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ABSTRACT: Electrocatalytic chemical oxidation (ECO) is an energy-efficient anodic

reaction alternative to the oxygen evolution reaction (OER). ECO lowers the reaction & / @o&‘;}b S5
potential and yields higher-value fine chemicals at the anode. The catalyst material plays a [ 2
crucial role in influencing and determining ECO performance. Enhancing catalyst

performance encompasses aspects such as activity, stability, selectivity and cost. Nickel- oY Dy,
based electrocatalysts have garnered significant attention for their exceptional & j,%ﬁh"’eo
performance and widespread use in ECO applications. By modifying nickel-based § ‘,basg"’ﬁ’ 7‘%
electrocatalysts, the formation of NiOOH active centers can be encouraged. Strategies w&‘ cgé 4 o € a%
such as adjusting size and morphology, doping, introducing defects and constructing 5 Y 9 °
heterojunctions are advantageous for enhancing performance. Given the rapid *'é A 5
advancements in related research fields, it is imperative to comprehend the mechanisms < ?oo & U =
of nickel-based electrocatalysts in ECO and develop innovative catalysts. This article %ﬂ s ,;=°
provides an overview of the modification strategies of nickel-based electrocatalysts, as *%r ‘f
well as their applications and mechanisms in ECO. “ees ne

KEYWORDS: anodic reactions, electrocatalytic chemical oxidation, nickel-based electrocatalysts, NiOOH, modification

strategies

1 Introduction

The worldwide focus on addressing energy and environmental
challenges has made the development of new energy sources a
crucial current topic. Hydrogen, as a widely available clean energy,
can be efficiently produced through electrocatalytic water
decomposition [1-4]. Conventional total water decomposition is an
anodic oxygen evolution reaction (OER) coupled with a cathodic
hydrogen evolution reaction (HER) [5, 6]. However, OER involves
a complex four-electron transfer process with an electrodynamic
potential E° = 1.23 V vs. reversible hydrogen electrode (RHE) [7-9].
The slow kinetic reaction limits the efficiency of the total water
decomposition unit [10]. This challenge can be effectively addressed
by incorporating urea, alcohol, 5-hydroxymethylfurfural (HMF),
hydrazine and other chemicals into the electrolyte to create hybrid
water electrolysis [11]. Electrocatalytic chemical oxidation (ECO)
can occur at lower potentials, offering an alternative to OER,
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lowering the reaction potential and yielding higher-value fine
chemical products in an environmentally friendly and energy-
efficient manner. As to how to improve the performance of anodic
chemicals oxidation coupled with cathodic hydrogen precipitation,
the design of electrochemical catalysts with excellent performance is
the crux [12, 13].

Noble metals (Au, Pt etc.) have superior adsorption
performance for substrates [14], but their scarcity and susceptibility
to toxicity limit applications. The modification of catalysts must
consider economic cost, catalytic activity, stability and selectivity to
determine their suitability for industrial production [15]. To
overcome the scarcity of noble metals, the abundance of non-noble
transition-metal-based catalysts on the earth has been extensively
explored as alternative catalysts [16]. Furthermore, transition-metal-
based materials stand out for their superior resistance to toxicity
and stability.

Specifically, nickel is a transition metal abundant in the earth’s
crust. Nickel and its oxides or hydroxides have strong corrosion
resistance in alkalinity and are widely used as electrode materials in
electrochemical catalysis. Many nickel (Ni)-based catalysts, such as
nanocrystalline Ni, Ni(OH), nanoribbons, NiO nanosheets (NS), Pt-
Ni alloys, have been reported to have good catalytic activity and
high toxicity resistance. It is noteworthy that nickel oxides or
hydroxides first appear on the surface of Ni-based -catalytic
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materials as the potential increases under alkaline conditions.
Subsequently, its surface is covered by NiOOH at higher potentials
(the potentials under oxidation of anodic chemicals studied in this
paper). Promoting the formation of NiOOH may favor the
oxidation reaction in several previous studies. Taitt et al
demonstrated the better catalytic activity of NiOOH in
electrocatalytic 5-hydroxymethylfurfural oxidation compared to
FeOOH and CoOOH. The CoOOH-catalyzed 5-
hydroxymethylfurfural oxidation rate was too slow to generate
sufficient HMF oxidation current density. And increasing the
potential led to the occurrence of OER, which reduced the Faraday
efficiency (FE). FeOOH was not even catalytically active in HMF
oxidation until an increase in the potential to OER occurred [17].
Therefore, the activity of Ni-based catalysts may have its unique
advantages in the field of ECO. Based on the above outstanding
advantages, Ni-based catalysts have been deeply studied in this field
and have a desirable application prospect.

Different from traditional water electrolysis, hybrid water
electrolysis has the problem of anodic OER competing with ECO. It
is necessary to minimize the occurrence of OER to reduce energy
consumption and improve the efficiency of anodic organics
oxidation. Furthermore, chemicals that are predominantly organics
produce a wide range of intermediates during oxidation. Therefore,
the selectivity of catalysts is a necessary factor to be considered in
the design process. In addition, the production of high-value-added
fine chemicals by electrocatalytic oxidation of chemicals is indeed
energy-efficient and environmentally friendly compared to
conventional industrial methods. However, catalysts with excellent
stability are required to bring them into large-scale production and
life. Consequently, the designed Ni-based catalysts should be
capable of reaching the current densities for industrial production
at low potentials and have promising selectivity and stability at this
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potential [18]. A timeline of the recent advances and the
modification strategies in the development and utilization of Ni-
based materials in ECO is summarized in Fig. 1, including
morphology control, defects introduction, heterojunction
construction, etc [19-25]. Even though numerous significant
research findings have been achieved, the fundamental
comprehension of Ni-based electrode materials is still at an early
stage of development. Therefore, this paper summarizes the most
recent research advancements in electrodes based on Ni-based
materials in recent years and predicts their broad application in the
field of ECO.

This paper reviews the current research scope of readily
oxidizing chemicals used to replace anodic OER. Chemicals are
mainly distributed in alcohols, nitrogenous compounds and furan
compounds. Additionally, this paper discusses the modification
methods of Ni-based catalysts in this field to upgrade their catalytic
activity, selectivity and stability. The design strategies of Ni-based
catalysts are reviewed in terms of size and morphology control,
defects introduction and heterojunction construction (Fig. 2). It will
inform the selection of suitable chemicals for the anodic reaction
and the design of Ni-based catalysts to achieve the reaction effect.

2 Substrate classification for

electrolysis

hybrid water

2.1 Electrooxidation of alcohols

Alcohols are electrochemically catalyzed to produce fine chemicals
with higher added value in a green and environmentally friendly
way [26, 27]. Applications of electrocatalytic alcohol oxidation
include fuel cells, biomass utilization and fine chemical synthesis
[28]. Nickel hydroxide is characterized by low cost, high catalytic
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Figure1 Timeline showing recent advances in the development and utilization of Ni-based materials in ECO. Reproduced with permission from Ref. [19], © Dalian
Institute of Chemical Physics, the Chinese Academy of Sciences 2018. Reproduced with permission from Ref. [20], © Wiley-VCH GmbH 2023. Reproduced with
permission from Ref. [21], © Wiley-VCH GmbH 2023. Reproduced with permission from Ref. [22], © Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2020.
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Figure2 Schematic illustration of the classification of hybrid water electrolysis
and modification methods for Ni-based catalysts.

activity and good stability. Therefore, it is a prospective
electrocatalyst for the selective oxidation of alcohols to carboxylic
acids. The mechanism of alcohol oxidation on nickel hydroxide is
the basis for optimizing catalyst performance [29]. The
electrocatalytic conversion of alcohols follows two main
mechanisms (Figs. 3(a) and 3(b)). Fleischmann’s mechanism
(indirect oxidation) [30]: nickel hydroxide and nickel oxyhydroxide
were used as redox carriers. Once formed, nickel oxyhydroxide
directly reacts with alcohols and returns to the initial reaction state
of nickel hydroxide. This process couples the oxidation of alcohols
with the oxidation of the Ni**/Ni* electrical pair. Choi and Hammes-
Schiffer et al. on the other hand proposed a hydride transfer
mechanism (potential-dependent (PD) oxidation) with Ni* as the
active site. The substrate is transformed in the form of H-transfer
through the formation of reactive Ni*, thus showing a dependence
on electric potential [31, 32].

According to Fig. 3(c), aromaticity may enhance the ability of
alcohols and aldehydes to undergo oxidation through the indirect
oxidation pathway. It could be assigned to the additional
stabilization of the radical intermediates which are formed in the
indirect pathway, since the radicals formed on C attached to the
hydroxyl group (a-C) will be off-domain throughout the adjacent
aromatic ring [33, 34]. Thus, aromatic alcohols are more susceptible
to indirect oxidation than aliphatic alcohols. Studying the oxidation
pathways of alcohols on Ni-based catalytic materials by means of in
situ Raman spectroscopy and theoretical calculations can help to
optimize the catalysts as well as to study the potential dependence.

2.1.1 Electrooxidation of monohydric alcohols

Formic acid is a crucial industrial raw material. Obtaining formic
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Figure3 Mechanism of nickel oxyhydroxide electrocatalytic alcohol oxidation.
(a) Fleischmann’s mechanism. (b) The hydride transfer mechanism. Reproduced
with permission from Ref. [34], © American Chemical Society 2023. (c)
Component of the current due to Fleischmann’s mechanism (indirect oxidation)
(red) and hydride transfer mechanism (PD oxidation) (blue) of alcohols and
aldehydes at 0.55 V vs. Ag/AgCl and pH 13. Reproduced with permission from
Ref. [33], © American Chemical Society 2020.

acid by electrochemical oxidation of methanol is more
environmentally friendly and energy efficient. Ni-based catalysts are
extensively used in the electrocatalytic methanol oxidation reaction
(MOR). Zhu et al. have investigated the structural evolution and
reaction mechanism of NiM-layered double hydroxide (LDH)
(M = Fe, Mn) catalysts in the MOR for formic acid by employing
in situ Raman spectroscopy, H/D isotope effect studies and density
functional theory (DFT) calculations [35]. They suggested a
synergistic or bifunctional catalytic mechanism involving
catalytically active sites comprising Ni* and neighboring
electrophilic oxygen species. In this mechanism, Ni** provides
adsorption sites for the reaction substrates and intermediates, while
the adjacent electrophilic oxygen sites act as hydrogen acceptors.
This facilitates hydrogen transfer between the reaction substrate
and the catalyst, leading to the reduction of in situ NiOOH to
Ni(OH), (Figs. 4(a) and 4(b)). This mechanism effectively explains
the spontaneous and non-spontaneous MOR processes.

Benzoic acid is typically produced on an industrial scale by
oxidizing toluene at high temperatures and pressures, using toxic
chemicals. Huang et al. described a more environmentally friendly

Nano Research, 2025, 18, 94907014
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Figure4 (a) An unconventional bifunctional mechanism proposed for the overall MOR process. (b) Linear sweep voltammetry (LSV) curves of NiMn and NiFe-LDHs
were both recorded in 1 M KOH without and with 3 M CH;OH. Reproduced with permission from Ref. [35], © Zhu, B. T. et al. 2023. (c) The related reactions of
traditional water electrolysis and hybrid water electrolysis. (d) Electrocatalytic H, generation combined with the production of high-purity Ph-COOH. (e) The diagram of
crystallization operation for collecting the electrocatalytic products. Reproduced with permission from Ref. [36], © The Royal Society of Chemistry 2020.

method, which involves using A-Ni-Co-H/NF as a catalyst for the
electrochemical oxidation in a benzyl alcohol-containing electrolyte
to obtain highly selective benzoic acid products [36]. This Ni-based
catalytic material can overcome the competing reaction OER of
electrocatalytic benzyl alcohol oxidation reaction (EBA). At an
industrial current density of more than 300 mA-cm?, the oxidation
of benzyl alcohol was selectively catalyzed to produce high-purity
target product benzoic acid at the anode with a yield of close to
100% (Figs. 4(c) and 4(d)). This is a significant breakthrough for the
industrial electrocatalytic production of benzoic acid. For the

Nano Research, 2025, 18, 94907014

94907014 (4 of 26)

separation of the product, high-purity benzoic acid can typically be
obtained by first acidifying the alkaline electrolyte and then using
crystallization and separation techniques (Fig. 4(e)). The
comprehensive electrochemical ~production method holds
substantial importance for benzoic acid manufacturing.
Monohydric alcohols have only one hydroxyl group, so their
adsorption and dehydrogenation processes are relatively simple to
operate and involve few intermediate products. Therefore, the
product selectivity produced by the method of electrocatalysis has a
considerable advantage and is valuable for industrial applications.

(8) 27 wa | Sci@pen
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2.1.2  Electrooxidation of polyols

During the production of biodiesel, a significant amount of glycerol
(GLY) by-products is generated, surpassing the current demand
[37]. Glycerol is considered an underutilized biomass resource that

Luo et al. demonstrated the use of a solvothermal preparation
method to create PtNi bimetallic nanoparticle (NP) electrocatalysts
[39]. When the researchers analyzed the ratio of the two metals,
they discovered that the Ni content was consistent throughout the
homogeneous alloy. The structure of the PtNi catalyst played a

can be used as a low-cost raw material for industrial production. critical role in the C-C bond-breaking ability. Higher Ni content
One potenti.al way to in.crease its value is th.rough electrocatalytic promoted partial C-C bond breaking to produce ethanoic acid and
glycerol oxidation, which can produce higher-value products  formate, while a more uniformly distributed Pt-Ni promoted the
compared to glycerol itself [38]. Unlike monohydric alcohols, the complete oxidation of glycerol to carbonate (Figs. 5(2) and 5(b)).
ease of C-C bond breaking in polyols affects product selectivity. Another study by Li et al. developed a Ni-based catalytic material
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American Chemical Society 2023. (d) Partial density of state (PDOS, d-band) of Pd and Pd-Ni(OH),, calculated adsorption energies of EG and OH on the surfaces of Pd
and Pd-Ni(OH), and calculated adsorption energies of GA and CO on the surfaces of Pd and Pd-Ni(OH),. Reproduced with permission from Ref. [43], © Wiley-VCH
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composed of amorphous phase nickel hydroxide composite with
crystalline phase alkaline copper nitrate [40]. The composite
material exhibited different electrochemical reconfigurations at the
cathode and anode. It was able to reduce nitrate at the cathode and
oxidize glycerol at the anode, resulting in reconstructed materials
with potential applications for glycerol oxidation. This work has
inspired the future design of dual-functional catalysts.

Waste polyethylene terephthalate (PET) plastic is converted into
its monomer glycol, while glycol can be oxidized into high-value-
added chemicals by electrocatalytic oxidation. This can effectively
alleviate the serious plastic pollution and resource wastage problems
faced today [41]. Glycol is very similar to glycerol in that it involves
a complex oxidative process and therefore the products are rich and
varied. Most of the previous reports occurred with C-C bond
breakage ultimately producing C1 products (e.g., formic acid). Yan
et al. reported that Au/Ni(OH), acted as a catalyst to catalyze the
oxidation of both glycerol and ethylene glycol (EG), producing two
C2 products, lactic acid (LA) and glycolic acid, respectively (Fig.
5(c)). High current density, high Faraday efficiency and high
product selectivity were achieved simultaneously under catalytic
conditions [42]. Liu et al. synthesized Pd-Ni(OH), composite
electrocatalysts. This composite catalyst has high catalytic activity,
good stability and excellent selectivity for C2 products. Among
them, Ni(OH), promoted the generation of OH* active species.
OH* facilitated the oxidation of ethylene glycol to ethanoic acid in
addition to the removal of toxic carbonyl active species (Fig. 5(d)).
The synergistic effect of Pd and Ni sites promoted the rapid
desorption and transfer of products from the active Pd site to the
inactive Ni site, which terminated the oxidation moderately [43].

Consequently, the relative content of Ni and different
modifications for Ni-based catalysts affect the products of polyol
oxidation. In particular, the relative content of Ni affects the ease of
C-C bond breaking. The loading of noble metals also tends to alter
the extent to proceed with the oxidation, resulting in different
products. It is worth noting that various noble metals also
discriminate between the products due to their different electronic
properties.

2.2 Electrooxidation of nitrogenous compounds

Ni-based catalysts are widely used in the electrocatalytic oxidation
of nitrogenous compounds such as ammonia, urea, amines and
hydrazine. These reactions have well-defined reaction products.

2.2.1 Electrooxidation of urea

Urea is found in large quantities in industrial and domestic
wastewater. It is easily converted into ammonia, oxides of nitrogen
and nitrites, which have a significant impact on human health and
the environment. Urea has a high energy density, about ten times
that of hydrogen energy. In recent years, Ni-based catalysts for
electrocatalytic urea oxidation have been widely studied. Urea is
oxidized to produce environmentally non-polluting carbon dioxide
and nitrogen with Ni-based catalysts. The formation of N-N bonds
by independent nitrogen atoms in urea is an interesting process.
Wang et al. proposed the mechanism of electrochemical oxidation
of urea with B-Ni(OH), catalyst [44]. The first step of catalyst
dehydrogenation and oxidation reaction and the second step of
urea dehydrogenation and oxidation reaction, respectively
(Fig. 6(a)).

However, oxidation of the urea molecule is a six-electron and six-
proton transfer process. Moreover, its structure of multiple ligand
centers is prone to excessive oxidation of urea to generate toxic and
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harmful nitrogen oxides. Li et al. investigated the fate of nitrogen in
the oxidation of urea by isotope labeling method [45]. A polyaniline-
modified electrode that can promote the doubled generation of
nitrogen species was invented. It can suppress the formation of over-
oxidation products (Fig. 6(b)). This strategy, which is in line with
sustainable development, is a great inspiration for the researchers
behind.

2.2.2 Electrooxidation of ammonia

Although ammonia can be used as a fertilizer, it can also pollute the
environment. Excessive levels of ammonia in water can lead to a
reduction in dissolved oxygen and eutrophication of water bodies
[46]. Electrocatalytic ammonia oxidation is a beneficial pathway for
the nitrogen cycle [47]. However, there is excessive oxidation of
ammonia to environmentally unfavorable oxides of nitrogen during
ammonia oxidation [48]. In addition, the competitive reaction
between ammonia oxidation and OER is also a problem to be
considered in the design of catalysts.

Oswin and Salomon proposed a mechanism for the continuous
dehydrogenation of ammonia (O-S mechanism). Adsorption of
ammonia progressively dehydrogenates to give *N [49, 50] and *N
couples to ultimately give N, [51]. Gerischer and Maurer proposed
another mechanism (G-M mechanism) [52]. Adsorbed ammonia
dehydrogenates and then dimerizes to form a hydrazine-like
structure, ultimately generating N,. In the actual ammonia
oxidation process, the two mechanisms are competitive (Fig. 7(a)).
It has been shown that the O-S mechanism is more likely to be
followed at high potentials. However, the G-M mechanism is
followed at low potentials [53]. The pH of the electrolyte affects the
oxidation peak current density of the ammonia oxidation reaction.
The peak current showed a good linear relationship with pH [54].
Allagui et al. concluded that an alkaline environment is necessary
for the completion of the reaction by varying the pH of the
electrolyte. The current density of the ammonia oxidation peak
increased somewhat linearly with pH up to 10.5. In addition,
electrooxidation on Ni(OH),/NiPd was in the un-ionized form of
ammonia [55]. Accordingly, regulating the pH of electrolytes along
with determining the oxidation mechanism is of significance in
practical applications.

2.2.3  Electrooxidation of hydrazine

Electrocatalytic hydrazine oxidation is another common anodic
reaction used as an alternative to OER-coupled hydrogen
production [56]. The thermodynamic potential for the four-
electron transfer hydrazine oxidation (N,H, + 4OH > N, + 4H,0
+ 4e7) is —0.33 V vs. RHE. This is much lower than the potential of
OER, making it difficult for mixed O, and H, production to occur
[57-59]. Zhang et al. designed vanadium-doped nickel nitride
nanosheet materials for the oxidative coupling of hydrazine to
hydrogen precipitation. It was shown that among the different
conformations of hydrazine adsorbed on the catalyst surface, the
trans conformation was the most favorable one for adsorption (Fig.
7(b)). Moreover, vanadium doping promoted the dehydrogenation
process of hydrazine, resulting in higher catalytic activity [60]. Xu et
al. developed NiRh-BDC catalysts (BDC: 1,4-benzenedicarboxylate
ligands) by introducing the noble metal Rh into Ni-based metal-
organic framework (MOF). The Ni site adjacent to Rh transfers
electrons to Rh, thus lowering the energy barrier for hydrazine
dehydrogenation at the Ni site [61]. Therefore, there is no carbon
emission during the oxidation of hydrazine and nitrogen as its sole
product does not pose a hazard when mixed with hydrogen. Its

B) 72w | Sci@pen


https://www.sciopen.com/article/10.26599/NR.2025.94907014
https://www.sciopen.com/article/10.26599/NR.2025.94907014
https://www.sciopen.com/article/10.26599/NR.2025.94907014
https://www.sciopen.com/article/10.26599/NR.2025.94907014
https://www.sciopen.com/article/10.26599/NR.2025.94907014
https://www.sciopen.com/article/10.26599/NR.2025.94907014
https://www.sciopen.com/article/10.26599/NR.2025.94907014
https://www.sciopen.com/article/10.26599/NR.2025.94907014

Nano Research | Vol. 18, No. 1

Yu et al.

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

(. [
%’ +

y +
| ¥ [

CO,+N,

1

1

1

1

i

! Urea + H,0

I

I

I

1 € Ure
H Urea
1 /_—__——_\
I

1

1

]

1 p

1

1

L

Spontaneous

-

S—

Ay F e

[ & L= . -~
NO,” J4N urea N urea 15N urea N urea ‘fN urea
gj o 1
g ' .}.\\O
15N14N 14NTSNO BNTEN  14NIN/ISNISN  14NTSNO NN 1AN1N/ISNISN  14N1SNO
N "Nurea | [N.O "N-Urea N, “N-urea| |N.O “N-Urea N, “N-Urea | [N,O “N-Urea
o |’ NOj 2 "NO; 8 “Nlrea “Nurea| @ “N-rea “N-Urea
2 g £
o o T
° ° °
c [ &
3 F 2
g 5 2
© o
2> 2z 2
i 5 .3.92% B ) .6.00%
L] ° y < ?
§ {5 P o : i ©
i | 2] LT 1B 11
26 28 30 32 40 42 44 46 48 S0 26 28 30 32 40 42 44 456 48 50 26 28 30 32 4D 42 44 46 48 50
miz miz miz miz miz miz

Figure 6 (a) The UOR mechanism on the 3-Ni(OH), electrode. Reproduced with permission from Ref. [44], © Wiley-VCH GmbH 2020. (b) The mass spectrometry
(MS) spectra of the gaseous products during UOR with "NO,™ pre-added 0.33 M “N-urea, 0.33 M “N-urea and “N-urea mixture and 1.00 M “N-urea and “N-urea
mixture (molar ratio = 1:1) in 1 M KOH. Reproduced with permission from Ref. [45], © Wiley-VCH GmbH 2021.

superior overpotential avoids OER competition and is a promising
alternative reaction to OER.

2.24 Electrooxidation of amines

Electrocatalytic selective oxidation of amines to nitriles is a value-
added reaction of amines. Nitrile is commonly used as an
intermediate in paints, pesticides and certain organic products. It is
an important raw material for organic synthesis [62, 63].
Conventional methods for the synthesis of nitrile include the
nitrification of alkyl halides and the oxidation of ammonia or
amines at high temperatures and under strong oxidant conditions.
In contrast, electrocatalytic amine oxidation is more energy-
efficient, green and environmentally friendly. Ding et al. synthesized
Ni,P nanosheets grown on nickel foam (NF) to highly selectively
oxidize benzylamine to benzonitrile [64]. Sun et al. found that Mn-
doped a-Ni(OH), has good catalytic activity in the electrocatalytic
oxidation of amines to nitriles. Moreover, the researchers proposed
a dual adsorption mechanism for OER and amine oxidation
intermediates (Fig. 7(c)). Mn and Ni promoted the adsorption of
amine and active oxidation intermediates on the catalysts,
respectively [24]. The proposed dual adsorption mechanism offers a
reference for using catalysts based on the OER reaction to oxidize
related chemicals.

2.3 Electrooxidation of furan compounds
The electrocatalytic oxidation of furfuryl alcohol, furfural and 5-
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hydroxymethylfurfural from furan compounds has also been
extensively studied. This group of organics can be obtained from
biomass. In most cases, electrocatalytic oxidation of furfuryl alcohol
yields furfural or furoic acid. Moreover, the -electrocatalytic
oxidation of furfural and 5-hydroxymethylfurfural yields furoic acid
and 2,5-furandicarboxylic acid (FDCA), respectively.

2.3.1 Electrooxidation of furfuryl alcohol and furfural

Furfuryl alcohol is cheap in the market. Moreover, furfuryl alcohol
does not spontaneously undergo the Cannizzaro reaction. Furfural
is produced primarily by hydrolysis and dehydration of xylose [65].
Furoic acid is more than three times as expensive as furfural
Therefore, obtaining furoic acid by electrocatalytic oxidation of
furfuryl alcohol or furfural is a value-added reaction and can be
used as an alternative to OER. Three-dimensional (3D) layered
nickel-iron micro-flowers catalysts synthesized by electrodeposition
method were used for electrocatalytic furfuryl alcohol oxidation to
produce furoic acid by Liu et al. Furfuryl oxidation showed a lower
overpotential than OER in the catalyzed reaction. The conversion of
furfuryl alcohol was 81.3% and the selectivity of furoic acid was 94%
after 3 h of catalytic reaction [66]. Fang et al. applied different
potentials to the catalyst to oxidize furfuryl alcohol to furfural and
furoic acid, respectively. And furfural was used as an intermediate
for the oxidation of furfuryl alcohol to furoic acid (Fig. 8(a)) [67].
Lu et al. investigated the performance of the electrooxidation of the
substrates furfuryl alcohol and furfural over the designed p-
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Reproduced with permission from Ref. [24], © American Chemical Society 2022.

Coy Nipo(OH), catalyst. The characteristic groups of furfuryl
alcohol and furfural were hydroxyl and aldehyde groups,
respectively. The results of the study showed that the oxidation
performance of furfural was better than that of furfuryl alcohol [68].
Consequently, the aldehyde group may be more susceptible to
oxidation than the hydroxyl group, which informs the oxidation
pathway of 5-hydroxymethylfurfural as well as the selectivity of

alcohol oxidation.

2.3.2  Electrooxidation of 5-hydroxymethylfurfural
The reaction history of the oxidation of 5-hydroxymethylfurfural is
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shown in Fig. 8(b) [69]. The final 2,5-furandicarboxylic acid is a
very widely used organic compound. Polyethylene 2,5-
furandicarboxylate can be generated from 2,5-furandicarboxylic
acid. It has a similar conjugated carbocyclic ring and dicarboxylic
acid structure to petroleum-based terephthalic acid [70]. In
addition, polyethylene 2,5-furandicarboxylate has good thermal
stability compared to polyethylene terephthalate generated from
petroleum-based terephthalic acid [71-73].
5-Hydroxymethylfurfural contains both hydroxyl and aldehyde
groups. Therefore, the order of oxidation of the functional groups is
important for probing the mechanism of 5-hydroxymethylfurfural
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2023.

oxidation reactions involving 6-electron transfer. Jiang et al. showed
that the hydroxyl group can be oxidized before the aldehyde group
when the pH is less than 13 (Fig. 8(c)). When the pH value is above
13 (Fig. 8(d)), the aldehyde group is oxidized first [74]. Ni-based
catalytic materials have been widely used in electrocatalytic
oxidation of 5-hydroxymethylfurfural. However, the activity of 5-
hydroxymethylfurfural electrocatalytic oxidation is not high due to
the poor adsorption ability of 5-hydroxymethylfurfural and
hydroxyl radicals on Ni-based materials. Wu et al. demonstrated
the role of Pt in regulating the oxidation of Ni in the prepared
Pt,Niyy,_, nanowire (NW) catalytic materials [75]. Pt and Ni
formed a Pt—-O-Ni bond in which Pt promoted the adsorption of
hydroxyl radicals on Ni. While the interaction between Ni and Pt
electrons promoted the adsorption of 5-hydroxymethylfurfural on
the materials. Synergistic interaction between Ni and Pt promoted
the formation of NiOOH activity center formation, resulting in a
substantial increase in the activity of the 5-hydroxymethylfurfural
oxidation reaction. The hydroxyl group is oxidized before the
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aldehyde group when the pH is below 13, while the aldehyde group
is oxidized first when the pH is above 13. Based on this fact, the
effect of pH on selectivity compelled to be considered in the study.
In addition, enhancing the adsorption capacity of 5-
hydroxymethylfurfural on Ni-based catalysts can significantly
promote the oxidation reaction.

3 Design strategies for Ni-based catalysts

ECO has high requirements for catalyst activity, selectivity and
stability. Therefore, the design of suitable catalysts is the key to the
study of ECO. In recent years, researchers have designed a variety
of catalysts for ECO and the proportion of Ni-based catalysts
should not be neglected. Table 1 exhibits the comparison of the
activity of various Ni-based catalysts in different hybrid water
electrolysis. The state of Ni-based catalysts under alkaline
conditions is to reconfigure from nickel hydroxide or oxide to
NiOOH with the increase of potential The substrate is
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Table 1 The activity of various Ni-based catalysts in different hybrid water electrolysis

Potential (V vs. RHE)@

Catalyst Substrate Electrolyte Modification strategies current density (m Aicm,z)References

NiMn-LDH Methanol 1 M KOH + 3 M substrate Defects 1.4@100 [36]
A-Ni-Co-H/NF Benzyl alcohol 1 M KOH + 0.1 M substrate Defects 1.35@100 [35]
Au/Ni(OH), Glycerol 3 M KOH + 0.3 M substrate Heterojunction 0.95@317.7 [42]
Pd-Ni(OH), Ethylene glycol 1 M KOH + 1 M substrate Heterojunction 0.69@100 [43]
B-Ni(OH), Urea 1 M KOH + 0.05 M substrate Morphology 1.5@5 [45]
NiMoO, Urea 1 M KOH + 0.33 M substrate Morphology 1.5@50 [44]
V-Ni;N NS Hydrazine 1M KOH + 0.1 M substrate Defects 0.05@100 [60]
NiRhy y,,-BDC Hydrazine 1M KOH + 0.3 M substrate Defects 0.1@300 [61]

Ultrathin Ni,P nanomeshes on NF (Ni,P- . 1 MKOH +0.125M
UNMs/NE) Benzylamine substrate Defects 1.5@80 [64]

. . 1 MKOH +0.025 M
Mn-a-Ni(OH), Benzylamine substrate Defects 1.4@20 [19]

. Furfuryl 1 M KOH + 0.001 M
NiFe alcohol substrate Defects 1.6@40 [66]
B-Coy;Niy4(OH), HMF 1 M KOH + 0.05 M substrate Defects 1.6@9 [68]
Pt,Ni,, NWs HME 1 MKOH +0.05 M substrate ~ Defects and 1.5@70 (75]

morphology

subsequently oxidized by NiOOH to generate a sequence of value-
added chemicals, while NiOOH is reduced to Ni(OH),. The process
is repeated at a high potential where it is oxidized again to NiOOH.
Due to the complexity of the substrate reaction steps and the variety
of intermediates, the NiOOH sites are easily occupied by
intermediates and are poisoned and deactivated, preventing further
catalytic regeneration. Accordingly, the main lines of thought in
designing catalysts are (1) to promote the reconstruction of Ni-
based catalysts to NiOOH, (2) to foster the exposure of NiOOH
active sites and (3) to enhance the intrinsic activity of the catalysts.
Modulation of size and morphology may increase the specific
surface area and intrinsic activity of the catalysts, thus favoring an
enhanced number of NiOOH sites. Doping strategies may be
accompanied by vacancies, phase transitions and structural
distortions. Heteroatoms enable the displacement of the Fermi
energy levels of the catalysts and change the energy band structure
of the catalysts. They modulate the electronic structure of the
materials and the interactions between the electrons to promote the
regeneration of NiOOH sites. The modulation of the electronic
structure of the catalyst surface by the vacancy defects affects the
coordination environment of the NiOOH sites and its optimization
of the free energy of adsorption of substrates and intermediates on
the catalyst surface facilitates the reaction of substrates on the
catalyst surface. Additionally, the heterojunction can effectively
regulate the stability, conductivity and hydrophilicity of the material
by rationally combining different components. Therefore,
modification of catalysts by these methods can effectively solve the
above problems.

3.1 Modulation of catalyst size and morphology

Low-dimensional = nanomaterials  (zero-dimensional,  one-
dimensional, two-dimensional and  multi-dimensional
combinatorial materials) have characteristic dimensions similar to
the De Broglie wavelength of an electron. The movement of
electrons in the materials is restricted. Their energies are changed
from a continuous state to a discontinuous energy level, which in
turn gives rise to many new properties [76]. Low-dimensional
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nanomaterials increase the specific surface area of the catalytic
material, which contributes to the exposure of active sites and thus
improves the activity of the catalyst. Most of the catalysts for ECO
are low-dimensional nanomaterials. Considering that the catalytic
reaction occurs on the surface of the catalyst, size modulation (e.g.,
particle size, thickness, etc.) based on low-dimensional
nanomaterials can increase the specific surface area of the catalyst
and thus enhance the catalytic activity of the catalyst [77].
Normally, the size of the material is reduced to increase the specific
surface area of the material.

Wau et al. demonstrated that the modulation of the catalyst size
can change the intrinsic activity of the materials in addition to the
specific surface area [78]. Normalizing the catalytic activity gives the
intrinsic activity. The results show that adjusting the size can
change the surface electronic structure, which affects the adsorption
of intermediates. In turn, the reaction pathway changes. Catalysts
have the best performance at a certain optimal particle size. The
optimal performance usually results from the competitive or
cooperative effects of surface area and intrinsic activity. Therefore,
the performance of a material can be improved by controlling the
particle size and morphology of the catalyst when designing the
catalyst.

3.1.1 Zero-dimensional nanomaterials

Common  zero-dimensional —materials are  nanoparticles,
nanoclusters (NCs) and quantum dots. They are nanoscale in all
three dimensions [79]. Modulating the size of nanomaterials can
change the properties of the material [80, 81]. The decrease in the
size of nanoparticles leads to geometrical and electronic effects [82].
As the size decreases, the ratio of surface atoms to the total number
of atoms increases [83]. At the edges and corners are low-
coordinated atoms. Then the size reduction causes the number of
low-coordinated atoms to increase, while the number of highly-
coordinated atoms is elevated accordingly. The degree of
coordination unsaturation of the surface atoms increases
accordingly. This leads to a change in the nature of the catalytic
reaction carried out by the catalyst. In addition, the energy band
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structure of the nanoparticles changes as the particle size decreases.
Smaller-sized nanoparticles are closer to molecules in this
respect [84].

The effect of nickel nanoparticles of different sizes on the
oxidation performance of benzyl alcohol was recently published by
Zhong et al. They obtained 1.0, 1.9 and 8.3 nm nickel nanoparticles
on nitrogen-doped carbon substrates by reducing Ni* with
hydrogen at different temperatures of 200, 280 and 500 °C,
respectively (Fig. 9(a)) [85]. The final results showed that the
medium-sized catalytic material showed the best reduction effect at
280 °C (Fig. 9(b)). And the yield of benzoic acid reached 99%,
which was higher than that of the small-sized catalytic material
(82%) and the large-sized catalytic material (55%). Meanwhile,
theoretical calculations showed that the size changed the nature of
the surface sites of the materials, which contributed to the change in
the adsorption energy of benzyl alcohol on the surface of the
materials.

Liu et al. loaded different sizes of noble metal Pd (Pd single
atoms (SAs), Pd nanoclusters and Pd nanoparticles) on NiFe-LDH
for electrocatalytic hydrazine hydrate oxidation (Fig. 9(c)) [86].
Electrochemical tests revealed that the medium-sized Pd
nanocluster-loaded NiFe-LDH had the highest current density at
0.35 V vs. RHE potential. Its mass activity was 36 times higher than
that of Pd single-atom loaded NiFe-LDH and 7 times higher than
that of Pd nanoparticle-loaded NiFe-LDH. The distance spacing
between the catalytic sites in Pd single-atom loaded NiFe-LDH was
relatively large and the catalytic sites were independent. The
aggregation of the catalytic sites in Pd nanoparticle-loaded NiFe-
LDH led to a large site resistance. Whereas, the Pd nanoclusters
exhibit stronger intra-cluster interactions and weaker spatial site
resistance, leading to hybridization of the Pd d-orbitals with the o-
orbitals of the hydrazine molecules (Fig. 9(d)). Accordingly, zero-
dimensional materials may not be as small in size as they could be
but rather need to find a balance between spatial site resistance and
interatomic interactions.

3.1.2 One-dimensional nanomaterials

In addition to zero-dimensional nanomaterials, one-dimensional
nanomaterials (nanowires, nanorods, nanotubes, etc.) have also
been extensively investigated. One-dimensional nanomaterials
shorten ion diffusion channels and promote electron transport [87].
It has a large specific surface area, increasing the contact area
between the electrolyte and electrode. The unique solubility
resistance of one-dimensional nanomaterials reduces volume
changes and thus extends the life of the material [88]. Therefore,
one-dimensional nanomaterials have good catalytic properties.

Chen et al. developed Mn-Ni(OH), porous nanowire arrays
(PNAs) as catalytic materials for urea electrocatalytic oxidation (Fig.
10(a)) [89]. The results showed that the porous nanowire array
structure could provide a wide space for plasmonic electron
transfer. It promotes the exposure of active sites and enhances the
catalytic activity for urea oxidation. The Mn-Ni(OH), porous
nanowire array catalytic materials exhibit good catalytic activity and
stability for urea oxidation (Fig. 10(b)).

Ultrafine Pt-Mo-Ni nanowires with ultrahigh aspect ratio for
electrocatalytic alcohol oxidation were synthesized by Mao et al.
(Fig. 10(c)). The micrometer length and 2.5 nm diameter resulted
in ultrafine nanowire structures with a high ratio of surface atoms
to the total number of atoms (Fig. 10(d)) [90]. Pt atoms are noble
metals and increasing the efficiency of utilizing Pt atoms can reduce
the overall cost of the catalyst. The ultrafine nanowire structure
with a high percentage of surface atoms improves the atomic
efficiency of Pt. In addition, surface defects are created by Ni and
avoiding the aggregation of Pt atoms creates a large spatial barrier
and is sufficient to segregate Pt atoms on the surface and create
surface defects. Moreover, Ni and Pt atoms are stabilized by Mo.
This work is of good significance for the design of catalysts.

Yu et al. loaded rod-shaped Ni-Mo-O on nickel foam by
hydrothermal method and calcined it under argon and hydrogen
atmosphere as catalysts for urea oxidation and hydrogen
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Figure9 (a) The schematic procedure for the preparation of Ni@NC-200, Ni@NC-280, Ni@NC-500. (b) LSV curves of Ni@NC-200, Ni@NC-280 and Ni@NC-500 in
1.0 M KOH with (solid line) and without (dotted line). Reproduced with permission from Ref. [85], © Tsinghua University Press 2022. (c) Illustration of the preparation
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Figure 10 (a) Schematic of the fabrication process of Mn-Ni(OH), PNAs. (b) LSV plots of Pt/C||Mn-Ni(OH), PNAs and Pt/C||Pt/C two-electrode systems for overall
urea electrolysis in an alkaline solution. Reproduced with permission from Ref. [89], © Elsevier Inc. 2022. (c) Schematic of the growth mechanism of the Pt-Mo-Ni NWs.
(d) High-angle annular dark-field scanning TEM (HAADF-STEM) image of the Pt-Mo-Ni NWs. Reproduced with permission from Ref. [90], © Mao, J. J. et al. 2017. (e)
Schematic illustration of the preparation of NF/NiMoO-Ar as UOR catalyst and NF/NiMoO-H, as HER catalyst and scanning electron microscopy (SEM) images.

Reproduced with permission from Ref. [91], © The Royal Society of Chemistry 2018.

precipitation, respectively (Fig. 10(e)) [91]. The current density of
the electrolytic cell consisting of urea oxidation and hydrogen
precipitation could reach 10 mA-cm™ at a low potential of 1.38 V
vs. RHE.

One-dimensional nanomaterials with ultra-high aspect ratios can
provide a wide space for plasmonic electron transfer. In addition,
their ultra-high surface atomic ratio improves atomic efficiency.
When modified with precious metals, the cost of the material can
be effectively reduced.

3.1.3 Two-dimensional nanomaterials

Considering two-dimensional nanomaterials with a great specific
surface area resulting from a great planar size and atomic thickness,
the ratio of the number of surface atoms to the total number of
atoms is high [92-94]. The catalytic properties of the materials can
be modulated by surface modification. The electrons move only in
the two-dimensional planar range and the materials have superior
electronic properties [95, 96].
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Jiang et al. used a one-step solvothermal method to load two-
dimensional nickel organic skeleton nanosheets with different
thicknesses on nickel foam (Fig. 11(a)) [97]. The electrochemical
test results showed that the catalyst loaded with the thinnest
thickness of nanosheets had the best electrocatalytic urea oxidation
activity (Fig. 11(b)). The current density of urea oxidation reached
100 mA-cm™ at a low potential of 1.45 V vs. RHE (Fig. 11(c)). The
current density of the electrolytic cell for urea oxidation coupled
with cathodic hydrogen precipitation reached 50 mA-cm™ at a low
potential of 1.53 V vs. RHE (Fig. 11(d)).

Hao et al. synthesized Ni(OH), nanosheet arrays in situ on nickel
foam for methanol oxidation-coupled hydrogen production [98]. A
current density of 10 mA-cm™ at a low voltage of 1.52 V was
achieved. The methanol oxidation was highly selective to produce
formate with higher value, while the H, yield was more than 92%.
Zhang et al. reported the in situ growth of ultrathin nanosheets on a
nickel foam surface as an anodic catalyst to catalyze the oxidation of
5-hydroxymethylfurfural to 2,5-furandicarboxylic acid [99]. At a
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Figure 11 (a) Schematic illustration of the synthesis process of Ni-DMAP-#/NF (DMAP-t: an organic ligand of 4-dimethylaminopyridine, where ¢ is the synthesis time).
(b) SEM images of Ni-DMAP-2/carbon cloth (CC). (c) LSV curves of NF, Ni(OH),/NF, Ni-DMAP-2/NF and RuO,/NF in 1.0 M KOH + 0.5 M urea. (d) Polarization
curves of Pt/C/NF||Ni-DMAP-2/NF and Pt/C/NF||RuO,/NF coupled electrodes in urea electrolysis. Reproduced with permission from Ref. [97], © Elsevier Ltd. 2022. (e)
Cell LSV curve comparison of MOR||HER and overall water splitting (OER||HER) using Ni(OH),/NF as anode and cathode in 1.0 M KOH with and without 500 mM
MeOH. (f) The FEs of formate with different passed charges and (g) the FEs of the H, by Ni(OH),/NF during the MOR||HER at the current density of 20 mA-cm™
Reproduced with permission from Ref. [98], © Elsevier B.V. 2020. (h) Cryo-electron tomography (cryoET) reconstructed 3D models of NiMoO,H,O dissolved in an
alkaline solution for 0, 10 and 20 min, respectively. Reproduced with permission from Ref. [100], © Wiley-VCH GmbH 2023.

lower potential (1.39 V vs. RHE), 5-hydroxymethylfurfural could be
completely converted to 2,5-furandicarboxylic acid in 90 min with
yields and Faraday efficiencies of more than 99% (Figs.
11(e)-11(g)). These studies provide new ideas to improve the
catalysts from the perspective of morphology and size.

Zhu et al. revealed the multi-step dissolution of NiMoO,xH,0O
to form ultrathin amorphous Ni(OH), nanosheets during
electrocatalytic urea oxidation [100]. Firstly, due to the loss of
crystallization water, the NiMoO,.xH,O nanosheets were gradually
peeled off from the NiMoO,xH,O nanorods in alkaline solution.
Subsequently, the remaining crystalline water and molybdenum
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further dissolve in an alkali solution. Finally, ultrathin amorphous
Ni(OH), nanosheets are formed (Fig. 11(h)).

Ni(OH), nanosheets have been extensively exploited in ECO and
previous studies have yielded highly advantageous two-dimensional
materials through different synthesis methods. In addition, the
thickness of the nanosheets affects the properties of the materials,
thus creating novice approaches to minimize the thickness will
contribute to the study of this type of materials.

3.2 Design of defects
Defect engineering has been extensively studied due to its
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effectiveness in modulating the electronic and geometrical structure
of catalysts. Construction of defects is an effective approach to
enhance the electrical conductivity, intrinsic activity and active site
density of Ni-based catalysts by altering the atomic ordering and
reconfiguring the electronic structure to achieve ECO [101].

3.2.1 Doping of elements

As a common defect, the introduction of hetero-elements has been
extremely widely used in the ECO. Other elements are usually
available in the form of doping and loading [102, 103]. The
introduction of other elements may be accompanied by vacancies,
phase transitions and structural distortions [104, 105]. It can
improve the catalytic activity of a catalyst by modulating the
electronic structure of the material as well as the interactions
between electrons [106—108]. The heteroatoms may shift the Fermi
energy levels of the catalysts, thus changing the energy band
structure of the catalysts [109, 110]. In addition, it may affect the
local charge distribution of the catalyst [111, 112]. The modulation
of the charge distribution of the active site promotes the interaction
of the active site with the adsorbed material, which improves the
catalytic activity [113].

Noble metal catalysts are widely used in electrocatalysis due to
their superior catalytic activity [114]. Considering the scarcity and
high prices of noble metals, their widespread use is limited. In
contrast, metallic nickel is less costly. The outstanding electrical
conductivity and adjustable electronic structure contribute to their
excellent catalytic activity. And it has excellent durability in alkaline
electrolytes [115, 116].

phosphorization

Noble metal single-atom catalysts feature maximum atom
utilization and favorable atom dispersion, which can effectively
avoid the aggregation of active sites [117-120]. Additionally, the
single atom has a unique coordination environment and possesses
high catalytic activity [121-124]. The reduction of expensive noble
metal loading reduces the cost of the catalysts. Therefore, single-
atom catalysts are widely used in electrocatalytic chemicals
oxidation [125, 126]. Hu et al. constructed Ni(Co)-Ru-P atomic
interfacial sites on Ru single-atom modified NiCoP nanowire arrays
(Ru-NiCoP) substrates for electrocatalytic hydrazine oxidation
coupled with cathodic hydrogen precipitation (Figs. 12(a)-12(d))
[127]. A two-electrode electrolyzer was employed with Ru-NiCoP
as both anode and cathode catalysts with a current density of
522 mA-cm™ at a cell voltage of 0.3 V. The introduction of Ru sites
significantly lowered the vacant d-band centers of NiCoP and
enhanced the adsorption capacity for *N,H,. The reaction energy
barrier was lowered, thus increasing the activity of catalyzing
hydrazine oxidation. Sun et al. obtained Rh/NiV-LDH for urea
oxidation by hydrothermally anchoring Rh single atoms on the
NiV-LDH substrate [128]. The dispersed Rh single atoms modify
the electronic structure of the parent NiV-LDH substrate. The Rh
site also optimizes the adsorption and activation of urea molecules
and facilitates the desorption of key intermediates (e.g., CO*/NH?*).
It greatly reduces the energy barrier of the determining step and
thus accelerates UOR activity.

Noble metal-doped nickel-based catalysts are characterized by
strong catalytic performance, resource-saving and long lifespan.
The design of noble metal-doped nickel-based catalysts has far-
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Figure 12 (a) Schematic illustration of the synthesis of Ru;-NiCoP nanowire arrays. (b) HAADF-STEM image of the Ru;-NiCoP nanowire arrays. Ru single atoms are
highlighted by red circles. (c) The k*-weighted x(k)-function of the extended X-ray absorption fine structure (EXAFS) spectra for Ru,-NiCoP, Ru foil, RuO, ,,q RuCls. (d)
HzOR LSV curves of Ru,-NiCoP nanowire arrays, NiCoP nanowire arrays, bare Ni foam, commercial Pt/C and Ru/C. Reproduced with permission from Ref. [127], ©

Wiley-VCH GmbH 2023.
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reaching significance in the field of electrocatalytic oxidation of
chemicals.

Modification of Ni-based catalysts with transition metals has also
been extensively studied in the field of electrocatalytic small
molecule oxidation. Sun et al. explored the activity of a series of
transition metal-doped a-Ni(OH), for electrocatalytic benzylamine
oxidation [19]. The results showed that Mn doping was the most
effective for amine oxidation (Fig. 13(a)). Complete amine
conversion with high nitrile selectivity was achieved at 1.40 V vs.
RHE. Mn doping promoted the adsorption of amine on NiOOH
while maintaining the adsorption capacity of the reactive oxygen-
containing intermediates on the adjacent Ni sites. It promotes the
anodic efficiency of bimolecular interactions. This work suggests
new strategies by comparing amine oxidation with oxygen
precipitation.

Ni,S, is widely used in electrocatalysis due to its abundant
valence and active centers as well as its superior electrical
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conductivity [129]. Sun et al. synthesized Co-doped NisS, for
electrocatalytic ~ 5-hydroxymethylfurfural  oxidation by a
hydrothermal method using nickel foam as a substrate [130]. X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy (XPS)
results surfaced that Co was successfully inserted into the Ni,S,
lattice, resulting in lattice distortion and reduced crystallinity. Co-
doped Nis;S, has an ultra-low onset potential (0.9 V vs. RHE) and at
a potential of 145 V vs. RHE with high current density
(497 mA-cm™). Lu et al. tuned the surface electronic structure of -
Ni(OH), by co-doping [68]. In situ Raman spectroscopy, XPS and
high-resolution transmission electron microscopy (HRTEM)
revealed the dynamically evolving chemical structure of electron-
deficient Ni in B-Coy;Niyo(OH), (Fig. 13(b)). Experimental and
theoretical calculations indicate that proper Co doping favors the
adsorption of OH and HMF.

Wang et al. used NaBH, to co-reduce Ni** and Cu** salt solutions
and thereby form NiCu alloy nanoparticles [131]. They were then
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Figure 13 (a) Performance of various catalysts on Ni foam on the benzyl amine (BA) oxidation. Reproduced with permission from Ref. [24], © American Chemical
Society 2022. (b) In situ Raman spectroscopy of B-Ni(OH), and B-Coy;Nipgo(OH), during the OER and HMF electrooxidation reaction (HMFOR). Reproduced with
permission from Ref. [68], © Elsevier Inc. 2023. (c) Kinetics for the CO, desorption from electrocatalysts surface. Reproduced with permission from Ref. [137], © WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim 2016. (d) Schematic diagram of the crystal structure for the pristine NiCo,O, and F-doped NiCo,O,. Reproduced with
permission from Ref. [139], © Elsevier B.V. 2023. (e) The d band of the DOS of CoySg/Ni;S, and N-Co,S/NisS,. Reproduced with permission from Ref. [140], © Wiley-

VCH GmbH 2023.
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electrochemically reconstructed in situ using cyclic voltammetry to
convert them into Cu-doped NiOOH. The doping of Cu increased
the specific surface area of the catalysts and defective sites and
facilitated the formation of NiOOH, which has a superior
electrocatalytic ethanol oxidation activity. Wang et al. developed a
W-doped Ni-based catalyst (Ni-WO,) for electrocatalytic urea
oxidation, which exhibited excellent activity for urea oxidation
[132]. The current density was 440 mA-cm™ at 1.6 V vs. RHE. The
W-doped catalyst had a high turnover frequency of 0.11 s™, which
was 4.8 times higher than that of the turnover frequency of the non-
W-doped catalyst. In situ X-ray absorption spectroscopy and X-ray
photoelectron  spectroscopy indicated that W doping could
modulate the local charge distribution of Ni atoms and form
NiOOH sites with higher activity, thus accelerating the interfacial
catalytic reaction. Qin et al. designed V-doped Ni(OH), for
electrocatalytic urea oxidation [133]. The doping of V provided
more exposed active sites while generating oxygen vacancies. The
doping and vacancies synergistically reduced the UOR
thermodynamic barrier and significantly enhanced the UOR
performance. The above doping of different elements is applied to
different applications, which provides ideas for the design of Ni-
based catalysts.

Compared with metal doping, nonmetals have excellent
compositional and structural flexibility [134]. Their better
modification advantages, high natural abundance and relatively low
price make them effective doping elements for electrocatalytic
performance enhancement [135]. The element sulfur, which is in
the same group as oxygen, has a larger atomic radius and is capable
of weakening the metal-oxygen bond to create oxygen vacancies
and optimize the electronic structure of the catalyst. Lei et al.
reported the substitution of sulfur for oxygen in NiFe LDH for
surface reconstruction [136]. The doping of S facilitates the
modulation of the electronic structure of NiFe LDH and lowers the
surface reconstruction energy barrier. Thus, it increases the high
valence active sites and improves the catalytic activity. Zhu et al.
demonstrated that surface sulfur doping of nickel hydroxide
nanosheets effectively avoids the “poisoning” process [137] and
gives the material good wettability and effective electron transfer
ports (Fig. 13(c)). The introduction of sulfur promoted the urea
oxidation reaction (UOR).

Xu et al. constructed NiO/Ni@C heterostructures to increase the
number of active sites and thus improve the electrocatalytic activity
of NiO [138]. To solve the problem of difficult charge transfer
between the heterostructures, this work designed a directed F
doping strategy. the introduction of F increased the electron
delocalization effect of the catalyst and promoted interfacial
electron transfer. Experimental and DFT calculations showed that F
doping led to the creation of more oxygen vacancies and became a
superior electron conductor, thus promoting the electrocatalytic
urea oxidation performance. Yang et al. found that the F-doping
strategy enhanced the electrocatalytic 5-hydroxymethylfurfural
oxidation by comparing the pristine and F-doped NiCo,0,
materials [139]. The insertion of F into the O sites weakened the
metal-oxygen bonding and spontaneously generated extensive O
vacancies (Fig. 13(d)). To preserve the material’s electroneutrality,
the metal’s oxidation state appeared to decrease and the crystal
structure seemed to expand. Xie et al. obtained N-doped biphasic
metal sulfide catalysts by controlled annealing of biphasic metal
sulfides under an ammonia atmosphere [140]. The introduction of
N causes some of the metal sulfides in the precursor to be reduced
to the corresponding metal phases, which contributes to the
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improvement of the electron conduction between the material and
the adsorbate. In addition, N modulates the d-band center of the
material (Fig. 13(e)), which improves the adsorption capacity of the
material for urea molecules. The Ni sites of N-CoyS¢/Ni,S,/NF has
the lowest urea adsorption energy (-1.91 eV), which is conducive to
the occurrence of urea oxidation reaction.

The presence of non-metallic elements helps facilitate substrate
oxidation reactions by altering the electronic structure of the
precursors, creating numerous oxygen vacancies and improving the
adsorption of small molecule substrates on the catalyst surface.

Recently, researchers have designed a series of high-performance
catalysts employing multi-element co-doping strategies [141, 142].
The doped elements play different roles in the catalysts and have
different functions. In a polymetallic catalytic system, the presence
of different metal atoms on the catalyst surface has a synergistic
effect and the electronic structure of one metal atom is regulated by
another metal atom [143].

Ji et al. prepared a Co, V co-doped NiS, electrocatalyst using NiS,
as a precursor for the electrocatalytic oxidation of urea [144]. In this
work, the CO anti-poisoning experiment proved that Co increased
the oxidation rate of carbon intermediates produced in the urea
oxidation process and effectively inhibited the poisoning of active
sites. At the same time, the stability test proves that the stability of
the material is improved. In addition, XPS spectra showed that the
electron transfer of Ni and Co to V in 3d orbit was carried out,
which effectively regulated the electronic structure of the catalyst
and improved the catalytic activity (Figs. 14(a) and 14(b)). This
work separately demonstrated the effects of different introduced
heterogeneous metal elements on the stability and activity of
catalysts. Wang et al. reported Co, Ge co-doped nickel-metal
hydride oxide catalysts for the first time. Co regulates the NiIOOH
environment through saturated Co-O bonds [145]. In situ Raman
test proved that Ge doping reduced the increase of Ni species
valence and avoided the competition of oxygen evolution reaction
caused by excessive accumulation of NiOOH.

Feng et al. regulated the reactivity by changing the distance
between metal atoms on the surface through the strain effect [146].
This work regulates the Ni,P strain by Cu and Co co-doping
strategies near Ni in the periodic table. The lattice strains of mono-
doped Cu-Ni,P/NF, Co-Ni,P/NF and bimetal co-doped Cu,Co,-
Ni,P/NF were further characterized by HRTEM and corresponding
fast Fourier transform modes. The tensile strain rate of the Co-
Ni,P/NF lattice is +2.26% and that of the Cu-Ni,P/NF lattice is
+2.71% (Fig. 14(c)). On the contrary, the lattice compression strain
rate of Cu,Co,-Ni,P/NF doped with bimetal is —3.62%. The tensile
and compressive strain of lattice can decrease and increase the
adsorption strength of reaction intermediates respectively [147].
The results of electrochemical tests showed that single Co or Cu
doping decreased the hydrazine oxidation activity of Ni,P while co-
doping significantly increased the catalytic activity.

In addition to the co-doping of different metal elements, the co-
doping of metal and non-metal elements has also been studied in
this field. The co-doping of metallic elements and non-metallic
elements can break through the limitation of the traditional single
metallic elements and non-metallic elements doping on the
promotion of catalytic activity. Yang et al. proved that the co-
doping of S and W species Ni(OH), made the catalytic reaction
kinetics faster, the electrochemically active area larger and
promoted the adsorption of the substrate [148]. Element W
effectively prevented catalyst poisoning, while element S
significantly enhanced charge transfer and urea adsorption capacity.
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Kim et al. introduced Co to effectively break the electron neutrality
of the catalyst, thereby improving the surface polarity and charge
transfer rate of the electrocatalyst, promoting the adsorption of the
reactants and improving the catalytic efficiency [149]. The
introduction of the more electronegative N element into Ni,P
promotes a higher oxidation state of the metal species, resulting in
enhanced electrochemical activity.

Multi-element doping addresses the singular function of a sole
element, with multiple elements playing distinct roles in the
catalysts to inhibit active sites poisoning or modify the surface
polarity of the catalysts, respectively. Notably, multi-element doping
may not constitute a straightforward combination of the
capabilities, but rather the opposite effects.

3.2.2 Construction of vacancy defects

Vacancy defects (point defects) are commonly utilized in
electrocatalysis and result from the absence of ions or atoms in the
primary material. It can also serve as an additional site for ion
insertion, reducing the diffusion barrier for ions [150]. The
introduction of vacancy into the catalyst can regulate the electronic
structure of the catalyst surface, affect the coordination
environment of the active site, optimize the adsorption-free energy
of substrate and intermediates on the catalyst surface and facilitate
the reaction of substrate on the catalyst surface [151, 152].

Metal oxides or metal hydroxides are common catalysts in the
field of ECO. Oxygen vacancy defects have become a common
catalyst design strategy and have been extensively studied in ECO.
Oxygen vacancy defects can be formed during material synthesis.
High-temperature hydrogenation (calcination in H,, NH; and other
reducing atmospheres) is a commonly used method to obtain
oxygen vacancies [153]. Atmosphere deoxidation is another
effective method [154] and the atmosphere is usually vacuum, He,
Ar, or N,. Heterogeneous element doping (metallic element doping
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or non-metallic element doping) also tends to form oxygen
vacancies [155]. There is also extensive research on the formation of
oxygen vacancies through surface treatment processes after material
synthesis, including plasma and high-energy proton bombardment,
laser, stripping and template strategies [156—158]. The temperature
control directly affects the formation energy of oxygen vacancy and
the concentration of oxygen vacancy increases with the increase of
heat treatment temperature. The reducing atmosphere during high-
temperature calcination is also conducive to the formation of
oxygen vacancies. In addition, the pressure of the gas, the
concentration of the reaction solution and doping all have a certain
influence on the formation of oxygen vacancy.

Tong et al. controlled the oxygen vacancy on the NiMoO,/NF
main material by adjusting the calcination atmosphere [159]. The
DFT theoretical calculation shows that the DOS near the Fermi
level of the catalyst is obviously enhanced, which indicates the
formation of oxygen vacancy. The electrons close to the oxygen
vacancy become delocalized, optimizing the adsorption energy of
the metal ion center to the urea substrate. Liu et al. prepared oxygen-
vacancy-modified NiOOH by ultraviolet (UV) nanosecond laser for
electrocatalysis of 5-hydroxymethylfurfural oxidation (Fig. 15(a))
[160]. Synchrotron radiation and original Raman tests showed the
formation of oxygen vacancies and the promotion of oxygen
vacancies for the formation of NiOOH active centers. After the
electrochemical reaction, the conversion rate of the substrate was
97.8% and the FDCA yield of the target product was 96.7%.
Although oxygen vacancy has been widely studied because of its
low formation energy, its poor stability in an oxygen-rich
environment is still a research problem.

The stability of the Ni-based catalyst is reduced mainly due to the
formation of NiOOH on the surface and the dissolution of Ni
metal. Through the introduction of cation vacancy, the metal
dissolution can be effectively alleviated and the lattice distortion can
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be reduced [161]. The cation vacancy reduces the surface energy of
catalyst and improves the structural stability of catalyst. The metal
atoms around the cation vacancy defects are more easily oxidized to
form the active center of hydroxyl oxide (NiOOH) than the metal
atoms around the anion vacancy defects, so the cation vacancy
defects improve the catalytic performance of the main catalyst
[162].

Although cationic vacancy has unique electronic and orbital
structures, their higher formation makes it more difficult to design
and synthesize than oxygen vacancy. Han et al. designed a LiNiO,
layered oxide catalyst for electrocatalytic urea oxidation [163]. Since
the adjacent LiO,4 and NiO, share edge oxygen atoms, the shared
edge oxygen atoms can be activated by introducing Li* vacancy into
the main catalyst of LiNiO, to generate non-bonded oxygen states.
The unique lattice oxygen oxidation mechanism makes the
potential of catalytic urea oxidation lower than that of catalyst
autoxidation, resulting in high efficiency and stability of the catalyst
up to 160 h. In addition to cation escape caused by specific
structures, cation defects generated by optimized synthesis methods
have also been extensively studied. Qi et al. modified abundant
cation vacancy defects on NiFe LDH nanosheet arrays employing
the hydrothermal coordination dissolution method [164].
Compared with ordinary NiFe LDH, the abundant cation vacancy
significantly enhances the d-band center of NiFe LDH and
effectively regulates the electronic structure of the metal site. NiFe
LDH rich in cation defects has excellent electrocatalytic properties
for 5-hydroxymethylfurfural oxidation. Doping of heterogeneous
elements can not only produce oxygen vacancy but also cation
vacancy. Zheng et al. extended the bond length of the Co-O bond
by doping the Al atom in NiCo,O, to make the crystal lattice
expand [165]. Due to the reduction of the bond energy of the Co-O
bond, abundant Co defects are preferentially produced under the
action of low-temperature plasma (Figs. 15(b) and 15(c)). The
production of Co defects results in lower work function, higher
carrier concentration and better conductivity of the catalyst.
Interface engineering is also an effective method for adjusting

Nano Research, 2025, 18, 94907014

94907014 (18 of 26)

electronic structures and producing defects [166]. Lu et al. prepared
NiO-Co;0, material with abundant interfacial defects for
electrocatalytic oxidation of 5-hydroxymethylfurfural [167]. The
characterization proved that the interfacial effect caused abundant
Co defects and promoted the formation of NiOOH, thus
improving the electrocatalytic performance. These works have
important guiding significance for the design of cation vacancy.

3.2.3 Other defects

Modulation of edge or helical dislocations results in the formation
of line defects in the catalyst. Additionally, regulating grain
boundaries and dislocations (planar defects) and introducing
cavities and lattice disturbances (bulk defects) can also affect the
bonding of active atoms on the surface, thus enhancing the
performance of the catalysts. Yang et al. demonstrated that NiCo-
LDH-NO; synthesized by the ion exchange method is an efficient
catalyst for electrocatalytic urea oxidation [168]. Compared with
NiCo-LDH and NiCo-LDH-CO;, NiCo-LDH-NO; exhibited better
electrocatalytic urea oxidation performance, which was mainly
attributed to its more expanded interlayer space. The layered and
dislocated structure of the catalyst led to an increase in the
electrochemically active area, which promoted the transfer of
electrolyte to the surface active center and enhanced the catalytic
performance of electrocatalytic urea oxidation. However, there are
still some challenges in the research of Ni-based catalysts in the
ECO field that need to be studied and solved.

Defects may not exist in a single certain form and doping or
vacancy defects can further lead to lattice disorder. Therefore,
designing catalysts from a defect perspective is abundant and
effective.

3.3 Construction of heterojunction

Due to the limited performance of single-component catalysts, the
construction of heterojunction has been widely used in the design
of catalysts [169]. The stability, conductivity and hydrophilicity of
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the material can be effectively adjusted through the reasonable
combination of components with different properties [170-172].
The difference in Fermi level between different components of
heterojunction results in the transfer of interfacial charge, which
effectively regulates the interfacial charge distribution [173, 174].
Electron transfer is facilitated by bonding at different phase
interfaces. In addition, different components may cause lattice
strain to occur, thus changing the adsorption energy of the
intermediate [175].

Qi et al. designed nickel boride/nickel heterojunction catalysts for
electrocatalytic oxidation (Fig. 16(a)) [176]. The electron transfer at
the interface is analyzed by differential charge density diagram and
Bard charge. DFT theoretical calculation shows that the formation
of CH,0O is more likely to occur on nickel boride/nickel
heterostructures than on nickel boride and nickel. Moreover, the
adsorption energy barrier of *CH,O intermediate on the
heterostructure is lower than that on Ni;B and Ni, which effectively
promotes the reaction (Fig. 16(b)). Xie et al. prepared a Ni;N/Co;N
heterojunction catalyst for electrocatalytic oxidation of hydrazine
hydrate [177]. Through XPS analysis, it is found that the
constructed heterojunction structure can effectively regulate the
electronic structure of the material. The effective interfacial
coupling significantly reduces the reaction energy barrier during the
oxidative dehydrogenation of hydrazine hydrate and thus enhances
the oxidative activity of hydrazine hydrate under alkaline conditions
(Fig. 16(c)). Luo et al. reported the final application of

Ni(OH),/NiFeP heterojunction catalyst in electrocatalysis of 5-
hydroxymethylfurfural oxidation [178]. Physical characterization
proved that in KOH alkaline solution, NiFeP catalyst formed
Ni(OH),/NiFeP heterostructures in situ with the increase of
potential and further oxidation occurred to NiOOH/NiFeP. The
spontaneous chemical reaction between 5-hydroxymethylfurfural
and NiOOH blocks the oxidation of NiOOH to a higher valence
state, which effectively inhibits the occurrence of the side reaction
oxygen evolution. The complexity of synergistic effects and electron
interactions in heterostructure requires advanced characterization
techniques for further exploration.

Therefore, the discrepancy in Fermi energy levels between
components contributes to the transfer of interfacial charges, which
modulates the interfacial charge distribution. Bonding at the
interfaces of different phases promotes the transfer of electrons. The
synergistic effects and electronic interaction relationships in
heterojunctions are complex and still require the exploration of
advanced characterization techniques to investigate.

4 Conclusions and outlook

In this review, recent advances in the application of Ni-based
catalysts for ECO are presented. The inexpensive Ni-based catalysts
have relatively superior catalytic properties and their oxides or
hydroxides are highly resistant to corrosion under alkaline
conditions. These properties have allowed Ni-based catalysts to be
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widely used in ECO. In addition, modification strategies of Ni-
based catalysts to achieve the promotion of Ni-based catalysts
towards NiOOH reconfiguration, exposure of NiOOH active sites
and enhancement of the intrinsic activity of the catalysts are
highlighted. The specific surface area and intrinsic activity of the
catalysts can be increased by modulating the size and morphology
of the catalysts, thus improving the catalytic performance of the
catalysts. The doping strategy is possibly accompanied by vacancies,
phase transitions and structural distortions. It can modulate the
electronic structure of the material as well as the interactions
between electrons. Heteroatoms may shift the Fermi energy levels
of the catalyst, thus changing the energy band structure of the
catalyst. Furthermore, it potentially affects the local charge
distribution of the catalyst. The introduction of anionic defects or
cationic defects can modulate the electronic structure of the catalyst
surface and affect the coordination environment of the active site.
Its optimization of the free energy of adsorption of substrates and
intermediates on the catalyst surface promotes the reaction of
substrates on the catalyst surface. The rational combination of
different components by constructing heterojunctions can
effectively regulate the stability, conductivity and hydrophilicity of
the materials.

However, there are still some challenges in the research of Ni-
based catalysts in the ECO field that need to be studied and solved.

(1) NiOOH acts as an oxidant on the oxidizing substrate and is
reduced back to Ni(OH), by the substrate. Meanwhile, Ni(OH), is
continuously oxidized to NiOOH at positive potential. However,
the formation potential of NiOOH in this mechanism is a difficult
limiting condition to break through. The formation potential of
NiOOH inhibits the reduction of NiOOH and thus the oxidation of
the substrate. Therefore, it is necessary to seek new methods and
discuss new mechanisms to break through the potential limitation.

(2) According to previous studies, NiOOH promotes both ECO
and OER. The substrate is electrically neutral, while OH" is
negatively charged. When the potential exceeds 1.48 V vs. RHE, the
substrate’s adsorption on NiOOH species is significantly weaker
compared to the adsorption of OH™ on NiOOH. As a result, the
sites of NiIOOH for the substrate reaction are occupied by OH,
thereby inhibiting the oxidation of the substrate. The competition
between OER and ECO will inevitably diminish the utilization rate
of charge. Therefore, it is a necessity to attempt to achieve industrial
current densities with superior stability at potentials lower than
148 V vs. RHE. This will require seeking new modification
strategies for finer control of the catalyst.

(3) Although efficient oxidation of substrates has been achieved
by modulating the surface electronic and geometrical structure of
Ni-based materials, the specific relationship between morphology,
defects and selectivity remains unclear. In addition, the effects of
different modulation strategies on the substrate reaction paths are
not explicit. Therefore, modern in situ spectroscopic tools
combined with DFT theoretical calculations should be utilized to
trace the structural evolution and the actual reaction mechanism
during the reaction process, which will provide theoretical guidance
for the design and development of high-efficiency catalysts.

In conclusion, Ni-based materials offer unique advantages and
wide-ranging application potential in ECO. As we enhance our
understanding of the relationship between the structure and
properties of Ni-based catalysts, improve characterization tools and
gain insight into the catalytic process mechanism, we can
intentionally design and synthesize new Ni-based catalysts to
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further advance ECO catalysis. We expect this review to be helpful
for researchers interested in this field.
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