a potential hydrogen generation
rate of 24.0 mol h− 1 m− 2 without an external power supply.

Non-precious metal-based materials have outstanding electro-
catalytic oxidation capability, which can be further enhanced by het-
eroatom doping [107–109]. For instance, Sun et al. [110] have
deposited NiFeP on the nickel mesh (NiFeP/NM), followed by poten-
tiostatic depositing and dealloying with a nanotube Ni(Cu) coating (Ni
(Cu)@NiFeP/NM). The open and hollow nanostructures provide a large
electrochemically active surface area and expose a large number of
active sites for catalysis. The strong synergistic effect between crystal-
line Ni(Cu) and amorphous NiFeP layers produces enhanced catalytic
activity at the active centers. As a result, the bifunctional Ni(Cu)

Fig. 3. (a) Schematic diagram of the reaction mechanism of HER and HzOR of the Rh/RhOx catalyst. (b) LSV curves for HzOR in 1.0 M PBS/0.3 M N2H4 and for OER
in 1.0 M PBS. (c) Distance between O (H2O) and Rh or Pt (active site) in Pt(111), Rh(111), and Rh/RhOx systems for HER. (d) Distance between N (NH2NH2) and Rh
(active site) in Rh(111) and Rh/RhOx systems for HzOR. Reproduced with permission from reference [64]. Copyright 2022, the Royal Society of Chemistry.
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@NiFeP/NM catalyst needs a voltage of only 0.491 V to achieve a cur-
rent density of 100 mA cm− 2 in 1.0 M KOH and 0.5 M N2H4 electrolyte,
which is obviously superior to the OWS.

It is worth noting that the HzOR-assisted hydrogen production sys-
tem can be directly driven by a direct hydrazine fuel cell (DHzFC) with a
fairly high H2 yield, which is promising for practical application. For
example, Li et al. [65] have designed partially exposed RuP2 nano-
particles on N, P co-doped carbon porous microsheets (CPMs). Due to
the strong coupling between RuP2 nanoparticles and N, P co-doped
CPMs, electron transfer and durability during electrocatalysis are pro-
moted. The OHzS needs a mere 23 mV to deliver a current density of
10 mA cm− 2 under alkaline conditions. Furthermore, the overall reac-
tion can be powered by DHzFC with hydrazide as the only liquid fuel,
where H2 is generated at a rate of 0.68 mmol h− 1 with a high power
density of 64.77 mW cm− 2.

Liu et al. [70] have reported P, W co-doped Co3N nanowires

(PW-Co3N NWs) with superior catalytic activity for both HzOR (− 55 mV
@ 10 mA cm− 2) and HER (− 41 mV @ 10 mA cm− 2). P and W doping
reduces the dehydrogenation-free energy of adsorbed N2H4, resulting in
more thermally neutral Gibbs free energy (ΔGH*) than pristine Co3N.
The PW-Co3N NWs-assembled overall reaction configuration shows a
current density of 10 mA cm− 2 at a voltage of only 28 mV. The system is
powered by DHzFC and shows a hydrogen production rate of
1.25 mmol h− 1 at room temperature.

Previous studies have shown that the construction of a heteroge-
neous interface can modulate the electronic structure of the catalyst to
enhance the electrochemical activity [33,111]. Qian et al. [111] have
proposed in situ growth of layered porous nanosheet arrays of Ni3N-Co3N
on nickel foam (Ni3N-Co3N PNAs/NF) as bifunctional electrocatalysts
for HzOR and HER in the overall reaction. The voltages required to
achieve current densities of 10 and 400 mA cm− 2 are only 0.071 and
0.76 V, respectively, which are significantly superior to OWS. The

Fig. 4. (a) Schematic illustration of the OHzS in a two-electrode electrolyze using WS2/Ru-SACs as both anode and cathode. (b) LSV curves of two-electrode
configuration for CC@WS2/Ru-450||CC@WS2/Ru-450 with or without N2H4, Pt wire||Pt wire, CC@WS2@Ru NPs||CC@WS2@Ru NPs, and CC||CC. (c) Gibbs free
energy profiles and reaction pathways for HzOR. Reproduced with permission from reference [105]. Copyright 2022, Wiley-VCH. (d) LSV curves of Ru1-NiCoP||
Ru1-NiCoP couples for OWS and OHzS. (e) The DOS plots and d-band center of NiCoP and Ru1-NiCoP. Reproduced with permission from reference [106]. Copyright
2023, Wiley-VCH.
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heterointerface optimizes the electronic structure of the catalyst surface
to modulate the free energy of reactants/intermediates adsorption and
promote the kinetics of hydrazine dehydrogenation.

Recently, Zhu et al. [66] have prepared three-dimensional (3D)
nickel foam-supported nickel-cobalt phosphide heterostructures (Ni-C-
o-P/NF) by interface engineering. The heterogeneous interface improves
the bifunctional activity of Ni-Co-P/NF catalysts in both HER and HzOR.
In particular, HzOR requires a voltage of only 176 mV to achieve a high
current density of 1000 mA cm− 2. The HzOR/HER electrolyzer assem-
bled with the Ni-Co-P/NF catalyst shows a voltage input as low as 0.88 V
for a current density of 200 mA cm− 2, which is 1.04 V lower than that of
OWS (1.92 V). The results reveal that the HzOR/HER system greatly
reduces energy consumption for hydrogen production. Moreover, the
electrolyzer can be powered by a self-assembled DHzFC with
Ni-Co-P/NF as the anode catalyst and shows a self-powered hydrogen
production rate of up to 19.6 mol m− 2 h− 1 without an external power
supply.

Wang et al. [47] have prepared porous nanofilms of copper-nickel

nitrite (Cu1Ni2-N) supported by carbon fiber cloth by thermal ammo-
niation using Cu-Ni layered double hydroxide (CuNi-LDH) as the pre-
cursor. Due to the high conductivity and porous nanostructure of the
catalyst and exploiting the synergistic effect of nickel nitride and copper
nitride, the Cu1Ni2-N catalyst has excellent catalytic properties and
stability in HER and HzOR. The two-electrode electrolytic system with
Cu1Ni2-N as both the cathode and anode shows a small cell voltage of
0.24 V to obtain a current density of 10 mA cm− 2 in the 1.0 M
KOH/0.5 M N2H4 electrolyte.

Recently, the use of inexhaustible seawater as a hydrogen source has
shown great potential in H2 production by water electrolysis [112,113].
The coupling of HzOR with HER in seawater electrolysis and hydrogen
production systems has attracted much attention [114–117]. Zhai et al.
[51] have developed Ru, Fe co-doped Ni2P nanofilms (RuFe-Ni2P@NF)
as a bifunctional catalyst for the production of chlorine-free hydrogen by
coupling HER with HzOR in seawater. In the two-electrode electrolyzer,
a current density of 1 A cm− 2 is achieved at an ultra-low voltage of
0.69 V, which is 1.39 V lower than that of the overall seawater splitting.

Fig. 5. (a) Schematic illustration of the synthesis of Ru-Ni(OH)2 NW2/NF and bifunctional application in OHzS. (b) LSV curves for OHzS in 1.0 M KOH/0.1 M N2H4
and OWS in 1.0 M KOH using Ru-Ni(OH)2 NW2/NF as both the anode and cathode. (c) Schematic illustration of bond formation of Ni(OH)2 and Ru-Ni(OH)2. (d) Free
energy profiles of HER. (e) Stability test of the flow cell electrolyzer. Reproduced with permission from reference [56]. Copyright 2023, Wiley-VCH.
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Intuitive power consumption calculations show that the production of
1.0 L of hydrogen gas by the OHzS system saves 4.70 kWh compared to
the OWS system, thereby realizing energy-efficient hydrogen
production.

Li et al. [56] have proposed a unique active-site injection strategy by
constructing a Ru-doped Ni(OH)2 nanowire network on nickel foam
(Ru-Ni(OH)2 NW2/NF), as illustrated in Fig. 5a. The LSV curves in
Fig. 5b show that OHzS requires a smaller voltages than OWS, demon-
strating that OHzS has many low-energy applications. The two-electrode
configuration comprising HzOR and HER in seawater can drive a high
current density of 500 mA cm− 2 at the voltage of 0.736 V and works
stably for more than 200 h. The up-shift of the d-band center of Ru-Ni
(OH)2 in Fig. 5c indicates an increase in the back bonding energy,
leading to enhanced interactions between the adsorbent materials and
catalyst. The ΔGH* values of Ru and Ni sites in Ru-Ni(OH)2 are 0.28 and
− 0.58 eV, respectively, as shown in Fig. 5d, indicating that the Ru sites
are the active center for the accelerated HER. A domestic flow electro-
lyzer is constructed for continuous hydrogen production at an industrial
current density of 1 A cm− 2, driven by a record low cell voltage of
1.051 V (Fig. 5e). The electrolyzer shows superior energy consumption
of 2.25 kWh m− 3 (H2), which helps market penetration of electrolytic
seawater for hydrogen production.

2.2. Urea oxidation reaction

The urea oxidation reaction (UOR, CO(NH2)2 + 6OH− → N2 + 5H2O
+ CO2 + 6e− , Eθ = − 0.46 V vs. RHE) coupled with HER (6H2O + 6e− →
3H2 + 6OH− , Eθ = − 0.83 V vs. RHE) in alkaline media has a theoretical
equilibrium voltage of 0.37 V [118–120], which reduces the energy
consumption of electrocatalytic hydrogen production intrinsically. In
addition, urea in wastewater can produce corrosive ammonia and ni-
trate, leading to environmental pollution and eutrophication of water
[119,121]. Therefore, the use of UOR reduces not only the cost of
hydrogen production but also the pollution of urine-rich wastewater,
thus achieving the dual purpose of producing clean energy and solving
environmental problems [122].

The 6 electron-transfer mechanism of UOR results in slow reaction
kinetics and therefore, efficient and stable electrocatalysts are essential
in order to achieve energy-efficient hydrogen production [123].
Generally, noble metal-based catalysts (Pt, IrO2, RuO2, etc.) have high
catalytic activity for UOR, but the high cost and scarcity are challenging.
Therefore, much effort has been devoted to developing non-precious
metal-based materials for efficient UOR. Ni-based materials, such as
Ni-based alloys, oxides, hydroxides, phosphides, nitrides, and sulfides
are candidates for UOR [83,122,124–129]. In particular, NiO has

Fig. 6. (a) LSV curves for UOR and OER of Ni3N/Mo2N. (b) Amount of H2 evolution and production rate at 1.50 V in 1.0 M KOH with or without 0.33 M urea. (c)
Schematic illustration of the UOR mechanism using Ni3N/Mo2N catalyst. Reproduced with permission from reference [126]. Copyright 2023, American Chemical
Society. (d) Schematic diagram of the preparation process and reaction mechanism of Ni3S2-Ni3P/NF. (e) LSV curves of Ni3S2-Ni3P/NF in 1.0 M KOH with and
without 0.5 M urea. Reproduced with permission from reference [133]. Copyright 2021, American Chemical Society.
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attracted much attention due to its environmental friendliness,
cost-effectiveness, and high corrosion resistance. However, Ni2+ (t2g

6 eg
2)

of pristine NiO has a high eg occupancy, leading to strong binding with
reaction intermediates and unfavorable desorption of gaseous products.
In order to optimize the adsorption and desorption of the reaction in-
termediates, an interfacial engineering strategy has been developed
[130–132]. It has been reported that the transition metal/transition
metal oxide heterojunction can weaken the absorption of intermediates
and promote the reaction kinetics.

Xu et al. [92] have developed an effective organic-inorganic hy-
bridization strategy for the simultaneous formation of multiple hetero-
structures and F doping of F-NiO/Ni@C. F doping enhances electron
delocalization, facilitates electron transport from Ni to NiO, and lowers
the d-band center of the NiO/Ni@C catalyst. The optimized electronic
state endows F-NiO/Ni@C with excellent HER kinetics and a smaller
energy barrier in urea dehydrogenation. As a result, F-NiO/Ni@C re-
quires an overpotential of only 46 mV in HER and a potential of 1.31 V
vs. RHE in UOR to achieve a current density of 10 mA cm− 2 in alkaline
media. The voltage required to obtain a current density of 10 mA cm− 2

by the F-NiO/Ni@C||F-NiO/Ni@C cells is 80 mV lower than that of the
state-of-the-art Pt/C||RuO2 cells, indicating the high promise of noble
metal-free catalysts for UOR-assisted high-energy-efficiency hydrogen
production.

Wang et al. [126] have prepared Ni3N/Mo2N heterostructured
nanosheets by hydrothermal and nitriding methods, which require an
ultra-low overpotential of only 20 mV in HER and a low operating po-
tential of 1.32 V vs. RHE in UOR to reach a current density of
10 mA cm− 2 (Fig. 6a). In the two-electrode configuration, the
UOR-assisted HER overall reaction requires a voltage of 1.36 V to drive a
current density of 10 mA cm− 2, showing a seven-time larger rate of

hydrogen production than conventional OWS, as shown in Fig. 6b.
Meanwhile, both temperature-programmed desorption and theoretical
calculations demonstrate that the Ni3N/Mo2N heterostructure combines
the advantages of both Ni3N and Mo2N phases, leading to the optimal
urea adsorption and enhanced UOR reactivity, as schematically illus-
trated in Fig. 6c. Liu et al. [133] have reported a heterogeneous
Ni3S2-Ni3P catalyst with a lot of highly active interfaces for bifunctional
UOR and HER, as illustrated in Fig. 6d. Electrons are transferred from
Ni3S2 to Ni3P at the heterointerface and as a result, Ni3S2-Ni3P delivers
superior performance in the UOR-coupled HER system showing current
densities of 10 and 100 mA cm− 2 at cell voltages of only 1.43 and
1.65 V, respectively, as shown in Fig. 6e.

Mott-Schottky heterojunctions, such as CoS2/MoS2 [134], NiS/MoS2
[135], Co2P/Co4N [78], and CoMn/CoMn2O4 [127], have received
particular attention because the built-in electric field permits directional
transition of electrons to form electron-rich and electron-poor regions
[136,137]. On the one hand, this promotes OH− adsorption in the
electron-poor regions to facilitate the generation of oxide/hydroxide
active species in OER/UOR. On the other hand, it tunes the electronic
structure to optimize the adsorption energy of hydrogen in HER [138,
139]. Xu et al. [86] have constructed a NiSe2/MoSe2 Mott-Schottky
heterojunction catalyst for UOR-assisted water splitting, as shown in
Fig. 7a. The work functions of metallic NiSe2 and semiconductor MoSe2
are 4.93 and 5.07 eV, respectively, thus forming the Mott-Schottky
heterojunction that facilitates electron directional transport, promotes
surface reconstruction, and endows NiSe2/MoSe2 with excellent HER
and UOR characteristics. The Mott-Schottky heterojunction is conducive
to the adsorption of OH− , thereby promoting surface reconstruction.
Density functional theory (DFT) calculations indicate that Mo-NiOOH
has optimized adsorption energy for intermediates compared to

Fig. 7. (a) Schematic diagram illustrating direct electron transfer regulation of the d-band center and promotion of surface reconstruction in the NiSe2/MoSe2 Mott-
Schottky heterojunction catalyst. (b) The energy band diagrams of NiSe2 and MoSe2 before and after the formation of the Mott-Schottky heterojunction. (c) LSV
curves of HER, OER, and UOR of NiSe2/MoSe2. Reproduced with permission from reference [86]. Copyright 2024, Elsevier.
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NiOOH during UOR, thus promoting UOR. Additionally, there is sig-
nificant electron transfer at the interface of NiSe2 and MoSe2 (Fig. 7b) to
modulate the electronic structure of the catalyst to optimize H adsorp-
tion. Hence, the NiSe2/MoSe2 catalyst has excellent HER and UOR
properties such as a current density of 10 mA cm− 2 at a voltage of 1.44 V
in the UOR/HER overall reaction (Fig. 7c).

Zhou et al. [140] have synthesized the Ni/W5N4-based Mott-Schott
heterojunction loaded on NF by hydrothermal and nitriding methods
to form highly active catalysts for UOR and HER. Since the work func-
tion of Ni is smaller than that of W5N4 (Fig. 8a), a Mott Schottky het-
erojunction is formed [141,142]. Theoretical calculations show that
after the formation of the Schottky contact, the difference in the work
function spontaneously drives electron transfer from Ni to W until the
establishment of the built-in electric field and equilibrium of the work
function, as shown in Fig. 8b. The redistribution of electrons can be
further demonstrated by the charge density difference (CDD) and cor-
responding plane-averaged CDD along the Z direction, as illustrated in
Fig. 8c-d [143,144]. The Ni/W5N4 catalyst has high electrocatalytic
activity such as a potential of only 1.34 V vs. RHE to achieve a current
density of 10 mA cm− 2. Due to the charge redistribution, the catalyst
requires a mere overpotential of 25 mV for a current density of
10 mA cm− 2 in HER. In particular, the Ni/W5N4 catalyst-based
UOR/HER overall reaction requires only 1.77 V to afford a high cur-
rent density of 1000 mA cm− 2 (Fig. 8e). The results indicate that the
established built-in electric field accelerates electron transfer, improves
the electrical conductivity, and ultimately enhances the HER and UOR
activity.

Xu et al. [145] have synthesized a bimetallic metal-organic frame-
work (MOF), NiMn-BDC, based on Ni/Mn sites and terephthalic acid
(BDC) ligands by a one-pot solvothermal method. As shown in Fig. 9a, in
NiMn0.14-BDC, the π-symmetric (t2g) d-orbital of Ni2+ is fully occupied,

which results in a strong e− -e− repulsive force between the bridging O2−

and Ni2+. Fewer electrons are occupied in the t2g orbitals of Mn4+

compared to Ni2+, thus allowing electrons to be accommodated in the
t2g orbitals of Mn4+. This feature facilitates the transfer of electrons from
Ni to adjacent Mn via O2− bridging. In addition, the electron density of
NiMn-BDC increases at the Fermi level, and the d-band center is closer to
the Fermi level compared to Ni-BDC, as shown in Fig. 9b. The results
indicate higher electrical conductivity and stronger adsorption of the
reaction intermediates of the NiMn-BDC, which is conducive to pro-
moting the catalytic reaction. The Gibbs free energy profile in Fig. 9c
indicates that the Ni site in NiMn-MOF is the active center for CO
(NH2)2* adsorption, while the Mn site is the adsorption center for NH*
and CO*, which effectively reduces the reaction barrier of the
rate-determine step and jointly promotes the UOR. As a result,
NiMn-BDC exhibits a low voltage of 1.317 V to provide a current density
of 10 mA cm− 2 as well as a high turnover frequency (TOF) of 0.15 s− 1

achieved at a voltage of 1.4 V, giving rise to a urea degradation rate of
81.87 % in the 0.33 M urea solution. The outstanding properties stem
from the MOF platform to tailor the binary active centers.

Under alkaline conditions, UOR requires OH− to participate in a
series of proto-coupled electron transfer processes and break C-N bonds
in urea molecules. However, excessive adsorption of OH− at the active
site hinders the adsorption of urea reactants and accelerates the
competitive OER [146,147]. Although nickel-based catalysts are suit-
able for UOR, their performance is hampered by the oxidation of the
Ni3+, which initially occurs at the potential of 1.37 V vs. RHE
[148–150]. Oxidation of NiOOH into high-valence Ni species reduces
the UOR activity and stability [151]. The competition between UOR and
OER is even more evident in practical applications, especially at high
current densities. Therefore, catalysts that can eliminate OER from UOR
at high potentials to obtain large apparent current densities and

Fig. 8. (a) Electrostatic potentials of the corresponding geometries. (b) Energy band diagram of metallic Ni and W5N4 at the Mott-Schottky interface. (c) CDD of the
Mott-Schottky heterojunction between Ni (111) and W5N4 (100) (cyan stands for holes and yellow for electrons). (d) Planar average of CDD along the Z direction of
the Mott-Schottky heterojunction. (e) LSV curves of the Ni/W5N4 catalyst for HER, UOR, and OER, with the insert showing an illustrative scheme of the UOR-assisted
water electrolysis system. Reproduced with permission from reference [140]. Copyright 2023, Elsevier.
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excellent electrode stability are critical for the development of the
UOR-assisted hydrogen production industry [147,152,153].

Zhu et al. [154] have prepared ultra-thin amorphous nickel hy-
droxide (ANH) flocculent catalysts. At a potential of 2 V vs. RHE, the
catalyst achieves a current density of 650 mA cm− 2, which is higher
than the Ni(OH)2 catalyst of 290 mA cm− 2. In addition, the mass activity
and TOF of the ANH catalyst are 30-fold and 27-fold higher than the Ni
(OH)2 catalyst, respectively. Li et al. [89] have proposed the NiC-
oMoCuOxHy electrocatalyst with derived polymetallic co-doped hy-
droxides showing fairly high UOR activity in an alkaline medium such as
potentials of 1.32 and 1.52 V vs. RHE to produce current densities of 10
and 500 mA cm− 2, respectively. NiCoMoCuOxHy with dendritic nano-
structures produces a strong electric field distribution to enrich OH− in
the electron double layer and directly strengthen the dehydrogenation
oxidation for outstanding UOR performance. Moreover, the NiC-
oMoCuOxHy-based UOR/HER overall reaction greatly accelerates the
hydrogen production rate.

Li et al. [155] have proposed the sea urchin-like NixCo3− xO4 (x = 0,
0.75, 0.86, 1, and 1.20) spinel and explored the effect of octahedral
nickel atoms in the spinel structure on the UOR properties. The UOR
activity is promoted by embedding more Ni ions into the octahedral sites
to allow the accumulation of a large number of nickel redox equivalents
and increase the low-spin state of Ni3+, as illustrated in Fig. 10a-b. The
near-unity occupancy of the eg orbital of Ni ions enhances the intrinsic
UOR activity of spinel catalysts. With increasing Ni content, the TOF of
UOR positively correlates with the accumulation capacity of the Ni
oxidation equivalent (Fig. 10c). Therefore, Ni1.20Co1.80O4 delivers the
highest UOR performance (Fig. 10d) with NiOOH as the active center in

UOR.
Carbon coatings are effective in optimizing the adsorption behavior

of the active sites to the intermediates, providing high electrical con-
ductivity, preventing serious corrosion of the active material, and
improving the UOR performance [156,157]. For example, Wang et al.
[158] have prepared Ni/NiO heterostructure nanoparticles coated by
graphene for hydrogen production via the UOR-coupled HER system.
Due to the synergistic effect of Ni nanoparticles, Ni/NiO heterostructure,
and oxygen-doped graphene coating layer, the UOR/HER overall reac-
tion configuration requires a voltage of only 1.46 V to drive a current
density of 10 mA cm− 2 in the alkaline electrolyte.

Qian et al. [74] have prepared a carbon-encapsulated (CN)
nickel-cobalt alloy coupled with nickel-cobalt molybdenum oxide het-
erojunction (CoNi@CN-CoNiMoO) for UOR-assisted hydrogen produc-
tion. Experimental and theoretical studies reveal that electron
redistribution occurs between CoNi and CN, leading to the down-shift of
the d-band center of Co and Ni. This electronic interaction optimizes the
adsorption/desorption behavior of the catalyst surface to the reaction
intermediates, thereby strengthening the intrinsic activity of UOR and
HER. At the same time, the carbon-encapsulated structure enhances the
corrosion resistance of the catalyst. The micro-nanoarray structure not
only facilitates the exposure of more active sites but also accelerates
gas-liquid transport. As a result, the voltages at current densities of 10,
500, and 1000 mA cm− 2 are 1.34, 1.58, and 1.67 V, respectively, for the
UOR/HER overall reaction system. In addition, the catalyst is stable for
120 h at a high current density of 500 mA cm− 2.

Fig. 9. (a) Schematic illustration of the electronic coupling among Ni, O, and Mn in Ni-BDC and NiMn-BDC. (b) The schematic diagram for the band structures of Ni-
BDC and NiMn-BDC. (c) Free energy profiles of the UOR on Ni-BDC and NiMn-BDC with inset showing the structural evolution of the intermediates. Reproduced with
permission from reference [145]. Copyright 2022, AAAS.
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3. Value-adding electrosynthesis coupled with hydrogen
production

Coupling the small molecules (hydrazine, urea, etc.) oxidation re-
action with HER to produce the hydrogen exhibits superior character-
istics in reducing the voltage and energy consumption of the overall
reaction system. However, the anodic products are N2 and CO2, which
are useless and even cause carbon emissions and making full use of the
anodic products would enhance the energy conversion efficiency
further. In this realm, the meticulous selection of suitable organic and
inorganic precursors, which can be used as raw materials to synthesize
value-added products, becomes paramount. Potential candidate raw
materials, such as low-carbon alcohols, aromatic alcohols, primary
amines, benzylamines, and biomass-derived platform molecules, play
crucial roles in this respect, as listed in Table 2.

3.1. Alcohol oxidation reaction

Methanol is a typical and commonly used C1 feedstock for chemicals
such as formic acid (HCOOH) or formate. The partial methanol oxida-
tion reactions (MOR, CH3OHsolution + H2O (l) → 4H+ + HCOOHsolution,
ΔG0

reaction = 40.1 kJ mol− 1, E0
cell = 0.103 V) requires lower potential than

that of OER [196]. Additionally, the price of HCOOH (approximately
$1300) is higher than that of methanol (approximately $350) [197,
198]. Therefore, coupling the MOR with HER to produce hydrogen not
only reduces energy consumption but also produces high-value products
[199,200]. For instance, Zhao et al. [201] have prepared carbon nano-
fibers@NiSe (CNFs@NiSe) core/sheath nanostructures by one-pot
method. DFT calculations show that the high electrocatalytic selec-
tivity is attributable to the unique exposure of the NiSe(102) surface,
which promotes the conversion of methanol to formic acid by inhibiting
further oxidation to CO2. Therefore, the catalyst has been applied to
convert the methanol into value-adding formate at a high current den-
sity (approximately 345 mA cm− 2) with a Faraday efficiency of more
than 95 %. The results indicate that hydrogen is produced

simultaneously with the value-added formate at high selectivity with
less energy consumption.

Modification of surface structures can alter the electronic configu-
ration and the band structure of the surface-active sites to ensure fast
charge transfer and optimal adsorption to the intermediates during
electrocatalysis. Hao et al. [69] have synthesized highly dispersed FeNi
oxide heterojunction (Fe2O3/NiO) anchored on NF by ultrafast solution
combustion strategy. To understand the effect of the strong electronic
interaction between NiO and Fe2O3 on the catalytic performance, the
detailed MOR mechanism is investigated. As shown in Fig. 11a, the re-
action occurs on the surface of the NiOOH. The MOR/HER overall re-
action configuration (Fig. 11b) composed of Fe2O3/NiO shows a high
current density of 500 mA cm− 2 at the voltage of 1.654 V with a high
Faraday efficiency of more than 98 %. The highly dispersed Ni-O-Fe
structure is considered to be the main active site for the conversion of
methanol to formate. The Fe2O3/NiO heterojunction provides a unique
synergistic active site and lowers the potential barriers of the dehydro-
genation steps (Fig. 11c), resulting in the favorable dynamic conversion
of methanol to formate.

Peng et al. [21] have proposed an integrated MOR and HER system
driven by solar cells to realize energy-efficient hydrogen production, as
shown in Fig. 12a. The bifunctional electrocatalyst containing NiSe/-
MoSe2 heterointerfaces (NMS/CC) is prepared on a carbon cloth, and the
interactions between the atoms at the heterointerfaces balance the
adsorption energies of the reactants/intermediates/products and pro-
mote the kinetics of the HER and MOR reactions. The NMS/CC elec-
trocatalyst has a higher efficiency in MOR with a potential of 15 %
smaller than that of OER at a current density of 100 mA cm− 2, as shown
in Fig. 12b. 1H NMR performed on the electrolyte after MOR reveals
CHOO- (Fig. 12c), which is an industrial value-adding by-product that
can be extracted and converted to formic acid. Therefore, using MOR
instead of OER is beneficial to energy-saving hydrogen production.

The glycerol oxidation reaction (GOR), a typical nucleophilic
oxidation reaction, is a promising alternative anodic reaction to couple
with cathodic HER for hydrogen production [202]. Electrocatalytic GOR

Fig. 10. (a) Spin states of Ni3+ at octahedral sites. (b) Combination of urea molecules with the nickel active site on the (311) crystal surface of NixCo3− xO4 spinel. (c)
Variation of oxidation equivalence, TOF, and eg orbital as a function of x in NixCo3− xO4 catalysts. (d) Potentials of OER and UOR at different metal atomic ratios.
Reproduced with permission from reference [155]. Copyright 2021, American Chemical Society.
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is able to convert biomass by-products into high-value chemicals, which
are environmentally friendly, sustainable, and highly efficient [203].
Moreover, GOR (Eθ = 0.69 V vs. RHE) is more thermodynamically
favorable than the OER (Eθ = 1.23 V vs. RHE). Therefore, replacing the
OER with GOR to couple with HER not only significantly reduces the
energy consumption for hydrogen production, but also utilizes
biomass-derived resources for the synthesis of value-added chemicals in
an environmentally sustainable manner [168,204]. For instance, Zhu
et al. [172] have synthesized Ni3N/Co3N heterostructure nanowires
(Ni3N/Co3N-NWs). The heterointerface modulates the electron distri-
bution and accelerates glycerol dehydrogenation kinetics. Additionally,
it is more favorable for *H adsorption/desorption in HER, giving rise to
enhanced bifunctional electrocatalytic performance. In GOR, the
Ni3N/Co3N-NWs achieve current densities of 50 and 200 mA cm− 2 at
low potentials of 1.26 and 1.34 V vs. RHE, respectively, with a Faraday
efficiency of 94.6 % from glycerol to formate. Moreover, a flow cell
assembled with Ni3N/Co3N-NWs (Fig. 13a) requires only 2.01 V to
achieve an industrial-level current density of 1 A cm− 2, with formate
and H2 yields reaching 11 and 21.4 mmol cm− 2 h− 1 (Fig. 13b-c),
respectively. This highlights the exceptional electrocatalytic properties
of Ni3N/Co3N-NWs and the potential for efficient energy conversion and
electrosynthesis of valuable chemicals.

Yu et al. [205] have reported an environmentally controllable γ-ray

irradiation reduction method to synthesize a series of noble metal
nanoparticles anchored on defect-rich manganese oxide (M@MnO2-x,
where M=Ru, Pt, Pd, Ir), as schematically illustrated in Fig. 14a. The Ru
nanoparticles are firmly immobilized within the defective MnO2 to
exhibit strong interface synergistic effects. Due to electron repulsion in
the symmetric structure, electrons around the Ru site of Ru-O-Mn-O in
Ru@MnO2 are difficult to transfer to the adjacent Mn site. On the con-
trary, because of the oxygen vacancies in Ru@MnO2-x, an asymmetric
Ru-O-Mn-Ov configuration is formed to accelerate electron transport
from the Mn site to the Ru-bound O, as shown in Fig. 14b. This synergy,
facilitated by the penetrating power of γ-rays, allows the simultaneous
formation of nanoparticles and defect carriers. The metal-oxygen bonds
bridging these entities ensure structural stability and ample exposure to
active sites [206]. An anion exchange membrane (AEM) flow electrol-
ysis cell is assembled with Ru@MnO2− x as a bifunctional electrocatalyst.
The flow cell achieves an industrial-level current density of 0.5 A cm− 2

at a low voltage of 1.68 V (Fig. 14c). Furthermore, the system demon-
strates stable operation for over 100 hours at 0.5 A cm− 2, as shown in
Fig. 14d. In situ spectroscopic analysis during the electrocatalysis in-
dicates that Ru@MnO2-x effectively balances the competitive adsorption
of glycerol and OH* on the catalyst surface. This work underscores the
potential application of this environmentally controllable γ-ray irradi-
ation reduction method in the preparation of efficient bifunctional

Table 2
Typical value-adding electrosynthesis coupled hydrogen production systems.

Catalyst Raw material By-product Cell voltage at 10 mA cm¡2 FE[a] of H2 [%] ΔE[b] ref

NiIr-MOF/NF methanol formate 1.39 V 100 170 mV [159]
Co(OH)2@HOS/CP methanol formate 1.497 V 100 134 mV [160]
Fe2O3/NiO methanol formate 1.654 V @ 500 mA cm− 2 98 135 mV [69]
Pd@RhPd NDs methanol formate 0.813 V − 859 mV [161]
CoPt3@Co2P/Co@NCNT methanol formate 1.43 V − − [162]
Pt-NP/NiO-NS methanol formate 1.39 V − 300 mV [35]
NiS/NF methanol formate 1.5 V − 140 mV [163]
NMS/CC methanol formate 1.5 V @ 50 mA cm− 2 − 150 mV @ 50 mA cm− 2 [21]
Ru/Ni(OH)2 ethanol acetaldehyde 1.49 V − 110 mV [164]
C@Ni-Pd ethanol acetic acid 0.95 V @ 100 mA cm− 2 − 859 mV @ 100 mA cm− 2 [165]
SA In-Pt NWs/C ethanol acetic acid 0.62 V 100 190 mV [166]
MoOx/Pt glycerol glycerate 0.70 V 100 900 mV [167]
Ni-Mo-N/CFC glycerol formate 1.36 V 99.7 260 mV [168]
Ru@Ni-B/NF glycerol − 1.24 V − 180 mV [169]
Ru-NixPy/N-C glycerol formate 1.36 V 99.5 − [170]
NiCrOx/Ni glycerol formate 1.675 V @ 20 mA cm− 2 100 226 mV @ 20 mA cm− 2 [171]
Ni3N/Co3N-NWs glycerol formate 1.79 V @ 400 mA cm− 2 96.7 220 mV @ 400 mA cm− 2 [172]
Cu-Cu2O/CC glycerol formate 0.59 V 100 320 mV [173]
Au/CoOOH Benzyl Alcohol Benzoic acid 1.50 V @ 540 mA cm− 2 99 − [174]
NC@CuCo2Nx/CF Benzyl Alcohol Benzoic acid 1.55 V 80 70 mV [31]
Co3O4/CF HMF[c] FDCA[d] 1.385 V 99.8 121 mV [175]
Ni3N@C HMF FDCA 1.55 V @ 50 mA cm− 2 − 240 @ 50 mA cm− 2 [176]
Co-P/CF HMF FDCA 1.44 V @ 20 mA cm− 2 − 150 @ 20 mA cm− 2 [177]
MoO2-FeP@C HMF FDCA 1.486 V 97.8 106 mV [178]
CuxS Ni0.75Co0.25OmHn HMF FDCA 1.58 V @ 100 mA cm− 2 − 270 mV @ 100 mA cm− 2 [179]
NF/Co4N@CeO2 HMF FDCA 1.33 V 86.5 200 mV [180]
NiCo2@MoO2/NF HMF FDCA 1.25 V 99.1 264 mV @ 50 mA cm− 2 [181]
Co@NiMoO-Ni/NF HMF FDCA 1.21 V 98.9 400 mV [182]
Cu/Ni3S2-R HMF FDCA 1.57 V @ 50 mA cm− 2 − 230 mV @ 50 mA cm− 2 [183]
NiVP/Pi-VC glucose gluconic acid 1.3 V 99.1 280 mV [184]
Ni-MoS2 NPs glucose gluconic acid 1.67 V − 270 mV [185]
Cu(I)/Cu(II) glucose gluconic acid 0.92 V @ 100 mA cm− 2 − 980 mV @ 100 mA cm− 2 [186]
CNTs@Co/CoP glucose gluconic acid 1.42 V − 320 mV [187]
Cr, S-NiFe glucose formate 1.337 V @ 20 mA cm− 2 − 227 mV @ 20 mA cm− 2 [188]
NiCoSex glucose formate 1.5 V @ 200 mA cm− 2 − 390 mV @ 20 mA cm− 2 [189]
Co2P4O12 benzylamine benzonitrile 1.44 V @ 50 mA cm− 2 100 201 mV @ 50 mA cm− 2 [190]
NiSe benzylamine benzonitrile 1.49 V @ 20 mA cm− 2 100 210 mV @ 20 mA cm− 2 [191]
t-Ni/Co MOF benzylamine benzonitrile 1.48 V 90 275 mV [192]
CoSe2/NiSVs benzylamine benzonitrile 1.37 V 98.9 320 mV [193]
Mo0.8Ni0.2N-Ni3N/NF benzylamine benzonitrile 1.39 V @ 50 mA cm− 2 100 230 mV @ 50 mA cm− 2 [194]
Ni(OH)2-UNMs/NF benzylamine benzonitrile 1.41 V 100 − [195]

[a] FE: Faraday efficiency
[b] ΔE: The voltage decrease of the coupled reactions compared to the HER/OER couple at 10 mA cm− 2.
[c] HMF: 5-hydroxymethylfurfural.
[d] FDCA: 2,5-furandicarboxylic acid.
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electrocatalysts and provides strong support for practical electrolysis
energy conversion applications.

Electrocatalytic oxidation of ethanol [166], 1,3-propanediol [207],
ethylene glycol [208], and benzyl alcohol [31,209] can also serve as
alternatives to anodic OER to reduce the energy input for the anodic
oxidation reaction. This is attributed to the easier oxidation property of
the active hydroxyl groups compared to water molecules. Furthermore,
the alcohols not only have abundant resources but also hold the po-
tential for conversion into value-added products. For example, Li et al.
[210] have synthesized an Au/CoOOH nanoparticle catalyst. The benzyl
alcohol enriches at the Au/CoOOH interface, leading to the generation
of electrophilic oxygen species (OH*) on CoOOH and higher activity
than pure Au. In benzyl alcohol oxidation, a current density of
340 mA cm− 2 is observed at the potential of 1.3 V vs. RHE from the
Au/CoOOH catalyst. The benzyl alcohol oxidation rate and H2 yield
reach 3.19 mmol cm− 2 h− 1 and 117.9 mL cm− 2 h− 1, respectively. In a
membrane-free flow electrolysis cell with two electrodes, the current
reaches 4.8 A at a voltage of 2.0 V.

3.2. Aldehyde oxidation reaction

The combination of thermodynamically advantageous electro-
oxidation of biomass derivatives and HER not only upgrades the biomass
to high-value-added chemicals, but also achieves energy-efficient
hydrogen production [211]. 5-Hydroxymethylfurfural (HMF) is an
important biomass-platform molecule, which is an acid-catalyzed
dehydration product of biomass-derived hexose and pentose. Its oxida-
tion to value-adding chemicals is one of the most prominent reactions
studied in the field [212]. The oxidation reaction of HMF (HMFOR) to 2,
5-furandicarboxylic acid (FDCA) is considered a “green” chemical
platform, which replaces terephthalic acid as a list of synthetic polymer
materials [179]. The potential of HMFOR (0.113 V vs. RHE) is much
lower than that of OER. It possesses two distinct active functional
groups, aldehyde and hydroxyl, which can undergo oxidation reactions
to yield various high-value products [213]. The production of FDCA by
highly selective electrooxidation of HMF is a more convenient, gentle,
and economical method than the traditional production route of
high-value-added chemicals [214]. Therefore, coupling the HMFOR

with HER is proposed to produce additional products with high value
and improve the energy efficiency of hydrogen production [215].

There are several methods for the selective oxidation of HMF to
FDCA by organic chemical reactions, which typically require a harsh
reaction environment. For example, high temperature (> 100 ◦C) and
high oxygen pressures (0.3–2.4 MPa) are essential, which pose serious
problems in terms of safety and cost [216,217]. The electrocatalytic
reaction has the advantages of accurate process control, mild reaction
conditions, wide substrate tolerance, high energy utilization, and safe
operation. In addition, the electrocatalytic oxidation driven by the
directional flow of electrons is promising in the selective oxidation of
alcohols and aldehydes [175]. Up to now, various non-noble metal
materials, such as Ni-based, Co-based, and Fe-based catalysts, have been
applied as electrocatalysts for these reactions [178,218–220]. Although
NixB [215], NiCoFe-LDHs [221], and NiCo2O4 [222] have been pro-
posed as potential electrocatalysts for HMFOR, they are inferior in HER.
Hence, bifunctional electrocatalysts for both HER and HMFOR are
essential to achieving highly efficient coupled hydrogen production
[172,223–225].

The heterojunction formed by interface engineering promotes elec-
tron transfer, modifies the adsorption/desorption behavior of the active
species in the electrocatalytic reaction, and optimizes the catalytic
capability [226,227]. The heterojunction-based materials, such as
Ni3S2-MoS2 and CuxS@NiCo-LDH [179,223], have been reported as the
bifunctional electrocatalysts for HMFOR coupled HER. Yang et al. [178]
have designed and fabricated porous nanoparticles consisting of
carbon-encapsulated MoO2-FeP heterojunction (MoO2-FeP@C) with an
abundant active interface as bifunctional electrocatalysts for HER and
HMFOR. The electrons accumulated at FeP optimize H2O and H* ab-
sorption, while holes accumulated at MoO2 improve the HMFOR ac-
tivity. The electrolytic cell comprising MoO2-FeP@C for the production
of H2 at the cathode and FDCA at the anode can be operated at a low
voltage of only 1.486 V for a current density of 10 mA cm− 2. Thapa et al.
[228] have synthesized a ternary heterostructure based on NixSy, MoS2,
and MoC on onion-like carbon for anodic additive oxidation of HMF. The
heterostructured electrocatalyst selectively catalyzes the oxidation of
HMF to produce FDCA with Faraday efficiency and yield of 100 %.

Wu et al. [181] have controllably grown a MoO2 layer with a

Fig. 11. (a) Schematic of the MOR mechanism for Fe2O3/NiO. (b) The two-electrode electrolyzer of MOR/HER overall reaction. (c) Gibbs free energy diagrams for
MOR. Reproduced with permission from reference [69]. Copyright 2023, the Royal Society of Chemistry.
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thickness of 2–4 nm on a NiCo2 nanowire skeleton (NiCo2@MoO2/NF).
The precise control modulates the electronic structure of NiC-
o2@MoO2/NF, thereby accelerating electron/proton transfer and opti-
mizing the adsorption behavior of intermediates in both HMFOR and
HER. Consequently, efficient coupling of biomass upgrading and

hydrogen production is achieved. Additionally, they have prepared a
three-dimensional hierarchical micro-nanoarray catalyst by leveraging
synergistic interactions between components to achieve bifunctionality
in catalyzing HMFOR coupled with HER, as illustrated in Fig. 15a [182].
The resulting Co@NiMoO-Ni/NF delivers excellent electrocatalytic

Fig. 12. (a) Schematic illustration of the preparation of the bifunctional NMS/CC electrocatalyst and application for MOR-coupled energy-saving hydrogen pro-
duction. (b) Polarization curves. (c) 1H NMR spectra of the electrolyte before and after the test. Reproduced with permission from reference [21]. Copyright 2022, the
Royal Society of Chemistry.

Fig. 13. (a) GOR/HER configuration composed of Ni3N/Co3N-NWs catalyst. (b) LSV curves with or without 0.1 M glycerol in 1.0 M KOH. (c) Yields and electricity
expense for the electrolyzers. Reproduced with permission from reference [172]. Copyright 2023, Wiley-VCH.
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performance for biomass upgrading and hydrogen production. In the
two-electrode system, a remarkable current density of 10 mA cm− 2 for
HMFOR/HER is achieved at a low voltage of only 1.21 V (Fig. 15b),
highlighting the significant potential for biomass upgrading and
hydrogen production. When HMFOR/HER is carried out at a voltage of
1.40 V, HMF can be completely transformed within 120 min. The FDCA
yield is high (~98.6 %), and the Faraday efficiency can reach ~ 99.1 %,
as shown in Fig. 15c. The superior catalytic performance is attributed to
the strong interaction between the template (Co) and
nanosheet-modified nanoarray (NiMoO-Ni), effectively tuning the cat-
alyst’s electronic structure, optimizing the adsorption behavior of in-
termediates in HMFOR/HER, and promoting the bond cleavage of
crucial intermediates during the HMFOR process (Fig. 15d).

Rare-earth oxides possess abundant oxygen vacancies and excellent
affinity to oxygen-containing species and significant potential in supe-
rior electrocatalysis [229,230]. Xie et al. [231] have prepared a Co
(OH)2-CeO2 composite via electrodeposition as the catalyst in the se-
lective electrocatalytic conversion of HMF into value-adding chemicals.
Through the double-electron oxidation of aldehyde groups, HMF is
selectively converted to 2-furancarboxylic acid (HMFCA) with a high
selectivity of 89.4 % and a yield of 8.5 mmol cm− 2 at 1.4 V vs. RHE
under neutral conditions. The coupled hydrogen production at the
cathode is 4.1 times higher than that of the OWS system at the voltage of
1.4 V, indicating that HMFOR can replace OER to achieve highly effi-
cient hydrogen production.

Zhou et al. [180] have constructed the Co4N@CeO2 heterostructure,
in which CeO2 serves as an “electron pump” to facilitate the electron
transfer from Co4N to CeO2. The optimized electronic structure at the
interface endows Co4N@CeO2 with outstanding HER and HMFOR
properties. Specifically, to achieve a current density of 10 mA cm− 2,
HMFOR only requires an ultra-low potential of 1.22 V vs. RHE in the

electrolyte of 1.0 M KOH and 300 mM HMF, which is 273 mV lower
than the potential required in 1.0 M KOH electrolyte. Theoretical cal-
culations indicate that CeO2 reduces the potential barriers of the
rate-determining steps to facilitate the HMFOR process. The multi-
functional electrocatalyst has remarkable HER and HMFOR activities
and promises to achieve “carbon neutrality”.

3.3. Glucose oxidation reaction

Glucose is the most abundant monosaccharide with the character-
istics of non-toxicity, low cost, easy-to-obtain and sustainable resources
from biomass. The glucose oxidation reactions (GOR) can be applied to
produce a variety of commercial chemicals such as HMF, sorbitol, D-
gluconic acid (GNA), and gluconic acid (GRA) [232,233]. GRA is
considered to be the “highest value-adding compound” produced from
biomass. Oxidation of glucose produces GRA and hydrogen gas as a
product stream, which also has a lower reaction potential (0.05 V vs.
RHE) than OER [232,234]. Liu et al. [232] have used the NiFe LDH
nanosheet array as the precursor to prepare nano-scale NiFeOx and
NiFeNx catalysts on 3D NF, as schematically illustrated in Fig. 16a. The
two catalysts show outstanding activity and selectivity in GOR-coupled
HER. The two-electrode cell assembled with these two catalysts shows a
current density of 100 mA cm− 2 at a voltage of 1.39 V (Fig. 16b) with a
Faraday efficiency of 87 % and a GRA yield of 83 %. In situ infrared
spectroscopy confirms that GRA is produced by glucose electrolysis. The
cost of producing GRA by electrochemical reduction of glucose is 54 %
lower than that of current chemical methods, indicating that GOR/HER
is an energy-saving and cost-effective method for hydrogen production
and biomass conversion.

Thakur et al. [184] have demonstrated nickel vanadium
phosphide/phosphate-Vulcan carbon (NiVP/Pi-VC) microspheres as

Fig. 14. (a) Schematic illustration of the synthesis of M@MnO2-x (M=Ru, Pt, Pd, and Ir) and application as bifunctional catalysts for GOR and HER. (b) Electronic
coupling on adjacent Ru/Mn-O-Mn in MnO2, Ru@MnO2, and Ru@MnO2− x. (c) LSV curves of HER||GOR and HER||OER couples. (d) Stability test of the GOR/HER
couple in the flow cell with an inset showing the AEM flow electrolyzer. Reproduced with permission from reference [205]. Copyright 2023, Wiley-VCH.
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Fig. 15. (a) Schematic diagram of HMFOR/HER and the mechanism. (b) LSV curves of HMFOR/HER and OER/HER couples in a two-electrode electrolyzer. (c)
Theoretical calculated and experimental measured amount of H2. (d) Free energy diagram of HMFOR on Co@NiMoO-Ni and NiMoO-Ni surfaces. Reproduced with
permission from reference [182]. Copyright 2024, Wiley-VCH.

Fig. 16. (a) Schematic illustration for the synthesis of NiFeNx and NiFeOx catalysts. (b) LSV curves of electrolysis and water electrolysis with the same anodic NiFeOx
and cathodic NiFeNx catalysts. Reproduced with permission from reference [232]. Copyright 2020, Springer Nature.
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GOR/HER bifunctional electrocatalysts, which show good electro-
catalytic activity in the alkaline medium for the production of both
value-adding products and H2, in addition to being energy saving and
economy. The GOR/HER only requires a voltage of 1.3 V, which is su-
perior to the typical OWS. Wei et al. [188] have developed a cationic and
anionic co-doping strategy to synergistically modulate the electronic
structure of NiFe layered double hydroxides, which significantly facili-
tates the exposure of catalytically active centers and improves the
electrocatalytic conversion of glucose with hydrogen production
(Fig. 17a). The heteroatoms Cr and S promote the reversible redox of Ni
(OH)2(Ni2+)/NiOOH (Ni3+) as well as the charge transfer and adsorp-
tion capacity of glucose. The potential required to afford a current
density of 10 mA cm− 2 in GOR is only 1.219 V vs. RHE, which is 226 mV
lower than the OER. The two-electrode electrolyzer of GOR/HER with
Cr, S-NiFe/NF (Fig. 17b) shows significant glucose oxidation and
hydrogen production. The voltage needed to reach a current density of
10 mA cm− 2 is only 1.337 V, as shown in Fig. 17c. At the same time,
value-adding organic acid is generated on the anode, and the hydrogen
production rate increases by 9 times compared to the HER/OER couple.

Notably, the integration of metals with semiconductors to form Mott-
Schottky heterojunctions is currently one of the most promising strate-
gies to promote catalytic activity [127,235,236]. Electrons at the het-
erojunction flow spontaneously to constantly regulate the work function
of the Schottky barrier and modify the electronic structure and energy
band of the interface. Zhang et al. [187] have designed a series of
multistage Mott-Schottky beaded CNTs@Co/CoP materials with
controllable compositions with high intrinsic activity and multiple
active sites. The Schottky heterointerface of Co/CoP reduces the disso-
ciation energy barrier of the initial H2O, thermal neutral ΔGH*, and
energy barrier of GOR. Therefore, the catalyst shows excellent HER (η10
= 151 mV) and GOR characteristics. To produce a current density of
10 mA cm− 2, the voltage required by the GOR/HER couple is 0.52 V
smaller than that of the HER/OER couple.

Wu et al. [237] have prepared Co@CoO heterojunctions with
different structural characteristics. Spontaneous electron transfer from
Co to CoO causes the up-shift of the d-band center in Co@CoO toward
the Volmer-Heyrovsky path. Coupling GOR with HER delivers excellent
performance in hydrogen production and value-adding chemical syn-
thesis. The technique can be potentially applied to regulate the
Mott-Schottky heterojunction through defective MOF precursors for
hydrogen production as low-voltage inputs and biomass upgrading
simultaneously.

Coupling a metal electrode with low initial potential with HER re-
duces the power consumption significantly [238]. It has been reported
that Cu(II) can be reduced to Cu(I) by glucose, accompanied by the
formation of GRA [239]. Zhang et al. [186] have established a Cu(I)/Cu
(II) redox-coupled hydrogen production system by introducing glucose
as a reducing sacrificial agent, as shown in Fig. 18a. In this redox cycle,
Cu2O is oxidized to Cu(OH)2 at a low initial potential (0.7 V vs. RHE).
The Cu(OH)2 is instantly reduced back to Cu2O by glucose to complete
the Cu(I)/Cu(II) redox cycle. With the help of the Cu(OH)2 electrode,
glucose adsorbs on the surface with the adsorption-free energy of
− 1.58 eV (Fig. 18b), indicating the strong interaction between glucose
and Cu(OH)2 electrode. The current density of 100 mA⋅cm− 2 can be
achieved at a voltage input of a mere 0.92 V, as shown in Fig. 18c.
Notably, the electricity consumption of the assembled overall reaction is
only 2.2 kWh Nm− 3 (H2) for the operation at a current density of
100 mA cm− 2, which is half of the typical HER/OER hydrogen produc-
tion (4.5 kWh Nm− 3 (H2)), as illustrated in Fig. 18d. This study provides
a new method for low cost, high efficiency, and safety of hydrogen
production and suggests a new opportunity for the development of
organic oxidation coupling electrolytic systems.

3.4. Amine oxidation reaction

Amines (R-NH2) can be electrocatalytically oxidized into nitriles (R-

Fig. 17. (a) Scheme of the one-step synthesis of Cr, S-NiFe/NF. (b) Scheme of the electrolyzer for organic acid and hydrogen co-production. (c) LSV curves of the Cr,
S-NiFe/NF catalyst for water splitting in 1 M KOH with and without glucose. Reproduced with permission from reference [188]. Copyright 2023, Springer Nature.
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C≡N) at a theoretical potential of 0.5–0.8 V vs. RHE and is important to
the industrial, pharmaceutical, and coatings sectors [240–243]. Benzo-
nitrile (BN) is a representative aromatic nitrile conventionally synthe-
sized by the benzoic acid amination method, but it suffers from high
pollution and low yield. Selective electrooxidation of benzylamine (BA)

for the production of BN is operated at a theoretical potential of 0.76 V
vs. RHE, enabling a mild nitrile evolution reaction (NER) [244,245]. The
potential for NER is lower than OER and therefore, coupling NER with
HER is possible to reduce the energy consumption of electrocatalytic
hydrogen production. However, despite remarkable progress in this

Fig. 18. (a) Mechanism scheme for a glucose-assisted Cu(I)/Cu(II) redox-coupled hydrogen production system. (b) The reaction pathway for glucose to form gluconic
acid with/without Cu(OH)2 electrode. The change in valence of Cu2+ is shown at the top of the picture. (c) LSV curves in a flow cell electrolyzer using Cu(OH)2 as the
anode and Pt/C as the cathode. (d) The calculated electricity consumption for hydrogen production in different configurations. Reproduced with permission from
reference [186]. Copyright 2021, Wiley-VCH.
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field, there remains ample room for thorough exploration in terms of
catalytic conversion processes and optimization of conversion
efficiency.

Direct electrooxidation of amines in alkaline avoids serious energy
consumption and environmental pollution, providing a sustainable op-
portunity for large-scale industrial production of cyanide [246]. Sun
et al. [247] have demonstrated a simple, green and safe electrocatalytic
route to selectively oxidize amine into nitrile by anodic oxidation on a
metal-doped α-Ni(OH)2 catalyst. Mn doping significantly promotes the
oxidation process by modifying the co-adsorption balance of amine
molecules and hydroxyl groups on the catalyst surface. The Faraday
efficiency of nitrile reaches 96 %.

NER can be further combined with HER to assemble an overall re-
action for green hydrogen production. Huang et al. [191] have used a
thermodynamically favorable electrooxidation reaction of primary
amine (-CH2-NH2) to replace OER and couple with HER. Enhanced H2
yields can be obtained on the cathode, while a variety of aromatic and
aliphatic primary amines can be selectively electro-oxidized into nitrile

on the anode, catalyzed by NiSe nanorod arrays, showing high yield and
good substrate tolerance. Hydrophobic nitrile products float easily to the
electrolyte surface to avoid catalyst deactivation and facilitate contin-
uous large-scale synthesis. In addition, NiII/NiIII formed in situ on the
NiSe nanorod electrode is a redox-active substance, which effectively
accelerates the conversion of primary amine into nitrile [249].

Zeng et al. [193] have designed a CoSe2 sub-nanometer belt with Se
vacancy and Ni substitution (CoSe2/Ni-SVs SBs) as an efficient electro-
catalyst for NER, which greatly promotes electrooxidation of butylamine
to high value-adding nitrile while producing hydrogen. The CoSe2/-
Ni-SVs SBs show an ultra-low onset potential of 1.3 V vs. RHE and
Faraday efficiency of up to 98.5 %, exceeding those of a large number of
reported Co- and Ni-based catalysts. The significantly improved elec-
trocatalytic performance can be attributed to the optimized adsorption
behavior and accelerated dehydrogenation kinetics, confirmed by in situ
Fourier transform infrared spectroscopy (FTIR) and electrochemical
impedance spectroscopy (EIS) during the electrocatalytic reaction.
Theoretical studies further reveal that the Se vacancy is a strong Lewis

Fig. 19. (a) Schematic diagram for the formation of Mo0.8Ni0.2N-Ni3N and application as bifunctional electrocatalysts for HER and NER. (b) PDOS plots and d-band
center. (c) Free energy diagram of HER. (d) LSV curves of the two-electrode configurations. (d) The intermittent BAOR electrochemical measurements for
Mo0.8Ni0.2N-Ni3N/NF at 1.54 V, circuit break state, and 1.02 V. (e) LSV curves of the two-electrode configurations. Reproduced with permission from reference
[194]. Copyright 2023, Wiley-VCH.
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acid site to enhance the adsorption of N atoms, while Ni substitution
improves the dehydrogenation thermodynamics by optimizing the
sequence of dehydrogenation steps. This work unravels the electro-
catalytic mechanism of the NER from the perspectives of both experi-
ments and theoretical calculations.

Li et al. [194] have constructed a Mo0.8Ni0.2N-Ni3N heterostructure
on NF as bifunctional electrocatalysts for HER and NER, as illustrated in
Fig. 19a. Charge transfer at the heterostructure leads to the up-shift of
the d-band center to optimize the adsorption of H* and promote HER
(Fig. 19b-c). Modification of the d-band structure facilitates the gener-
ation and adsorption of OH* species from water thus promoting the
formation of NiOOH on Ni3N to catalyze the benzylamine oxidation
reaction (BAOR). A multipotential test is performed to verify the func-
tion of Ni-OOH species (Fig. 19d). The reduction current response dis-
appears after the injection of BA into the electrolyte before the open
circuit potential (OCP) change, indicating that BA reduces high-valent
Ni-OOH to Ni-(OH)2 species. It is presumed that Ni+ on the Mo0.8N-
i0.2N-Ni3N surface is first oxidized by OH* generated by water decom-
position, and more Ni-OOH species are generated on Mo0.8Ni0.2N-Ni3N.
BA can be rapidly oxidized by Ni-OOH and accompanied by spontaneous
reductive conversion of Ni-OOH to Ni-(OH)2. As a result, the Mo0.8N-
i0.2N-Ni3N catalyzed HER shows an overpotential of only 251 mV in
0.1 M KOH/0.5 M Na2SO4 electrolyte to achieve an industrial current
density of 500 mA cm− 2, surpassing the commercial Pt/C catalyst.
Notably, the two-electrode electrolyzer composed of HER and BAOR
exhibits a current density of 220 mA cm− 2 at a voltage of 1.59 V
(Fig. 19e), with a Faraday efficiency exceeding 99 % for both H2 pro-
duction and BA conversion to BN. This work discloses a d-band structure
modification strategy to optimize the adsorption of the intermediates
and achieve advanced value-adding and energy-efficient hydrogen
production in mild alkaline media.

Mondal et al. [248] have designed a colloidal method to control the
diffusion of Si atoms into Ni crystals to prepare intermetallic nickel
silicide (Ni2Si). Under basic conditions, the intermetallic Ni2Si trans-
forms into the active phase of NiIIIOxHy. The organic amine is used as a
sacrificial proton donor to selectively oxidize into value-added cyanides.
The activated Ni2Si has high selectivity and a wide range of substrates
for the electro-oxidative dehydrogenation of primary amine to nitrile.
Electrooxidation of organic amines is carried out in 1.0 M KOH with BA
as the model substrate. The reaction mixture of oxidation products
analyzed by NMR reveals that BA is completely converted to BN with a
Faraday efficiency of 99 %. Notably, H2 precipitation rate is 10 times

higher compared to the OER conditions. This study helps understand the
relationship between the electrochemical transformation and catalytic
activity of various intermetallic compounds in electrocatalytic water
splitting coupled with electrosynthesis of value-added chemicals.

3.5. Other value-adding reactions

Electrosynthesis of high-value-adding chemicals combined with
electrocatalytic hydrogen production is an effective strategy to achieve
carbon neutralization [250,251]. Electrocatalytic oxidation of meth-
anol, glycerol, and benzyl alcohol has been used to replace OER, and
some lower alcohols and aromatic alcohols, such as ethanol [30,166]
and cyclohexanol [252], as well as biomass such as chitin [253], aloe
extract [254], and lignin [255], are widely studied as substitutes for the
anodic oxidation reaction.

Qin et al. [252] have synthesized CO2(OH)3Cl/FeOOH nanosheets on
NF to serve as both cathode and anode catalysts for the simultaneous
production of hydrogen and high-value-added cyclohexanone in an
alkaline medium. Due to the strong synergistic effect between
CO2(OH)3Cl and FeOOH, CO2(OH)3Cl acts as the optimal active center
for the cyclohexanol oxidation reaction (COR), while FeOOH accelerates
the reaction kinetics by reducing the charge transfer resistance for both
reactions. The two-electrode COR/HER configuration requires a voltage
of only 1.46 V to generate a current density of 10 mA cm− 2. Further-
more, a cyclohexanone yield of 3.44 g h− 1 and energy savings of
approximately 0.24 kWh m− 3 (H2) are achieved by amplifying the
configuration into an anionic membrane electrode assembly reactor.
The reaction pathway is studied in detail and the work suggests a highly
selective and industrially practical approach to organic conversion
driven by renewable energy under environmental conditions. Huang
et al. [256] have demonstrated that semi-dehydrogenation of tetrahy-
droisoquinoline can be applied to replace OER in an aqueous solution on
a Ni2P nanosheet catalyst. The value-adding semi-dehydrogenation
product, dihydroisoquinoline (DHIQ), can be selectively generated at
high yields at the anode, leading to the in situ formation of NiII/NiIII

redox-active species. This strategy can produce various DHIQs with
electron-attracting/electron-feeding groups with high yields and selec-
tivity, and can even be applied to g-level synthesis. The coupled overall
reaction based on Ni2P can produce both hydrogen and DHIQs at a much
lower cell voltage than the HER/OER couple in addition to excellent
stability and high Faraday efficiency.

Organosulfur compounds play an important role in many biological

Table 3
Typical waste degradation/upcycling coupled hydrogen production systems.

Catalyst Electrolyte Cell voltage at 10 mA cm¡2 ΔE[a] ref

Ni3N/W5N4 Seawater + plastics 1.4 V 230 mV @ 50 mA cm− 2 [262]
Co-Ni3N/CC PET hydrolysate 1.46 V @ 50 mA cm− 2 370 mV @ 50 mA cm− 2 [263]
Pd-NiTe/NF PET hydrolysate 1.6 V 200 mV [264]
Pt-Ni(OH)2/NF PET hydrolysate 0.68 V @ 50 mA cm− 2 − [265]
N-Ni3P-NiMoO4/NF PET hydrolysate 1.53 V @ 100 mA cm− 2 194 mV @ 100 mA cm− 2 [266]
OMS-Ni1-CoP PET hydrolysate 1.57 V − [267]
Ni3N-Ni0.2Mo0.8N NWs/CC 1.0 M KOH+0.1 M Gly 1.4 V 220 mV [268]
WS2 NSs 1.0 M NaOH+1.0 M Na2S 1.17 V 990 mV [269]
Co-Ni3S2 1.0 M NaOH + 1.0 M Na2S 0.3 V 1.0 V [270]
a/c S-Pd NSA/NF 1.0 M KOH + 2.0 M Na2S 0.436 V 1.165 V [271]
CoS2@C/MXene/NF alkaline seawater + 1.0 M Na2S 0.68 V @ 200 mA cm− 2 1.17 V @ 200 mA cm− 2 [113]
Cu2S/NF 1.0 M NaOH + 1.0 M Na2S 0.64 V @ 100 mA cm− 2 − [272]
VPd-Pd4S MNRs 1.0 M KOH +4.0 M Na2S 0.776 V @ 100 mA cm− 2 1.727 V @ 100 mA cm− 2 [273]
Ni-MoS2/SM 1.0 M NaOH + 1.0 M Na2S 0.49 V 1.13 V [274]
S-NiP2Mo5 1.0 M KOH+phenol 1.47 V @ 25 mA cm− 2 400 mV @ 25 mA cm− 2 [275]
MP-MOx 1.0 M KOH+0.05 M CH4N2O 1.37 V 120 mV [276]

1.0 M KOH+0.05 M CH4N2S 1.39 V 100 mV
1.0 M KOH+0.05 M NaSCN 1.39 V 100 mV

Cr-NiO||Cr-Ni3N 1.0 M KOH+0.1 M 1a 1.46 V @ 5000 mA cm− 2 310 mV @ 5000 mA cm− 2 [277]
MIL-(IrNiFe)@NF) 1.0 M KOH + Seawater + 0.5 M N2H4 0.15 V @ 100 mA cm− 2 1520 mV @ 100 mA cm− 2 [278]
CoS@NiCu 1.0 M KOH+2000 ppm NH3⋅H2O − 120 mV [279]

[a] ΔE: The voltage decrease of the coupled reactions compared to the HER/OER couple at 10 mA cm− 2.

D. Li et al.



Materials Science & Engineering R 160 (2024) 100829

21

processes related to the treatment of human diseases. However, the
homogeneous catalysts (Mn- and Fe-based catalysts) and strong oxi-
dizers (H2O2) for sulfide oxidation have some defects [257]. Recently,
Ma et al. [258] have reported an electrochemical protocol for the se-
lective oxidation of sulfides to sulfoxides on a CoFe LDH anode in an
aqueous-methyl cyanide (MeCN) electrolyte. Coupling the sulfide
oxidation reaction with HER, the cathodic hydrogen productivity is
promoted by 2 folds. Under ambient conditions, various aryl, heteroaryl,
and alkyl sulfides on the CoFe-LDH/CC anode can be selectively

converted to sulfoxides with high yields of 85–96 %. Further studies
suggest that the reaction pathway is a free radical process. The in situ
formed CoFe-hydroxyl oxide can be used as active species for sulfide
oxidation. This electrocatalytic reaction system can pave the way for the
electrosynthesis of valuable organic molecules under environmental
conditions using heterogeneous catalysts without external oxidants.

Fig. 20. (a) Chemical and physical recycling pathways of PET. (b) Electrocatalytic reforming of PET coupled hydrogen production.

Fig. 21. (a) LSV curves of bifunctional Ni3N/W5N4 catalyst performed in seawater (with and without plastics). (b) The amount of H2 production. (c) Schematic
illustration of a small factory powered by solar energy for HER and plastic waste upcycling. (d) 1H NMR spectra collected after operating at 1.47 V for 2 h.
Reproduced with permission from reference [262]. Copyright 2022, Elsevier.
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4. Waste degradation/upcycling coupled with hydrogen
production

Wastes and pollutants are serious threats to the ecological environ-
ment and biological security [259,260]. Degradation of pollutants, such
as phenols, sulfides, and waste plastics, usually involves oxidative re-
actions. Plastic wastes, which normally are high molecular weight
polymers, can be hydrolyzed into monomers under extreme conditions.
The hydrolyzed monomers can be electrocatalytic oxidized into
high-value chemicals to realize the upcycling of waste polymers [261].
Coupling these electrocatalytic oxidation reactions with HER enables
green hydrogen production, pollutant recovery, and production of
value-added chemicals, as listed in Table 3. However, pollutants and
wastes usually have complex compositions. The electrocatalytic effi-
ciency and product selectivity for high-value-adding chemicals depend
on the electrocatalysts, and therefore, the design and construction of
high-performance catalysts are crucial to the development of the waste
degradation/upcycling coupled hydrogen production systems.

4.1. Microplastic upcycling coupled with hydrogen production

In 2004, Thompson first proposed the concept of microplastics (MPs)
as plastics with particle sizes smaller than 5 mm [280]. Plastic waste in
the environment is decomposed into smaller particles through solar
radiation, oxidation, biodegradation process, and mechanical pressure,
thus producing MPs waste in various species (PE, PP, PVC, PS, PUR, etc.)
[281–283] and forms (fibers, fragments, films, particles, beads, etc.)
[284–287]. Polyethylene terephthalate (PET) is one of the common
disposable plastics, which are likely to invade natural organisms and
even human bodies through biological circulation [288,289]. Therefore,
the degradation and recycling of these plastic wastes have become a hot
topic at present. Compared with the traditional physical and chemical

recovery (Fig. 20a) [290], the electrochemical reforming of plastics
provides a green and efficient recovery route (Fig. 20b) [291,292]. More
importantly, green hydrogen and value-adding chemicals can be
co-produced.

The efficient coupling of plastic waste upcycling with HER holds
paramount significance in environment recovery and sustainable energy
[115]. Ma et al. [262] have synthesized a 3D sponge-like Ni3N/W5N4
Janus catalyst. Due to the synergistic effects of the hierarchical
sponge-like structure and the heterointerface, it demonstrates Pt-like
HER activity in seawater. Interestingly, the Ni3N/W5N4 Janus catalyst
is also efficient in the electrochemical reforming of waste plastics and an
ultra-low potential of about 1.33 V vs. RHE is essential to generate a
current density of 10 mA cm− 2, as shown in Fig. 21a. The amount of H2
produced by seawater (with plastics) is about five times that of pure
seawater at the same potential of 1.47 V, suggesting that plastics
upgrading is a powerful pathway for energy-efficient hydrogen pro-
duction (Fig. 21b). Furthermore, at a high current of 120 mA cm− 2, the
Faraday efficiency for HCOOH generation reaches 85 %, indicating its
high selectivity for plastic upcycling. The solar-driven small-scale
“chemical factory” based on the bifunctional electrocatalyst Ni3N/W5N4
achieves efficient H2 production through HER in seawater and
value-adding HCOOH production through plastic upcycling (Fig. 21c-d).

Liu et al. [263] have utilized a bifunctional nickel-cobalt nitride
nanosheet electrocatalyst (Co-Ni3N/CC) for electrocatalytic PET waste
upcycling while generating hydrogen concurrently, as schematically
illustrated in Fig. 22a. The introduction of Co enhances the Ni2+/Ni3+

redox and facilitates the ethylene glycol (EG, chemical hydrolyzed
product of PET waste) oxidation reaction (EGOR) at an ultralow po-
tential of 1.15 V vs. RHE. The EGOR-integrated HER configuration
achieves a current density of 50 mA⋅cm− 2 at a cell voltage of 1.46 V,
demonstrating a 370 mV reduction compared to the OER/HER couple
for water electrolysis (Fig. 22b-c). This work uncovers the significance of

Fig. 22. (a) Schematic illustration for concurrent electrolytic hydrogen production and PET upcycling. (b) LSV curves and (c) voltages required to achieve different
current densities for the HER||EGOR and HER||OER couples. Reproduced with permission from reference [263]. Copyright 2022, Springer Nature.
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heterostructure engineering in optimizing the adsorption energy of the
intermediates to promote electrocatalytic PET waste upcycling coupled
hydrogen production.

Currently, only a small fraction (<20 %) of PET waste is recycled by
mechanical methods [293]. Thermal recovery methods such as hydro-
genolysis and glycolysis require high temperatures for the recovery of
monomers (terephthalic acid (PTA) and bis(2-hydroxyethyl) tere-
phthalate) [294,295]. Therefore, electrochemical reforming of PET
wastes at room temperature with high-value-adding chemicals produced
is promising. Zhou et al. [292] have utilized a bifunctional CoNi0.25P
electrocatalyst in a KOH electrolyte to convert PET waste into
commercially valuable chemicals, potassium dimethyl terephthalate
(KDF), and PTA while generating hydrogen gas, as illustrated in Fig. 23a.
The process becomes profitable when the EG is selectively
electro-oxidized into formic acid with a selectivity of more than 80 % at
a high current density (>100 mA cm− 2). The net income for recycling
PET waste is approximately $350 t− 1. A membrane electrode assembly
reactor using CoNi0.25P catalyst as both cathode and anode (Fig. 23b)
achieves a current density of 500 mA cm− 2 at a voltage of 1.8 V, with
Faraday efficiency and formic acid selectivity of more than 80 %. This
work paves the way for the continuous electrosynthesis of value-adding
chemicals from plastic waste and hydrogen fuel production. Behera et al.
[296] have demonstrated the complete recyclability of electrocatalytic
PET using cobalt-containing one-dimensional coordination polymers as
electrocatalysts at a low starting potential of 1.27 V vs. RHE. The
isolation product, TPA, is obtained with 100 % yield and KDF with ~

80 % selectivity, while synergistic production of hydrogen is also
accomplished.

4.2. Wastes degradation coupled with hydrogen production

A large amount of H2S waste is discharged from refineries, the coal
chemical industry, and other industries, and it is corrosive and toxic. The
Claus process (H2S + 1/2O2 → S + H2O) is the main method to remove
H2S [297]. Generally, H2S is a hydrogen-rich source, while the sulfur ion
(S2− ), as an electron donor, is prone to be oxidized. Specifically, the
sulfide oxidation reaction (SOR, S2− + 2e− = S, − 0.48 V vs. RHE) saves
86 % electricity consumption compared to the theoretical OER [113,
298]. Therefore, coupling the SOR with HER for hydrogen production
would be energy efficient. However, S2− is more likely to corrode bare
metals, thereby decreasing the activity and stability of the electro-
catalyst [299]. Therefore, the development of advanced and economical
electrocatalysts for SOR is the key to achieving efficient pollutant
degradation and simultaneous hydrogen production [36,299,300].

Pei et al. [272] have synthesized Cu2S/NF catalysts using NF with
strong corrosion resistance as a brass substrate. According to the theory
of hard and soft acids and bases (HSAB), the lattice Cu(l) in the Cu2S
catalyst makes it easy to combine the soft Lewis acid site with the soft
base HS− in the electrolyte, rather than with hard acids or critical acids
[301,302]. This provides an opportunity for the Cu+ catalyst to
strengthen the adsorption of sulfide ions to promote the reaction kinetics
of SOR. As a result, an anode potential of 0.44 V vs. RHE can drive a

Fig. 23. (a) Route for PET waste recycling. (b) Membrane electrode assembly setup. Reproduced with permission from reference [292]. Copyright 2021,
Springer Nature.

D. Li et al.



Materials Science & Engineering R 160 (2024) 100829

24

current density of 100 mA cm− 2 in SOR in addition to the Faraday ef-
ficiency of more than 97 %. In the two-electrode SOR/HER configura-
tion, a current density of 100 mA cm− 2 can be achieved at a voltage of
0.64 V. The SOR/HER couple saves 74 % of energy consumption
compared to the OER/HER couple for hydrogen production. This work
indicates that the sulfide waste can be degraded via the electrocatalytic
route while achieving energy efficient hydrogen production.

It is worth noting that the acid electrolyte is beneficial to the HER
kinetics only, while the SOR kinetics is inferior. Therefore, the acid-
alkali mixed electrochemical cell should be designed to compromise
this incompatibility, where S2− undergoes SOR in an alkaline solution
and HER in an acidic solution. The asymmetric electrolyzer optimizes
the catalytic efficiency in its advantageous electrolyte and provides an
environmentally friendly and energy-saving way for pollutant degra-
dation and hydrogen production [303]. Yi et al. [269] have prepared
WS2 nanosheets (WS2 NSs) for an asymmetric electrolyzer to perform
SOR and HER concurrently, as illustrated in Fig. 24a. Owing to the large
number of active sites and the asymmetric electrolyzer system, excellent
catalytic performance and significant stability in both HER and SOR
have been achieved. The two-electrode SOR/HER configuration requires
a mere 0.03 V to afford a current density of 10 mA cm− 2, as shown in
Fig. 24b. The research reveals self-power or low voltage electrolysis to
produce hydrogen and degrades toxic sulfides by the alkali-acid elec-
trochemical cell.

Li et al. [270] have prepared the foliated cobalt combined nickel
sulfide (Co-Ni3S2/Ni) catalyst by electrodeposition and hydrothermal
vulcanization on a nickel network. In situ Raman characterization shows

that the formation of NiOOH species at the surface accelerates the
oxidation of urea via UOR. In addition, the direct electron transfer to
surface active sites facilitates the oxidation of sulfide via SOR, during
which the sulfide (S2− ) is oxidized from short-chain polysulfides such as
S2

2− and S4
2− into elemental sulfur (S8). The Co-Ni3S2/Ni catalyst has

excellent catalytic properties in HER, UOR, and SOR in alkaline elec-
trolytes, thus presenting multifunctional capability in the UOR/HER,
SOR/HER, and OER/HER couples (Fig. 25a). Specifically, to drive a
current density of 50 mA cm− 2 in the sulfide-containing electrolyte, the
SOR/HER couple requires a voltage of 0.80 V, which is 0.94 and 1.20 V
lower than the UOR/HER and OER/HER couples, respectively, as shown
in Fig. 25b. The effective coupling of SOR and HER can improve the
electron utilization efficiency to produce hydrogen and achieve sulfide
waste degradation [304,305].

Pd-based materials have been applied extensively in various elec-
trocatalytic fields [306]. However, the bare metal Pd is prone to
passivation during the SOR process [307]. Doping the S atoms with
strong electronegativity can produce an amorphous layer with improved
activity to enhance the electrocatalytic capability. Additionally, doping
the S into Pd facilitates sulfur absorption during the SOR process and
prevents passivation [308]. Wang et al. [271] have prepared an amor-
phous/crystalline sulfur-doped palladium nanosheet array on NF (a/c
S-Pd NSA/NF) by S doping into Pd NSA/NF. The two-electrode
SOR/HER configuration requires 0.642 V to generate a current density
of 100 mA cm− 2, which is 1.257 V lower than the OER/HER couple,
thus significantly reducing the energy consumption for hydrogen pro-
duction. This finding demonstrates that the a/c S-Pd NSA/NF catalyst is

Fig. 24. (a) Diagram of the flow cell system for HER in acid and SOR in alkali. (b) LSV curves for alkali-alkali OER/HER, alkali-alkali SOR/HER, and alkali-acid SOR/
HER cells. Reproduced with permission from reference [269]. Copyright 2021, Wiley-VCH.

Fig. 25. (a) Schematic diagram of the two-electrode electrolytic cell. (b) LSV curves of the two-electrode configurations in various electrolytes. Reproduced with
permission from reference [270]. Copyright 2022, Elsevier.
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Fig. 26. (a) Schematic diagram of the HER/SOR mechanism. (b) LSV curves of HER/SOR and HER/OER couples. (c) Voltages required to produce different current
densities for HER/SOR and HER/OER couples. Reproduced with permission from reference [273]. Copyright 2024, Elsevier.

Fig. 27. (a) Schematic illustration of simultaneous SOR and HER. (b) The schematic illustration of the catalytic role of Ni and MoS2 during the alkaline HER process.
(c) LSV curves for SOR/HER and OER/HER systems. Reproduced with permission from reference [274]. Copyright 2024, Wiley-VCH.
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capable of energy-efficient hydrogen production while converting S2− in
wastewater into high-value sulfur powder simultaneously.

Wang et al. [273] have utilized a hydrothermal sulfurization method
to construct ultra-thin Pd4S nanoribbons with rich palladium vacancies
(VPd-Pd4S MNRs). Due to the synergistic effects of the metallopolymer
form and palladium vacancies, the VPd-Pd4S MNRs exhibit outstanding
intrinsic activity for both HER and SOR. The two-electrode SOR/HER
system (Fig. 26a) requires voltages of 0.776 and 0.865 V to achieve
current densities of 100 and 200 mA cm− 2, respectively, surpassing
OER/HER systems significantly, as shown in Fig. 26b-c. DFT calculations
indicate that the Pd vacancies and electron transfer between Pd and S
atoms modulate the electronic structure and charge distribution of the
Pd sites. This study provides a forward-looking approach for the rational
design and preparation of metallopolymer with vacancies and different
crystal phases, applicable for developing energy-efficient hydrogen
production systems.

Generally, electrocatalysts are susceptible to poisoning by sulfur ions
during the SOR process, thus posing a significant challenge to their long-
term application. MoS2, which has excellent sulfur tolerance and HER
capability, emerges as a promising candidate for a bifunctional catalyst
in the SOR/HER couple. Liu et al. [274] have employed an

electrodeposition method to assemble nanoscale Ni onto MoS2 nano-
sheets, achieving Ni-functionalized MoS2. The anchor structure not only
optimizes the adsorption of polysulfides but also accelerates the HER
kinetics by optimizing the adsorption of OHad to enhance both the SOR
and HER capability (Fig. 27a-b). The catalyst in a two-electrode
SOR/HER system achieves cost-effective hydrogen production in
which a low voltage of 0.49 V drives a current density of 10 mA cm− 2

(Fig. 27c) in addition to nearly 100 % hydrogen production efficiency.
Furthermore, the electricity consumption decreases by 61 % compared
to the OER/HER system.

Ammonia is an important nitrogen fertilizer, and the effective re-
covery of ammonia from fecal wastewater would provide multiple sus-
tainability benefits from both pollution control and resource recovery
perspectives. Wang et al. [309] have investigated the recovery of NH4

+

from wastewater using an integrated electrochemical system. To gain
insight into the recovery of NH4

+ from real fecal water, they use a
two-step recovery process (Fig. 28a) consisting of spontaneous uptake of
NH4

+ from fecal water and electrochemical recovery of NH4
+ from 0.1 M

Li2SO4 solution (pH≈2). When NH4
+ is inserted into the KNiHCF redox

reservoir (RR) electrode, the electrode is spontaneously reduced by the
oxidation of organic matter in the organic fertilizer wastewater

Fig. 28. (a) Schematic illustration of the NH4
+ recovery process using the KNiHCF RR electrode from manure wastewater. (b) The potential of the KNiHCF RR

electrode in the NH4
+ uptake and release steps. (c) Concentration changes and ion balance of NH4

+, Na+, and K+ over the three recovery runs from manure wastewater.
(d) NH4

+ balance over the three runs. (e) Change of COD over the three NH4
+ recovery runs. Reproduced with permission from reference [309]. Copyright 2024,

Springer Nature.
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(Fig. 28b). NH4
+ is then released during RR oxidation and paired with

HER at the Pt electrode to complete a recovery cycle. In the recovery run
experiments, [NH4

+], [K+], and [Na+] in fecal water are reduced by
~344, 69, and 35 mM, respectively (Fig. 28c). The removal of NH4

+ from
the fecal water is ~66–68 % per operation and the nutrient selectivity is
approximately 93–98 % in the recovered solution (Fig. 28d). The
chemical oxygen demand (COD) decreases from 24.04 ± 0.4 g l− 1 to
approximately 15.5–16.6 ± 0.4 g l− 1 (a COD removal of approximately
31–35 %) during each run (Fig. 28e). The results confirm the sponta-
neous oxidation of organic matter in manure wastewater by the RR.

Ammonia is a typical pollutant in wastewater but also a valuable
carbon-free hydrogen carrier [310]. Low-temperature ammonia elec-
trolysis provides an cost-effective way to degrade ammonia in

wastewater while producing hydrogen by minimizing the release of
nitrous oxide from wastewater aeration basins [311]. In the electrolyzer,
the ammonia oxidation reaction in alkaline media can be coupled with
HER. Compared to typical water electrolysis (1.23 V), the overall
ammonia electrolysis process theoretically reduces the power con-
sumption by 95 % [312]. For instance, Yoon et al. [313] have prepared a
heterostructured bilayer electrode using the Pt-Ir catalyst for ammonia
oxidation. The catalyst contains a dense layer and a porous structure for
enhanced ammonia mass transfer. It shows better durability for 10 h
than the single-layer catalyst electrode. The single cell is expanded to an
8-cell stack with a total area of 200 cm− 2 to develop a large alkaline
ammonia electrolysis system. The stack produces 25 L h− 1 of hydrogen
from ammonia at a current density of 175 mA cm− 2. Notably, the

Fig. 29. (a) Schematically illustration of the concept of HER/FUR couple for ultralow-voltage hydrogen production and simultaneous magnetic Fe3O4 nanoparticles
production, wastewater purification as well as RhB beneficiation in neutral media. (b) LSV curves of FUR and OER. (c) Magnetic properties of the as-obtained Fe3O4.
Reproduced with permission from reference [20]. Copyright 2023, Elsevier.
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alkaline ammonia electrolysis tower consumes 45 % less electrical en-
ergy than the water electrolysis tower for hydrogen production.

Peng et al. [20] have proposed a strategy to couple HER with Fe
upgrading reaction (FUR) for efficient hydrogen production in neutral
media, as shown in Fig. 29a. The heterostructured MoSe2/MoO2 grown
on carbon cloth (MSM/CC) shows superior HER properties compared to
the commercial Pt/C catalyst at large current densities. By replacing
OER with FUR, the potential required to reach a current density of
10 mA cm− 2 diminishes by 95 % (Fig. 29b). The FUR/HER overall re-
action requires an ultralow voltage of 0.68 V to generate a current
density of 10 mA cm− 2 with a power equivalent of 2.69 kWh per m3 of
H2. In addition, iron species formed at the anode are able to extract
Rhodamine B contaminants by flocculation and produce nanoscale
magnetic powder for value-adding applications (Fig. 29c). This work
demonstrates the ability of a single system to both produce hydrogen in
an energy-efficient manner and recover pollutants without carbon
emissions while revealing new directions for combining hydrogen pro-
duction with environmental recycling to achieve carbon neutrality.

5. Conclusion and outlook

In this review, coupled electrocatalytic hydrogen production is dis-
cussed by focusing on various aspects such as assisted hydrogen pro-
duction, value-adding electrosynthesis coupled with hydrogen
production, and waste degradation/upcycling coupled with hydrogen
production. The hydrazine oxidation reaction and urea oxidation reac-
tion offer promising avenues for efficient and sustainable hydrogen
production. Furthermore, value-adding electrosynthesis coupled with
hydrogen production, including reactions such as alcohol oxidation,
aldehyde oxidation, glucose oxidation, amine oxidation, and other
value-adding reactions, not only produces hydrogen but also generates
valuable chemical products, consequently opening up new possibilities
for integrated and sustainable processes. The role of coupled electro-
catalytic hydrogen production in waste degradation and upcycling is
also described. Microplastic upcycling and waste degradation coupled
with HER have the potential to address environmental concerns by
simultaneously producing hydrogen and mitigating waste-related issues.
By means of in-depth analysis of different reactions and processes,
valuable insights into the potential of coupling electrocatalytic
hydrogen production with diverse applications have been gained.

The field of coupled electrocatalytic hydrogen production presents
exciting prospects for future research and industrial applications. By
harnessing the power of electrocatalysis, we can revolutionize the way
to produce hydrogen and address key challenges in energy and envi-
ronmental sustainability. To further enhance this field, several key areas
of future research and development can be identified.

Firstly, the application of small molecule oxidation is to minimize the
energy consumption required for water splitting. Highly active and se-
lective catalysts are crucial to the conversion efficiency in order to
facilitate the production of high-value-adding products. Novel catalysts
and materials with improved activity, productivity selectivity, and sta-
bility are crucial. Advancements in catalyst design, including the use of
highly efficient and abundant materials, as well as the development of
environmentally friendly synthesis processes, will contribute to more
cost-effective and sustainable hydrogen production.

Second, plastic wastes are normally high molecular-weight polymers
that should be hydrolyzed to monomers before electrocatalytic oxida-
tion. For example, PET can be chemically hydrolyzed under alkaline
conditions to produce terephthalic acid (PTA) and ethylene glycol (EG).
Driven by renewable energy sources (solar, wind, and hydro), the
upgrading of PET derived EG into high-value chemicals using electro-
catalytic means under mild conditions is promising. By utilizing inter-
mittent energy sources to drive electrocatalysis, we can optimize the
overall efficiency and environmental impact of hydrogen generation to
further promote the transition toward clean and renewable energy.

Thirdly, electrocatalytic hydrogen production coupled with other

oxidation reactions involves a complex reaction mechanism, which re-
quires an in-depth understanding of the interactions among catalysts,
electrolytes, and reactants. In addition, the reaction condition is crucial
to the efficiency of electrocatalytic hydrogen production. The combi-
nation of the electrocatalytic reaction process with emerging technolo-
gies, such as artificial intelligence and machine learning, can help to
optimize reaction conditions, catalyst performance, and system opera-
tion, leading to improved efficiency and reliability in hydrogen
production.

Fourthly, the selectivity and efficiency at high current densities is
challenging for industrial and commercial applications pertaining to
coupled electrocatalytic hydrogen production. However, the develop-
ment of scalable and economically viable processes for coupled elec-
trocatalytic hydrogen production is essential. The assembly of flow
electrolyzers facilitates the transport of reactants, allows rapid separa-
tion of value-adding products, maximizes the contact between the re-
actants and the active sites, and provides large current densities.
Upscaling the production and integration of these systems into existing
infrastructure will be critical to the widespread adoption and
commercialization.
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