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Research progress of transition metal catalysts for
electrocatalytic EG oxidation

Hongjing Wu,? Xiaoyue Zheng,? Jiajia Liu,® Yanru Yuan,® Yuquan Yang,®
Chenjing Wang,® Li Zhou,? Lulu Wang,? Binbin Jia,*® Xiaoyu Fan*© and
Jinlong Zheng () *

Ethylene glycol (EG) is a small-molecule alcohol with a low oxidation potential and is a key monomer in
the production of polyethylene terephthalate (PET). The efficient oxidation of EG can further enable the
recycling of waste PET. Currently, there are many studies on catalysts for EG oxidation, among which tran-
sition metal catalysts (including traditional non-precious metals such as Fe, Co, Ni and other noble metals
such as Pt and Pd) have good prospects for application in EG oxidation reactions due to their unique elec-
tronic structures. In this study, the synthesis strategy of transition metal catalysts for the electrocatalytic
oxidation of EG is summarized and the performance of different types of catalysts in the EG oxidation
reaction is reviewed. Advanced characterization methods were used to understand the oxidation mecha-
nism of EG and to control the conversion of EGOR intermediates into target products. Therefore, we
need to further explore efficient catalysts for EG oxidation to achieve efficient reactions.

1. Introduction
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With the carbon neutrality policy, people are ever more con-
cerned about the environment, so some waste with recycling
value could be processed by relevant means to achieve the
upgrading of waste. The treatment of ‘white pollution’ has
been troubling relevant researchers, so it is of far-reaching
research significance to realize the recycling of plastics.
Polyethylene terephthalate® (PET) is a kind of plastic used for
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daily packaging and textile purposes,” and the apparent con-
sumption of polyester in China has reached about
48.99 million tons by 2022. Currently, the main treatment of
PET packaging waste is landfill or incineration;® some could
be more reasonably utilized indirectly or directly, and some
accumulates in the environment.* Such a large amount of PET
consumption can still cause serious environmental pollution if
it is not handled properly. Ethylene glycol (EG) is a key
monomer in the production of PET. We can reduce pollution
by processing hydrolyzed PET.

In the long term, it is preferable to achieve high-efficiency
electrocatalytic oxidation of EG. Firstly, the polyester nature of
PET leads to its easy hydrolysis under alkaline conditions, and
secondly, the main monomer of PET, EG, due to the unique
properties of alcohols,>® is also easily oxidized (to produce
formate,” glycolic acid® and other related value-added pro-
ducts), which can further improve the rate of hydrogen pro-
duction. The use of electrochemical oxidation of PET with
aqueous monomer EG has significantly reduced resource
wastage and further reduced environmental pollution. For
example, Zhao and colleagues made a pioneering contribution
by introducing and documenting an electrochemical up-
cycling method for the use of Cu-based nanowires as catalysts
for the electrocatalytic oxidation of PET. In addition, electro-
catalytic oxidation can directly convert chemical energy into
electrical energy, avoiding the energy loss of traditional com-
bustion methods. By selecting suitable catalysts and reaction
conditions, selective control of EG oxidation products can be
achieved. For example, the reaction can be regulated to
produce high value-added chemicals such as formic acid, gly-
colic acid, glyoxylic acid, etc. Currently, transition metal cata-
lysts are also a hot topic for EG oxidation. Research on the
electrochemical oxidation of EG has been ongoing to date,
building on the investigations of previous generations.
Research on the oxidation of EG began as early as the begin-
ning of the 20th century. Due to the relatively limited experi-
mental techniques and analytical means available at that time,
scientists only studied the basic chemical properties of EG. By
the middle of the 20th century, with the continuous develop-
ment of chemical analysis techniques and instruments,
researchers were able to explore the mechanism of the EG oxi-
dation reaction more deeply. The oxidation process of EG
under different conditions was monitored and analyzed by
means of spectroscopy, electrochemistry and other techniques,
and some preliminary models of the reaction mechanism were
proposed. For example, Weber presented the seminal study of
the oxidation reaction of EG on the Pt electrode. This laid the
foundation for subsequent related studies and allowed more
researchers to start focusing on this field. At that time, the
research was mainly focused on the observation of the basic
phenomena of the reaction and the preliminary exploration of
the reaction properties, including the conditions under which
the reaction occurs, the role played by the electrode surface,
and so on. However, the understanding of the reaction mecha-
nism was still at a relatively early stage due to the technical
and theoretical level at that time. Vijh made further in-depth
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explorations on the basis of Weber’s research. He conducted a
more systematic study of the oxidation reaction mechanism of
EG on the Pt electrode, trying to reveal key information such
as intermediates, reaction pathways, etc. during the reaction.
The research methodology at this stage had been improved,
and more advanced analytical techniques and experimental
means were adopted to monitor the changes in the reaction
process more accurately. Vijh’s® research results made an
important contribution to the construction of the theoretical
system of the oxidation reaction of EG, and pushed the
research in this field to a deeper level. From 1966 to 1971,
research on the oxidation reaction of EG on the Pt electrode
gradually developed from the initial starting stage to a more
in-depth exploration stage, which laid an important foun-
dation for subsequent research in this field, and provided
theoretical support for the practical application of the oxi-
dation reaction of EG. At the same time, researchers began to
pay attention to the effect of catalysts on the oxidation reaction
of EG, including some transition metal catalysts that were
found to be able to accelerate the oxidation reaction of EG,
which laid the foundation for the subsequent catalyst research.
After the 21st century, that is, in the period of rapid develop-
ment of catalysts for the oxidation of EG electrocatalytic oxi-
dation, researchers have continuously explored new catalysts
in order to improve EG oxidation reaction efficiency and
selectivity. For example, Professor Lei Wang and Associate
Professor Xu published a paper on Rh-modified
PtRhg o,@Rh'® nanowire electrocatalysts for efficient catalysis
of EG-assisted hydrogen production from seawater electrolysis,
and the team of researcher Yong Chen designed and syn-
thesized a Pd-Ni(OH), composite electrocatalyst for the highly
selective oxidation of EG. These catalysts enhanced the adsorp-
tion capacity of EG and the activation of reaction intermediates
by modulating the electronic structure and generating strain
effects, thus improving the activity and selectivity of the reac-
tion. The continuous exploration of the electrocatalytic oxi-
dation of EG has also gained wide attention in the field of
electrocatalytic plastic up-cycling. The oxidation reaction of
EG, as a hydrolysis product of petroleum-based PET, can
convert under-utilized carbon resources into high-value-added
chemicals, which provides a new way of thinking in solving
the problem of white pollution and realizing the recycling of
resources.

At present, research on transition metal catalysts mainly
focuses on heterogeneous structure catalysts and multicompo-
nent alloy catalysts. For example, Pd-PdSe'" nanosheet cata-
lysts were prepared with a unique two-dimensional hetero-
structure. Pd-Se compounds with low crystallinity inside the
catalyst interacted with metallic Pt at the edges to produce
strong d-p orbital hybridisation. The electronic structure of
the catalysts was deeply modified to exhibit excellent EG oxi-
dation performance and high C1 path selectivity in alkaline
media,®'*'* which can more effectively promote the complete
oxidation of EG. The synergistic effect between different
metals can improve the electronic structure and surface pro-
perties of the catalyst, enhance the adsorption and activation
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ability of EG, and improve the catalytic activity and selectivity.
For example, Ni-cobalt-manganese ternary oxide catalysts
show excellent performance in the electrocatalytic oxidation of
EG, with high catalytic activity and stability. Therefore, it is
particularly important to select an efficient catalyst for the
electrocatalytic oxidation of EG. Studies have shown that tran-
sition metal electrocatalysts have a good application prospect
in the EG oxidation reaction, and the transition metal catalysts
reviewed in this work are not only limited to the conventional
Fe, Co, Ni-based catalysts,'* but also include Pt, Pd, Ir">">° and
other noble metal catalysts. These transition metal catalysts
have obvious advantages in the reaction process, which are
mainly manifested in the following aspects: high catalytic
activity; transition metals have a variety of variable oxidation
states and electronic configurations®'>* which enable them to
form specific chemical bonds with EG molecules and reaction
intermediates, so as to effectively promote the oxidation reac-
tion. For example, by changing the electronic structure of the
transition metal, this can tweak its adsorption capacity for EG
and the reaction active site, improving the catalytic efficiency.
In some transition metal catalysts, there is a synergistic effect
between different metals. For example, in binary or multicom-
ponent transition metal alloy catalysts, the interaction between
different metal atoms can change the electronic structure and
surface properties of the catalyst, enhance the adsorption and
activation ability of EG, and thus improve the catalytic activity.
In the electrocatalytic oxidation of EG, the unique electronic
structure®® of the catalyst is the key factor improving the cata-
lytic activity. Its effects can be summarized in three aspects:
(1) orbital hybridization forms new chemical bonds and active
sites, which enables the atoms in the catalyst to form new
chemical bonds and produce special electron distribution.
These newly formed chemical bonds and the unique electron
distribution can be used as active sites to enhance the adsorp-
tion capacity of EG molecules and reaction intermediates, so as
to optimize the reaction path and reduce the reaction energy
barrier. (2) Due to electronegativity differences, electron transfer
occurs in different elements, changing the electronic state of
the metal, shifting the center of the d band, and regulating the
adsorption and desorption of the reactive species, and the
resulting local charge distribution affects the adsorption and de-
sorption process of the reactive species, promoting the reaction
and avoiding side reactions. (3) Defects®® and interface struc-
tures in the catalyst cause the atomic coordination to be unsatu-
rated, resulting in more active sites, promoting electron trans-
port and interaction between different components and syner-
gistic enhancement of catalytic performance. Selective control of
EG oxidation products can be achieved by judicious design of
the structure and composition of transition metal catalysts. For
example, the complete oxidation of EG to carbon dioxide and
water can be promoted to achieve higher energy conversion
efficiency; or glycolic acid, glyoxylic acid and other high-value
chemicals can be selectively produced to provide more options
for chemical production. For example, Duan’s® research group
used an electrocatalytic oxidation strategy to oxidize ethylene
glycol to a more valuable product-formamide.
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Compared with transition metal precious metal catalysts
(such as Pt, etc.), transition metal non-precious metal
catalysts®>®*” (such as Ni, Co, Cu, etc.) have more abundant
reserves on Earth and relatively low prices, so non-precious
transition metal catalysts have obvious cost advantages in
large-scale applications, but their performance is slightly
inferior to that of precious metal catalysts. In order to develop
more efficient electrocatalytic oxidation catalysts, appropriate
modulation strategies can be chosen to regulate the electronic
structure of the catalysts so as to improve the catalytic activity
of the catalysts and further promote the marketing of the
glycol electrocatalytic oxidation technology.

The catalytic activity, selectivity and stability of transition
metal electrocatalysts for EG oxidation can be improved by
designing and controlling the structure, composition and elec-
tronic properties of transition metal electrocatalysts. However,
transition metal electrocatalysts still face many challenges in
EG oxidation, such as the catalytic activity needs to be further
improved, the stability and durability are insufficient, and the
cost is high. It is of great importance to study the mechanism
of the transition metal electrocatalyst in EG oxidation and
develop a new and efficient catalyst system to promote the
practical application of direct alcohol fuel cells. Based on this,
firstly, the oxidation mechanism of EG under alkaline con-
dition is described in this work. Secondly, the synthesis
methods and catalytic performance of the electrocatalysts used
for glycol oxidation are described, and some problems existing
in the current catalysts are described, which provide reference
significance for the further exploration of high-performance
electrocatalytic oxidation of glycol transition metal catalysts.

2. EGOR reaction mechanism of
transition metal catalysts

The essence of EG oxidation is that, under certain conditions,
the C-H bond or carbon-carbon bond in the EG molecule
breaks, reacts with the oxidising agent and loses electrons so
that it is oxidised. During the oxidation process, functional
groups such as hydroxyl (-OH) in glycol molecules can partici-
pate in the reaction, resulting in changes in its structure and
the formation of various oxidation products. For the oxidation
reaction of EG the earliest research was about its normal oxi-
dation reaction,”® but with the continuous exploration of
researchers, research on the electrocatalytic oxidation reaction
of EG has developed rapidly, and nowadays the literature is
mostly about the electrocatalytic oxidation of EG. However,
this does not mean that there is no difference between these
two reactions. For the oxidation of EG,* an oxidant is usually
required, such as potassium permanganate, oxygen, etc., and
there are certain requirements for the reaction temperature,
pressure and other conditions. The conditions for such oxi-
dation reactions are relatively harsh, requiring a specific
chemical environment and a high energy input. In contrast,
electrochemical studies have traditionally focused more on the
potential-current behavior on different catalysts as well as the
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oxidation products. The electrocatalytic oxidation reaction of
EG, which is usually carried out in an electrochemical system,
requires conditions such as electrodes, electrolytes, and an
applied electric field.

The oxidation of EG occurs on the electrode surface by
applying a voltage across the electrode. The reaction con-
ditions are relatively mild and can be carried out at room
temperature and pressure, and the rate and selectivity of the
reaction can be controlled by adjusting parameters such as
voltage and current. There is also a certain difference between
the two in the mechanism of the reaction. In the oxidation of
EG reaction process, the oxidant directly chemically reacts
with EG, through the capture of glycol molecules in the elec-
tron or hydrogen atom to achieve oxidation. During the reac-
tion, the nature of the oxidant and the reaction environment
have an important influence on the type and distribution of
the oxidation products. In the electrochemical oxidation of EG
process, the EG molecule is firstly adsorbed on the surface of
the electrode, and then under the action of the electric field
the active sites on the surface of the electrode interact with the
EG, so that the EG loses its electrons and undergoes the oxi-
dation reaction. At the same time, the ions in the electrolyte
will also participate in the reaction, playing the role of transfer-
ring charge and maintaining electroneutrality. In general, the
electrochemical oxidation of EG has a higher reaction rate and
higher selectivity, so the study of electrochemical oxidation of
EG is more relevant. The oxidation reactions of EG mentioned
in this paper are electrochemical oxidation of EG.

In general, glycol oxidation is a chemical reaction process
involving the breaking of chemical bonds and electron trans-
fer. The reaction follows different reaction mechanisms in
different media. The pathway of electrocatalytic oxidation of
EG in alkaline medium is generally divided into two cases: a
complete oxidation with multi-step dehydrogenation,*® where
the EG molecule (HOCH,CH,OH) undergoes adsorption on
the electrode surface with the aid of the catalyst. Inmediately
thereafter, in an alkaline environment, the a-H of the EG mole-
cule is affected by the neighboring hydroxyl group and its
activity is enhanced, and it is easily adsorbed by the active site
on the catalyst surface and a-H removed. At the same time, it
combines with OH™ in solution to produce the intermediate in
adsorbed state (HOCH,CH(OH)O*), which releases an electron,
which is the first step of the reaction for dehydrogenation.
Subsequently, the intermediate is further dehydrogenated, and
after a multi-step reaction, the carbon-carbon bond is broken.
After the break, the hydroxyl group on one of the carbon
atoms continues to dehydrogenate and reacts with OH™ to
formate (HCOO™); the other carbon atom undergoes a similar
process of dehydrogenation and combination with OH™ to
produce formate, which also continues to dehydrogenate and
oxidize gradually to carbonate. In addition to the complete oxi-
dation path, there is also a partial oxidation path in which the
carbon-carbon bond is not broken."” EG is first dehydroge-
nated to produce glyoxal (OHC-CHO), which continues to react
with OH™, undergoes further oxidation and addition reactions,
and ultimately produces products such as glycolate
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(HOCH,COO™) and oxalate. A variety of intermediates are gen-
erated during the reaction process; in addition to the inter-
mediates in the adsorbed state (HOCH,CH(OH)O*) and glyoxal
mentioned earlier, there are also ethanol aldehydes
(HOCH,CHO), ethanoic acid (HOCH,COOH), and glycolic acid
(OHCCOOH), etc., which are generated at different stages of
the reaction and can be transformed with each other through
a series of redox reactions. In the electrocatalytic oxidation of
EG in alkaline medium, the breaking of the carbon-carbon
bond is the decisive step of the whole reaction. Due to the
large bond energy of the carbon-carbon bond, its breaking
needs to overcome a high energy barrier,®' so it is relatively
slow kinetically. At the same time, the type and nature of the
catalyst have an important influence on the rate of carbon-
carbon bond breaking. Some -catalysts with special crystal
structures and active sites can effectively reduce the activation
energy of carbon-carbon bond breaking and thus accelerate
the reaction rate. In acidic media, the concentration of protons
(H") is higher in the reaction system, which is significantly
different from the reaction mechanism in alkaline media.
After adsorption on the electrode surface, the EG molecule
first undergoes dissociative adsorption in which the hydrogen
atom on one of the hydroxyl groups detaches to form an inter-
mediate in the adsorbed state (HOCH,CH,0*) and releases a
proton and an electron. Subsequently, the intermediate under-
goes further dehydrogenation to produce glyoxal. Glyoxal con-
tinues to react with water in an acidic environment and under-
goes a series of oxidation and dehydration processes to
produce glycolic acid (HOCH,COOH). Glycolic acid can also
continue to oxidize, gradually removing hydrogen atoms and
eventually producing carbon dioxide (CO,). This is a more
complex multi-step reaction process involving the transfer of
multiple electrons and protons. The main components of the
reaction process include intermediates in the adsorbed state
(HOCH,CH,0%), glyoxal, glycolic acid, oxalic acid
(HOOC-COOH), and carbon monoxide (CO). Among them,
carbon monoxide is a very critical intermediate product, which
has strong adsorption capacity and is easily adsorbed on the
active sites on the catalyst surface to form strongly adsorbed
CO,qs species,®? leading to the poisoning of the catalyst and
thus inhibiting the further progress of the reaction. In
addition, oxalic acid is also an important intermediate product
in the reaction process, which can be generated by further oxi-
dation of ethanoic acid and can also under certain conditions
undergo a decomposition reaction to generate carbon dioxide
and other products. There exist several views on the decisive
speed step in acidic media. One view is that the adsorption
and desorption of carbon monoxide on the catalyst surface is
the decisive step. Since carbon monoxide binds strongly to the
active sites on the catalyst surface, its desorption needs to over-
come a high energy barrier, so if carbon monoxide cannot be
desorbed from the catalyst surface in time, it will occupy the
active sites and hinder the subsequent reaction. Another view
is that the further oxidation of ethanoic acid is a decisive step
because it involves the breaking and formation of several
chemical bonds and the reaction kinetics are relatively slow.
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It is the fact that the electrocatalytic oxidation of EG has
different reaction mechanisms in different media that also
places requirements on the choice of catalyst. For example, the
electrochemical oxidation of EG achieved on cobalt, Ni and
iron electrodes cannot be carried out under acidic conditions,
whereas precious metals are able to achieve the electro-
chemical oxidation of EG in both acidic and alkaline media.
For non-precious metal Fe, Co and Ni electrodes, acidic pro-
cesses react and the adsorption process is blocked. Under
acidic conditions, EG molecules need to be adsorbed to the
active sites on the electrode surface for subsequent oxidation
reactions. However, the surfaces of cobalt, Ni, and iron electro-
des tend to form oxide or hydroxide layers in acidic environ-
ments. These surface layers change the properties of the elec-
trode surface, making it difficult for glycol molecules to be
adsorbed effectively. For example, iron electrode surfaces may
form a precipitated layer of iron hydroxide (Fe(OH);) in acidic
solutions, preventing glycol molecules from coming into
contact with active sites on the electrode surface, making it
difficult for the glycol molecules to interact strongly enough
with the covered active sites to initiate an oxidation reaction.
Not only that, these metals (cobalt, Ni, and iron) have low elec-
trode potentials in acidic environments and are susceptible to
oxidation reactions, causing a change in the electron cloud
density on the metal surface. This change causes the active
sites on the metal surface (usually unsaturated coordination
sites of some metal atoms) to be occupied by anions or water
molecules in solution. The intermediates produced by the oxi-
dation of EG are unstable under acidic conditions. In the case
of aldehyde intermediates generated by EG oxidation, for
example, under acidic conditions the aldehydes may undergo
further side-reactions with hydrogen ions in solution, rather
than following the desired oxidation pathway to carboxylic
acids and other end products. In the case of precious metals,
the above problems can be effectively avoided due to their
stable nature. They effectively adsorb glycol molecules in both
acidic and basic media. This is due to the fact that precious
metals have suitable atomic spacing and electronic structure,
and their surface atoms are able to form chemical bonds or
stronger adsorption with functional groups®® in the EG mole-
cule. For example, the atoms on the surface of the Pt electrode
can combine with the hydroxyl group of the EG molecule
through coordination bonding and other ways to fix the EG
molecule on the surface of the electrode, and this adsorption
can make the chemical bond of the EG molecule undergo a
certain degree of polarization, reduce the activation energy
required for the reaction, and create favorable conditions for
subsequent oxidation reactions. The redox potential of the pre-
cious metal electrode is relatively stable in acidic and alkaline
media, and will not be easily hindered by the media like Co,
Ni and Fe electrodes. Under acidic conditions, the noble metal
electrode can provide a suitable electronic energy state, so that
the electrons in the alcohol®® molecule can be smoothly trans-
ferred to the electrode, promoting the oxidation reaction.
Under alkaline conditions, although the solution environment
changes, the noble metal electrode can likewise maintain a
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stable electron transfer channel with the EG molecule by
adjusting the electronic state on its surface. For example, in
alkaline solution, the noble metal electrode can establish an
effective electron transfer path with the EG anion to ensure
that the oxidation reaction proceeds in an orderly manner.
During the oxidation of EG, the noble metal electrode can also
effectively guide the reaction intermediates to follow the
expected oxidation path. Thus, the surface properties of the
precious metal electrode stabilize the reaction intermediates
in both acidic and alkaline media. The different breaking of
the C-C bond of EG during the reaction process leads to the
emergence of different oxidation pathways, which can be
classified as the C1 pathway and C2 pathway according to the
difference in the products of electrocatalytic oxidation. The C1
pathway is a complete oxidation pathway, which indicates that
EG is completely oxidized. The single carbon products of the
electrocatalytic oxidation of EG include carbon dioxide and
formic acid. When oxidized to CO,, the carbon-hydrogen and
carbon-carbon bonds in the molecule of EG in the electro-
catalytic process are progressively broken by oxidation, and
after a series of intermediate reaction steps, eventually all
carbon atoms are completely oxidized and converted into pro-
ducts such as carbonates, and this process involves more elec-
tron transfer processes, which can release a total of 10 elec-
trons. Fig. 1a shows two common oxidation products of EG
oxidation. Different catalytic electrodes can result in different
adsorbed species in the centre, leading to different cleavage
positions of the C-C bonds to form different EG oxidation
derivatives. In this process of electrocatalytic oxidation of EG
achieved by Ni and Co electrodes as anode electrodes in the
figure, the oxidation product of the C1 oxidation pathway is
formic acid, and the whole process involves 6 electrons in the
reaction. As for the C2 pathway, the figure shows that the
carbon-carbon bond of the EG molecule is partially broken,
not completely disconnected, and part of the carbon chain
structure is retained. This process involves 4 electron transfers
in the whole reaction process, and its oxidation product is
usually the generation of glycolate. During the reaction
process EG is first adsorbed on the electrode surface, then the
hydroxyl group is oxidized to form intermediate products such
as ethanol aldehyde, which is further oxidized to produce
ethanoate and oxalate etc. For this process, a lower degree of
oxidation is required, which is more likely to occur under
some specific catalysts and reaction conditions, but the selecti-
vity of its oxidation products is lower. One of the C2 products,
namely glycolic acid,®® has a high application value in the
chemical field and can be used as a raw material for the syn-
thesis of other organic compounds, so the efficient oxidation
of EG to glycolic acid can be focused on in the subsequent
investigation process. Ma et al*® studied the influence of
different catalysts on carbon-carbon bond cleavage using
in situ infrared and Raman spectroscopy, and used in situ
infrared absorption spectroscopy for real-time detection to
illustrate the products and intermediates in the reaction
process. On this basis, the EGOR catalytic activity of Co and Ni
electrodes was further understood. Fig. 1b shows in situ infra-
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Fig. 1 (a) Oxidation pathway diagram of EG at Ni and Co electrodes, in situ IRAS spectra recorded at (b) Co and (c) Ni electrodes in 1 M NaOH with

1 M EG, reproduced with permission.3® Copyright 2023, Elsevier.

red spectra of Ni and Co electrodes in alkaline electrolyte at
different potentials ranging from 0.40 to 1.70 V. Among them,
1580, 1380 and 1350 cm™' can be considered as the asym-
metric stretching vibration of O-C-O formate.

The simultaneous detection of signals in the 1580, 1350
and 1076 cm™' bands indicates the presence of glycolic acid,
and the vibration signals in the 1580 and 1304 cm™" bands are
considered to be the characteristic peak emergence response
of oxalates. Therefore, based on the in situ infrared test results,
it is concluded that the oxidation reaction of EG on the surface
of Co and Ni can produce formates, glycolates and oxalates.
However, on the surface of the Co electrode, the band intensity
of the 1076 cm™ band is significantly higher, indicating that
EG is more easily oxidised to glycolic acid on the surface of the
Co electrode than the Ni electrode, and the most probable oxi-
dation path of different catalysts is further inferred. Therefore,
the oxidation of EG will more easily obtain the target product
by reasonable regulation of the catalyst.

3. Synthesis method of transition
metal catalyst
3.1 Hydrothermal/solvothermal synthesis strategies

The hydrothermal method is a widely used catalyst synthesis
method, which can precisely control the structure, morphology
and electronic state of electrocatalysts, and is helpful in the
synthesis of materials with a high number of catalytic active
sites. In addition, by the judicious design of reaction con-
ditions and selection of suitable precursors, electrocatalysts

13150 | Nanoscale, 2025, 17,13145-13173

with unique structures,®” such as nanostructures®® and porous
structures,’® can be prepared, which can provide more active
sites and increase the contact area between the reactants and
the catalyst, thereby improving the efficiency of the catalytic
reaction. For example, electrocatalysts with morphologies such
as nanowires and nanosheets®® synthesised by hydrothermal
methods show excellent catalytic activity in electrocatalytic pro-
cesses such as the hydrogen evolution reaction,*' oxygen evol-
ution reaction™*' and other organic oxidation reactions. In
addition, the preparation method can precisely regulate the
morphology®” of the electrocatalyst by changing the tempera-
ture, pressure, reaction time, reactant concentration and other
conditions during the synthesis process.”> Different mor-
phologies also have different specific surface areas, numbers
of exposed active sites and electron transport properties, and
thus can meet the needs of different electrocatalytic reactions.
On the other hand, in the hydrothermal reaction system, it is
easy to introduce other elements or compounds for doping
and modification of the electrocatalysts, so as to improve the
activity of the catalysts. At present, this preparation method is
commonly used for electrocatalysts for EG oxidation. For
example, Qian et al.** synthesized a NiVRu-LDHs NAs/NF elec-
trode by a simple one-step hydrothermal method. The detailed
synthesis process is shown in Fig. 2a. Ni(NOs),-6H,0, VCl; and
urea were dissolved in 30 mL of deionised water, and then
RuCl; aqueous solution was added to finally obtain the mixed
solution at 120 °C for 12 hours of hydrothermal reaction to
obtain the NiVRu-LDHs electrode material grown on Ni foam.
Qiao et al. also used a simple hydrothermal synthesis method
to convert CuO into RhCu nano capsules. As shown in Fig. 2b,

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Preparation flowchart of NiVRu-LDHs NAs/NFs, reproduced with permission.*® Copyright 2023, John Wiley and Sons. (b) Preparation
flowchart of RhCu nanomaterial, reproduced with permission.*® Copyright 2021, John Wiley and Sons.

2 mL of RuCl, solution was added to the Cu,O nano cube sus-
pension.'® The mixture was then reacted at 150 °C for 6 hours
in a Teflon-lined stainless-steel autoclave. After cooling, the
solid products were collected by centrifugation and washing
with deionised water, and finally the RhCu nano cellular elec-
trode material was obtained.

3.2 Wet chemical synthesis strategy

Wet chemical synthesis of electrocatalysts is also an important
method of preparation, entailing the conversion of reactants
into target electrocatalysts through chemical reactions in a
solution system. The core principle is to control the reaction
conditions by using the interactions and chemical reactions of
ions and molecules in the solution to regulate the compo-
sition, structure and performance of the electrocatalysts; e.g.,
by controlling parameters such as the reaction temperature,
concentration, and pH, the reaction rate, product morphology,
and degree of crystallinity can be affected. In the actual syn-
thesis process, appropriate metal salts, metal oxides, organic
compounds, etc. can be selected as the reactants according to
the composition and structure of the target electrocatalysts,
and the specific ratio can be determined. These reactants
usually need to be dissolved in suitable solvents to form a
homogeneous reaction solution by heating and other
methods. As shown in Fig. 3a, Wang et al.** successfully pre-
pared Pd/A-MnO, by a two-step wet chemical strategy, reduced

This journal is © The Royal Society of Chemistry 2025

KMnO, into amorphous MnO, using NaH,PO, as a reducing
agent, and further introduced ultrafine Pd nanoparticles onto
amorphous MnO, nanosheets by a hydrothermal method. The
abundant defects on the surface of the amorphous MnO,
nanosheets increased the loading amount of Pd nanoparticles,
enhanced the formation of Pd nanoparticles and further
improved the catalytic activity of the electrodes. Li et al*®
chose the types and proportions of solvents and surfactants as
variables to prepare a series of Ni selenide samples with
different morphologies, which further proved that the struc-
ture can be regulated by wet chemistry. As shown in Fig. 3b, Ni
(acac),, Se powder and OAM were dissolved in a DDT vial and
the resulting solution was then reacted with appropriate
amounts of OAM, ODE and OA in a three-necked flask at
230 °C for 20 minutes to obtain the final sample. Different
OAM/ODE/OA ratios were adjusted to obtain NiSe, with
different geometries.

3.3 Electrochemical synthesis strategy

Electrochemical synthesis methods mainly include the electro-
deposition method, anodic oxidation method, cathode
reduction method, electrochemical etching method, etc., with
different focuses. For example, the electrodeposition method
uses an electrolyte containing metal ions and the application
of an external electric field, so that metal ions on the surface
of the electrode undergo a reduction reaction and deposition

Nanoscale, 2025, 17,13145-13173 | 13151
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Fig. 3 (a) Preparation flow chart of Pd/A-MnO,, reproduced with permission.** Copyright 2023, John Wiley and Sons. (b) Composite diagram of

NiSe,, reproduced with permission.*> Copyright 2023, John Wiley and Sons.

to form a catalyst; for the synthesis of a glycol oxidation catalyst, a
suitable metal salt solution, such as cobalt salt, Ni salt, etc., can
be selected to be electrodeposited on a specific electrode to form
a specific catalyst. During the synthesis process, the loading, mor-
phology and structure of the catalyst can be regulated by control-
ling the deposition time, potential or current. For example, by
changing the time of electrodeposition, the coverage of the cata-

Electrodeposition

0.1 M Cu®

Nickel foam (NF)

b

Controllable

o

I”
o}
o}

Ni/Ni,S,@CC

NiCu/NF

=3 — |
electrodeposmon

lyst on the electrode surface can be controlled, by changing the
potential, the crystallinity and particle size of the catalyst can be
influenced, etc. Electrodeposition is also the electrochemical syn-
thesis method that we mainly discuss. Duan et al. chose the
electrochemical product method to load Au atoms onto the sub-
strate. For example, as shown in Fig. 4a, Kang et al.*® also de-
posited Cu on NiCu/NF electrodes by cathodic electrodeposition,

\
\
Reconstruction
CV and LSV scans
in 1.0 M KOH EOGEoRR
R-NiCu/NF catalysts

N

NiS/Ni,S,@CC

Fig. 4 (a) Flowchart of preparation of NiCu/NF, reproduced with permission.*® Copyright 2024, American Chemical Society. (b) Composite view of

NiS@CC, reproduced with permission.*” Copyright 2024, Springer Nature.
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and the electrode with the best performance was obtained with a
suitable deposition time. Then, the active EGOR catalyst was
formed after a reconstruction process (R-NiCu/NF), and was
scanned by cyclic voltammetry (CV) and linear sweep voltammetry
(LSV). As shown in Fig. 4b, Li et al.*” prepared a series of Ni sulfi-
dic-based heterogeneous interfaces at different potentials by elec-
trodeposition. The electrodes prepared by this method also
showed excellent catalytic performance in the EGOR.

3.4 Pyrolytic synthesis strategy

Electrocatalysts with high activity can be synthesized through
in-depth study of the pyrolysis mechanism of the target cata-
lysts, selection of suitable precursors and optimization of the
pyrolysis conditions. In the pyrolysis strategy, high tempera-
ture can promote the reduction and crystallization of metal
ions to form metal nanoparticles with specific structures.
Fig. 5a shows that Wang et al.*® further modified the catalytic
material by pyrolysis based on the synthesis of Ni(u)/
MSC-ZIF-67. First, Ni(u)/MSC-ZIF-67 electrode material was
synthesised by wet chemistry, and then Ni(u)/MSC-ZIF-67 was
heated in air at a heating rate of 5 °C min™" at 350 °C for 1 h
to obtain OMSNi1-Co;0,. NaH,PO, and OMS-Ni1-Co;0, were
placed in the upstream and downstream of the porcelain boat,
respectively, and then heated at 300 °C for 1 h to finally obtain
the phosphating catalytic electrode OMS-Ni1-CoP. The results
showed that phosphide has a good application prospect as a
catalyst for EG oxidation. As shown in Fig. 5b, Zhang et al.*’
undertook further phosphidation of the CoNi-LDH electrode
material by the pyrolysis method, and finally obtained the
Co,P-Ni,P/CC catalyst by reacting in a tube furnace for
4 minutes. The CoNi ,5(OH),/NF prepared by the Zhou’ team
also had excellent EG oxidation performance. Based on the
synthesis of CoNi, ,5(OH),/NF, NaH,PO, was used as the phos-
phorus source, and the final catalyst was obtained by phos-
phating at 300 °C for 2 hours in a tube furnace. Different syn-
thesis strategies affect the microstructure of electrocatalyst to
some extent. A comparison of the different synthesis strategies
is shown in Table 1. The different microstructure of the cata-
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lyst will also affect the performance of the electrocatalytic oxi-
dation of EG, including crystal structure, surface morphology,
particle size, alloying and doping, interface structure and so
on. In the crystal structure, the change of lattice parameters,
such as the expansion or contraction caused by alloy for-
mation, and different crystal phase states, will affect the
exposure of active sites and electron transport, optimize the
adsorption energy of intermediate products, and improve the
catalytic performance. In terms of surface morphology, high
specific surface area can provide more reaction sites, rough-
ness increases the contact area and promotes the transport of
reactants, and surface defects as active sites reduce the acti-
vation energy of the reaction. In terms of particle size, nano-
sized particles have the advantages of a high number of active
sites and short transport distance, and uniform size distri-
bution ensures consistent catalytic activity. The synergistic
effect of alloying and doping and the regulation of electronic
structure can optimize the adsorption energy of intermediates
and accelerate the reaction process through the effects of
strain ligand and dual functionality. In the interfacial struc-
ture, a good metal-carrier interfacial interaction enhances the
stability and electron transport, and the special environment
of the heterostructure interface promotes the adsorption and
activation of reactants. In the following discussion, the
relationship between the electronic structure of the catalyst
and electrocatalytic EG is discussed.

4. Application of transition metal
catalysts in EGOR

4.1 Non-precious metal catalyst

The application of transition metal catalysts in the electrocata-
lysis of EG has a good application prospect,”® the reserves of
non-noble metals (such as Ni, cobalt, manganese, etc.) are rela-
tively abundant in nature, and the acquisition and processing
costs are low. Therefore, non-precious metal electrocatalysts
have obvious economic advantages in large-scale applications,

e o o

CoNi LDHs/CC

Co,P-Ni,P/CC
4

’

Fig. 5 (a) Preparation flow chart of Ni(1)/MSC-ZIF-67, reproduced with permission.*® Copyright 2022, Elsevier. (b) Composite diagram of Co,P—
Ni,P/CC, reproduced with permission.*® Copyright 2024, John Wiley and Sons.
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which can reduce the cost of catalysts in the oxidation process
of EG, and are of great significance to improve the economic
benefits of related industries. In addition, catalysts with high
catalytic activity can be obtained by appropriate design and
control. For example, by controlling the crystalline phase, mor-
phology and size of non-precious metal oxides, more active
sites can be exposed to improve the catalytic activity in EG oxi-
dation. However, some intermediates or impurities may be
formed during the oxidation of EG. Compared with precious
metal catalysts, non-precious metal electrocatalysts have rela-
tively strong anti-poisoning ability to some impurities or inter-
mediates that may lead to catalyst poisoning, and can main-
tain better catalytic activity. The research on selective electroox-
idation of small alcohols®** with abundant and cheap iron
group metal (Fe, Co and Ni)-based catalysts is noteworthy.
Catalysis based on iron group metals (Fe, Co and Ni) often con-
verts to the corresponding acidic products with high FE.

4.1.1 Ni-based catalyst. The Ni-based catalyst has a unique
electronic structure, and the unfilled d-orbital can form a
strong chemical bond with the reactant molecules (such as
EG), thereby promoting the reaction. In the oxidation reaction,
the Ni-based catalyst can also effectively activate the C-H and
O-H bonds in the EG molecule, making it easier to oxidise.
Liu et al.>* synthesised Co-NizN/CC nanosheets supported on
carbon cloth. As a bifunctional electrocatalyst, the electrode
material had a stable crystal structure and excellent EGOR
activity. LSV (Fig. 6a) test results showed that the Co-NizN/CC
catalytic electrode gave priority to low voltage to achieve high
current density in the actual reaction process. It has obvious
advantages over OER. Fig. 6b shows that the current density
achieved by the EGOR reaction at the same voltage was much
higher than that of the OER reaction. Fig. 6c reflects the faster
reaction kinetics in EGOR. At a low cell voltage of 1.46 V, the
current density of the EGOR anode and hydrogen evolution
cathode cell can reach 60 mA cm™2. The in situ Raman tech-
nique was used to monitor EGOR and indicated that the main
active species was NiOOH. At the same time, the DFT calcu-
lation results showed that Co-Ni;N/CC has better adsorption
energy and Gibbs free energy change for EGOR. The adsorp-
tion capacity of the catalytic electrode for EG is not only influ-
enced by the composition of the material, but also by the
structure of the material. For example, Li’s*®> research group
prepared Ni selenide nanostructures of different shapes and
crystalline phases. Due to the different original feed ratios in
the synthesis process, the crystal structures were different,
which led to different performances of the electrocatalytic oxi-
dation of EG. Compared with the spherical structure and
beam structure, the branch structure electrode had higher con-
ductivity and lower charge transfer resistance. Not only that,
such a high surface coverage of the active species also greatly
improved the catalytic performance of the catalyst. In Fig. 6d,
the existence of the orthorhombic system was first confirmed
by high-resolution transmission electron microscope (HRTEM)
and electron diffraction analysis. The details of the orange
square region and its corresponding power spectrum reveal
the presence of the NiSe, cubic lattice in this sample. The elec-

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (a) LSV curve, (b) Co-NizN/CC was tested in 1 M KOH with 0.1 M EG and 1 M KOH without 0.1 M EG, respectively, (c) Tafel diagram with
different current densities, reproduced with permission.54 Copyright 2022, Springer Nature. (d) HRTEM image of NiSe, branching, the details of the
orange square region and its corresponding power spectrum as well as the NiSe, unit crystal model of the black square region and the three-dimen-
sional atomic supercell model of the NiSe, beam, (e) the EELS chemical composition map, (f) CV curve for electrodes based on branched NiSe, par-
ticles in 1 M KOH with and without 1 M EG, (g) the current density of the NiSe,-based electrode at 1.6 V is relative to the current density in 1 M KOH
with and without 1 M EG, reproduced with permission.*> Copyright 2023, John Wiley and Sons.

tron energy loss spectroscopy (EELS) chemical composition
map (Fig. 6e) shows that Ni and Se were uniformly distributed
within each particle. As shown in Fig. 6f, the LSV results
showed that the branched NiSe, nanoparticles had the best
performance, with a current density of up to 96 mA cm™> in
the electrolyte containing 1 M KOH and 1 M EG at 1.6 V.
Fig. 6g shows that the electrode material exhibited higher cata-
lytic activity in EGOR compared with the OER in a three-elec-
trode system. In the same year, Liu et al.’> synthesised the Ni
(OH),/NF electrocatalyst. Fig. 7a shows the XRD test results.
The successful synthesis of the catalytic electrode showed that
the catalyst had excellent electrocatalytic activity and achieved
high current density at medium potential; Fig. 7b and ¢ show
that the catalyst had a high FE of formate (93.2%) and selecti-
vity (96%) at high current density. The reaction pathway and
mechanism of EG oxidation were investigated by combining

This journal is © The Royal Society of Chemistry 2025

in situ electrochemical Raman spectroscopy, in situ electro-
chemical Fourier transform infrared spectroscopy and nuclear
magnetic resonance spectroscopy. It was further demonstrated
that the large amount of NiOOH substance formed in situ was
the actual active substance for the EG reaction, thus revealing
effective EGOR activity.

4.1.2 Co-based catalyst. The cobalt-based catalyst also has
high catalytic activity for the oxidation of EG, which can effec-
tively promote the chemical bond cleavage and oxidation reac-
tion in EG molecules under relatively low temperature and
pressure conditions, and improve the reaction rate and
efficiency. Ma et al.>® investigated the oxidation performance
of EG on a Co electrode. The catalytic activity of the electrode
was investigated by varying the concentration of EG in the elec-
trolyte. For Co and Ni electrodes, the oxidation reaction of EG
occurs in alkaline electrolyte, and the reactive sites are usually

Nanoscale, 2025, 17,13145-13173 | 13155
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Fig. 7 (a) XRD pattern of Ni(OH),/NF, (b) LSV curve in EGOR reaction, (c) LSV curve, reproduced with permission.>® Copyright 2023, Elsevier. (d) The
electrochemical impedance spectra of Fe electrodes in 1 M NaOH with 1 M EG at different potentials, (e) the electrochemical impedance spectra of
Co electrodes in 1 M NaOH with 1 M EG at different potentials and (f) the electrochemical impedance spectra of Ni electrodes in 1 M NaOH with 1 M
EG at different potentials, and (g) the corresponding Bode phase diagram of Co, reproduced with permission.*® Copyright 2023, Elsevier. (h) LSV
curves for EGOR, (i) conversion rates (EG) and selectivity (GA) for Co/CP, Ni/CP and Co-Ni/CP. Co—Ni/CP had the highest EG conversion (96.3%)
and GA selectivity (70.6%), reproduced with permission.>® Copyright 2024, John Wiley and Sons.

high-valence metal sites, which means that EGOR can easily
occur at Co** and Ni*" sites (or CoO, and NiOOH sites).
Fig. 7d-f show the electrochemical impedance diagrams of the
three metals, and when the applied potential reaches 1.60,
1.40, and 1.45 V, respectively, the Fe, Co, and Ni electrodes
appear to be clearly semicircular, which indicates that EG oxi-
dation reaction starts to take place. At the occurrence of EGOR,
the Co electrode has the lowest reaction potential, and the
evolution of the reaction kinetics and phase angle with fre-
quency is consistent with the description of the g-bode phase
diagram in Fig. 7, where the decrease of the peak intensity at
higher potentials indicates that the electrode facilitates the
acceleration of the interfacial charge transfer. When the poten-
tial exceeded 1.40 V, the peak position of the Co electrode
gradually shifted to higher frequencies and the intensity was
significantly weakened, indicating that the surface metal oxi-

13156 | Nanoscale, 2025, 17,13145-13173

dation was accelerated, which led to the rapid oxidation of EG.
Thus, these results further confirm that high-valence species
are essential for fast EGOR. On this basis, a cobalt-Ni metal
composite, Co-Ni/CP,>® was reported, in which high-valent
CoOOH species were generated during the initial oxidation
process and acted as the main active center for EG oxidation
and could be used as a highly active bifunctional catalyst.
Meanwhile, the Ni site has a promoting and stabilizing effect
on the active species Co ~(3+), which enhances the reaction
rate of EGOR, and Fig. 7h also reveals the excellent catalytic
performance of this catalyst compared with the OER. Not only
that, Fig. 7i shows that high conversion (>86%) and selectivity
(96.3%) can be achieved at high current density (160 mA cm™2)
for this electrode, which is almost the best among the reported
non-precious metal catalysts, providing valuable insights into
the mechanism of EGOR with non-precious catalysts. Zhou’s”
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research team synthesised a series of Co and Ni phosphides
supported on Ni foam (NF) by serial EG properties. In situ
electrochemical Raman spectroscopy and synchrotron radi-
ation spectroscopy verified the actual active species in this
reaction. As shown in (Fig. 8a) EDS, the three elements are
evenly distributed. In the CoNig,sP material, Ni,P particles
and CoP particles combine to form a CoP-Ni,P heterojunction,
which regulates the electronic structure of the catalyst. The
electron movement between the interfaces facilitates the con-
version of phosphide into the active material of EG electro-
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catalytic oxidation, and at the same time reduces the charge
transfer resistance to accelerate the electron transport rate and
improve the catalytic activity of the catalyst.”” Fig. 8b shows
that the CoP-Ni,P catalyst has excellent catalytic activity in an
electrolyte containing 0.3 M EG and 1 M KOH, and the initial
potential moves to a lower potential (1.22-1.33 V vs. RHE) com-
pared with the OER. As shown in Fig. 8c, CoNig,sP/NF
achieves 91.7% FE formate and 4.1 mmol cm™ h™" formate
yield at a commercially relevant current density of ~360 mA
em™” at 1.8 V (vs. RHE). In the reaction process, the active

Co b 300 — ; c BIGA © Formate productivity] ‘:;
4 ; 1004 Formate ° |
o~ —— CoNiy ,P/NF i L 4 %
‘e 240 — CoNigsPINF ! < o
G CoNig P/INF i < 80 5
; > £
E —— Ni,PINF i e 3 €
~ 1801 —--- NiFe-LDH/NF ! ] 60 =
= RuO : = P 2
o 2 H = >
S i b 23
S 1204 i 8 40- 3
st : k<] o
c ! © =
2 i © 12
S 60 i Ww 204 2
3 i £
0 el s Tid 3 i 2
10 11 12 13 14 15 16 120 e lst §E A
Potential (V vs RHE) Potential (V vs RHE)
P P e e — ////
‘# 7
SRR : . o SRS, ] 2%

5 1/nm *

-
7
DAy 2

¥ (3]])

*Glycolaldehyde *Glyoxal *Formate

300 .
h | —ro, | ol =ES
250 Fe/CNTs
——Pd/CNTs
&>200{ —— PdFe/CNTs
£ —— PdFe/N-CNTs
< 150 —— PdFe
E
100
5091 M KOH + 0.3 M EG
0

1.2 1.3
E (V vs. RHE)

Reaction coordinate
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different potentials, (d) schematic diagram of the structural evolution of CoNig »sP catalyst under reaction conditions, reproduced with permission.
Copyright 2021, Springer Nature. (€) HRTEM image of PdFe/N-CNT, (f) HRTEM image of PdFe/N-CNT, (g) mapping of Pd, Fe, N and C corresponding
elements of PdFe/N-CNT (h) LSV graph of EGOR of PdFe/N-CNT, (i) free energy of EG on PdFe/N-CNT catalyst, reproduced with permission.>®
Copyright 2024, Royal Society of Chemistry.
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material is a high-valence metal species and there is a surface
reconstruction phenomenon similar to the OER reaction,
which is also confirmed by in situ Raman spectroscopy. As
shown in Fig. 8d, the CoNij,sP material evolved into a
CoNij »5P/CoNij »50,(OH), core-shell structure at the cathode,
which was rapidly oxidised at the anode and reconstituted into
low-crystallinity CoNi, »5P/CoNi, ,50,(OH), to achieve efficient
oxidation of EG.

4.1.3 Fe-based catalyst. There are not many studies on the
electrooxidation of EG for iron-based catalysts, but it has been
studied by many researchers due to its low cost. The alloy of
metallic iron and other metals is a good control strategy, and
the unique interfacial structure regulates the electronic struc-
ture of the catalyst, so that the catalyst can efficiently electroca-
talyse the oxidation of EG to produce efficient oxidation pro-
ducts. However, it is worth noting that it still has very big
advantages over other non-precious metals except Ni and Co-
based catalysts. The iron-based catalyst has a variety of variable
oxidation states that can participate in the reaction process
and promote the chemical bond breaking and oxidation reac-
tion in EG molecules. Sun et al.>® found that Fe;0, is highly
dispersible in glycol solution and investigated its EG oxidation
performance. Experiments showed that when Fe;O, acts as a
catalyst, the oxygen atom of PET can combine with Fe** and
Fe**, making the carbon atoms on the carbonyl group more
electron deficient, making it easier for the oxygen atoms in EG
to attack the carbonyl group and form an unstable transition.
In the same year, Zhang et al.’® found that the PdFe/N-CNT
mixed catalysts can be employed to electrocatalyse the conver-
sion of PET waste to valuable formate and hydrogen efficiently
and selectively. As shown in Fig. 8e and f, the scanning elec-
tron microscope (SEM) and transmission electron microscope
(TEM) images of PdFe/N-CNT, respectively, reveal that many
well-dispersed spherical nanoparticles are uniformly fixed on
the surface of the N-CNT networks. Fig. 8g also shows the
elements uniformly dispersed on the substrate material,
demonstrating the successful synthesis of the catalyst. Fig. 8h
shows that in the mixed solution of 1 M KOH and 0.3 M EG,
the catalyst exhibits significant electrocatalytic oxidation
activity towards EG in alkaline medium. When the current
density reaches 10 mA cm™2, only 1.22 V is required and 86.7%
formate selectivity and 87% Faraday efficiency can be achieved.
The PdFe/N-CNT catalyst also showed a lower Tafel slope
(64.3 mV dec ™), indicating that the reaction kinetics of the
PdFe/N-CNT catalyst was better for EGOR. DFT calculation
shows that, as shown in Fig. 8i, the Fe inclusion in PdFe/
N-CNT helps to regulate the electronic environment and
improve the charge distribution around the Pd atoms, which
contributes to the enhanced electrocatalytic activity of PdFe/
NCNT, which has an important effect on the adsorption of
EG* and OH* on the catalyst surface and the performance of
EGOR. The adsorption energies of EG*¥ and OH* on PdFe/
N-CNTs and Pd/N-CNTs were calculated based on the opti-
mised adsorption model, which further explained the domi-
nant role played by the Fe atom. Lei’s®® group continued to
study the oxidation activity of Fe-based catalyst in EGOR. As
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shown in Fig. 9a and b, Fe atoms were oxidized after electro-
chemical tuning and their valence states were increased from
the original 0 and +2 to +3. In addition, the electrochemical
surface area (ECSA) was increased by 86% after the intro-
duction of Fe atoms, as shown in Fig. 9c, suggesting that
the presence of Fe effectively enhanced the activity of the cata-
lyst. From the analysis, it can be seen that ET-Pt-Fe has the
highest current density and the slowest decay rate. This is
because the D-band centre of Pt is shifted down by compres-
sive strain, thereby weakening the adsorption of CO on ET-Pt-
Fe and improving its CO oxidation capacity. Fig. 9d further
illustrates the stability of the material. After the reaction,
Pt/C and PT-Fe decay rapidly to 0.84 A mg cm™ > and 0.04 A mg
ecm™? while ET-Pt-Fe still has a retention rate of 29.1% after
66 hours.

4.1.4 Other electrocatalysts. In addition to Ni, Co and Fe-
based catalysts, the catalytic activity of Cu-based catalysts for
organic oxidation has been investigated. Wang et al.®* found
that the CuO NW electrode has high catalytic activity for EG
oxidation, achieving 86.6% formate product selectivity and
88% EG conversion Faraday efficiency. The results of product
analysis and DFT calculation showed that the optimal reaction
pathway is the formation of glyoxal intermediates and formic
acid by C-C bond cleavage. As shown in Fig. 10a, SEM images
show that CuO nanowires grow uniformly on the surface of the
Cu substrate, and the structure of the annealed sample
becomes curved and rough, which allows a greater active area
to participate in the reaction during the actual reaction. TEM
images further showed that the treated nanowires had a
coarser structure, and the lattice spacing confirmed the suc-
cessful conversion of Cu hydroxide to Cu oxide. In Fig. 10b,
the voltametric characteristic curve shows that the Cu-based
catalyst has a relatively low initial oxidation potential in PET
hydrolysates. At a potential of 1.38 V, the current density of the
EGOR is 10 mA cm™?. Fig. 10c shows that the CuO NW-200 °C
electrode has a low Tafel slope of 96 mV dec™" and an initial
potential of 1.26 V, indicating excellent electrocatalytic activity
and a fast reaction rate towards EGOR. The products in the
reaction process were monitored and it was found that the EG
conversion rate reached 94%, as shown in Fig. 10d and e. The
reason why the Faraday efficiency of the product does not
reach 100% is mainly due to the occurrence of formate miner-
alisation during electrolysis. However, this does not affect the
product selectivity of the Cu-based -catalysts. To further
confirm the selectivity of the catalyst, the possible intermedi-
ates and products of the reaction were electrolysed at different
potentials and determined by high-performance liquid chrom-
atography (HPLC) (Fig. 10f). Cu-based nanowire electrode has
formate products >80% at an applied potential of <1.6 V, but
the Faraday efficiency of formic acid production decreases sig-
nificantly when the applied electrolytic potential is 1.66
V. This is due to deep oxidation of formate or water oxidation,
but does not affect the highly selective oxidation of EG by Cu-
based catalysts. More than just Cu-based catalysts, Wang’s**
team reported a catalyst based on amorphous MnO,, and
Fig. 10g and h show the successful synthesis of this electrode

This journal is © The Royal Society of Chemistry 2025
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surface of Fe,Os(112), (d) Pt/C, Pt—Fe and ET-Pt—Fe in solution at 60 mV s~ CV curve, reproduced with permission.®® Copyright 2024, Royal Society

of Chemistry.

material. For EGOR, Mn-OH,q; species formed on a-MnO, can
remove CO,qs, thereby improving charge transfer and stability.
At the same amorphous MnO, is conducive to the regulation
of electronic structure. This is because the interaction between
Pd and a-MnO, causes Pd ions to lose electrons to form a
hypervalent state species, and this change in electronic struc-
ture will lead to the reduction of the activation barrier of the
EGOR reaction, thus obtaining excellent EG electrocatalytic
oxidation performance.

As shown in Fig. 10i, after 100 cycles, it was observed
that the current density of Pt/C decreases significantly, and
the current density of Pd nanoparticles decreases sharply.
The decrease in current density may be due to the presence

This journal is © The Royal Society of Chemistry 2025

of toxic species and intermediates, resulting in a decrease
in active centers. It was found that Pd/a-MnO, decay rate
was relatively slow, which also confirmed that the presence
of MnO, reduced the adsorption of toxic species and inter-
mediates on the catalyst surface, thus improving the stability
of the catalyst.

4.2 Precious metal catalysts

It is well known that the catalytic activity of non-precious
metal catalysts is relatively low, but in recent years, the
research on non-precious metal catalysts has made continuous
progress, and the activity of some new non-precious metal cat-
alysts has been gradually improved. Carbide, nitride, and

Nanoscale, 2025, 17, 13145-13173 | 13159
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sulfide non-precious metal catalysts can also show certain cata-
lytic activity under specific conditions. Because of the scarcity
and high value of the precious metals themselves, and their
high preparation cost, which limits the extensive use of pre-
cious metal catalysts in large-scale industrial applications, vig-
orous efforts have been made to develop more abundant non-
precious metal catalysts for EG electrocatalytic oxidation reac-
tions. However, the high activity of noble metals in the electro-
chemical oxidation reaction of EG is undeniable. For example,
the d electron orbitals of noble metals, such as Pt and Pd, are
not filled, and it is easy to adsorb reactants on the surface; the
strength of adsorption is moderate, which is conducive to the
formation of the intermediate ‘active compounds’, and can
promote the electrocatalytic oxidation of EG more efficiently.
Secondly, the precious metal more easily adsorbs reactants on
the surface than the other metals. Thirdly, compared with
non-precious metals, noble metals have higher selectivity,
which can more effectively control the reaction in the direction

13160 | Nanoscale, 2025, 17, 13145-13173

of the target product and reduce the occurrence of side reac-
tions. Therefore, exploring how to efficiently utilize precious
metal catalysts is also an issue of concern. Research into pre-
cious metal catalysts for EG oxidation initially focused on the
elemental precious metals. Among them, Pt, Pd,’> Rh and
other noble metals show some catalytic activity due to their
unique electronic structure and chemical properties The
unique electronic structure of precious metals has a key effect
on the performance of electrocatalytic oxidation of EG, which
is mainly reflected in three key aspects: D-band centre
location, electron orbital hybridization and electron cloud dis-
tribution. The location of the centre of the d band plays an
important role in the adsorption capacity and the detachment
of the reaction intermediates. The degree of its proximity to
the Fermi level determines the interaction strength between
the precious metal atoms and the adsorbents. The appropriate
location can promote the adsorption and activation of EG,
ensure the smooth progress of the reaction, and ensure the

This journal is © The Royal Society of Chemistry 2025
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timely desorption of the intermediates to prevent them occu-
pying the active site and hindering the subsequent reaction.
Electron orbital hybridization affects the charge transfer
between catalyst and reactant. Reasonable hybridization can
optimize the electron cloud distribution and migration ability,
accelerate the charge transfer and enhance the reaction
activity. At the same time, in alloys or complexes, the synergies
brought about by hybridization can further optimize the active
site and enhance the catalytic performance. The electron cloud
distribution affects the contact between the reactant and the
catalyst active site through the steric hindrance effect. Too
dense an electron cloud will prevent EG from approaching the
active site and reduce the reaction rate, while an appropriate
electron cloud distribution can reduce the hindrance and
increase the reaction rate. In addition, it also determines the
selectivity of the reaction, and different electron cloud distri-
butions give the catalyst a preference for different reaction
paths, and then affect the product distribution. However,
research during this period has mainly focused on the simple
noble metal catalyst, and the understanding of its catalytic per-
formance is still relatively preliminary; for example, using
simple Pt black as a catalyst, the catalytic efficiency is relatively
low and the stability needs to be improved. With the develop-
ment of nanotechnology, researchers began to pay attention to
the effect of the morphology of noble metal catalysts on their
catalytic performance. By controlling the synthesis methods
and conditions, noble metal nanomaterials with different mor-
phologies, such as nanoparticles, nanorods, nanowires and
nanosheets, have been prepared. These nanomaterials with
different morphologies have different specific surface areas,
surface energies and electronic structures, which affect their
catalytic performance for glycol oxidation. For example, the
nanoflake Pt catalyst showed higher catalytic activity than the
nanogranular Pt catalyst in EG oxidation due to its large
specific surface area and special electronic structure. To
further improve the performance of precious metal catalysts,
researchers have begun alloying precious metals with other
metals. Alloying can change the electronic structure and lattice
parameters of precious metals, thereby improving their cata-
lytic activity and stability. For example, the catalytic perform-
ance of Pt for EG oxidation has been improved by forming
alloys with Cu, Ni and other metals to take advantage of the
electronic and synergistic effects of Cu and Ni. In addition to
binary, ternary or even multi-component noble metal compo-
site catalysts, multi-metal composite catalysts have gradually
become the focus of research. These multi-metal composite
catalysts can combine the advantages of multiple metals and
further improve the catalytic performance of EG oxidation
through synergistic effects. There are studies on the prepa-
ration of Pt-silver-Cu ternary nanosheet assembly, which
shows excellent electrocatalytic performance in EG oxidation
reaction, and the mass activity is far more than that of mono-
metal and binary catalysts. The following is a summary of
several precious metal catalysts.

4.2.1 Pt-based catalyst. Jin et al.®® synthesized Pt-Au alloys,
demonstrating the excellent performance of precious metal

This journal is © The Royal Society of Chemistry 2025
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catalysts for EG oxidation. Pt was deposited on the surface of
the polycrystalline Au electrode by electrodeposition, and the
presence of Pt indeed improved the activity of the catalyst,
because Pt provides a large number of reaction sites for oxi-
dation and thus increases the reaction rate. Previous work has
shown that the peak current density of the Pt electrode is
higher than that of the Au electrode in the electrocatalytic oxi-
dation of EG under alkaline conditions, and conversely, the
peak current density of the Pt electrode is lower than that of
the Au electrode. As can be seen from Fig. 11a, due to the pres-
ence of Pt, the peak potential of the electrode shifts negatively
by about 0.46 V, and the peak current density also increases
significantly, which further indicates that Pt significantly
improves the catalytic activity of the catalyst. Pu et al.®* con-
structed a core-shell structure catalyst for the oxidation reac-
tion of EG. Among them, the structure of alloyed Pt-M nuclei
could better regulate the electronic effect and showed excellent
stability in the electrocatalysis process. Fig. 11b is a typical
TEM image of a PtCu/PtCu core-shell tripod, indicating that
the catalyst has a stable tripod structure. After CV test, ECSA
values of different catalysts were obtained (Fig. 11c and d).
Compared with other samples, the samples after the introduc-
tion of Pt had a larger ECSA value. This may be due to the fact
that the unique structure of the catalyst provides abundant
active centres for the catalytic reaction, thus improving the
catalytic activity. The results of chrono current testing showed
that the catalyst had excellent stability. The PtCu/Pt;,Cu TDNs/
C maintained the highest current density for 7200 seconds
(Fig. 11le), and retained the maximum specific activity of
8.9 mA cm™2 and mass activity of 6.8 A mg™" after the reaction.
The Song® research group synthesized a single-atom Pt1/Ni
(OH), electrocatalyst, which showed excellent electrocatalytic
oxidation of EG by loading only one millionth part of precious
metal Pt. In order to confirm the existence of Pt, the AC
HAADF-STEM test proved that Pt elements were uniformly dis-
tributed in the composite materials as atoms (Fig. 11f), and
did not exist in the form of nanoparticles. The content of Pt
was 0.8 wt% as determined by inductively coupled plasma
mass spectrometry (ICP-MS). As shown in Fig. 11g, the current
density of the sample impregnated for 3 h at voltages greater
than 1.4 V was greater than 600 mA cm ™2, indicating excellent
catalytic activity. In addition, the etching strategy is widely
applicable to other Pt group metals, as shown in Fig. 11h and
10i. The synthetic electrodes containing these noble metals all
showed good performance in the oxidation of EG, but were
slightly less effective than Pt.

4.2.2 Pd-based catalyst. Oscar Ambriz-Peldez et al.®® syn-
thesized Pd-MoO, nanomaterials for the oxidation of EG. The
EGOR activity of the electrode material was tested with 0.3 M
KOH as electrolyte, and the concentration of EG was changed
from 0.1 to 1 M. The catalytic activity of different materials is
shown in Fig. 12a, and a summary of the activity at different
EG concentrations is shown in Fig. 12b. It can be seen that the
combination of Pd and other materials can indeed improve
the activity of the electrode, and appropriate EG concentration
is also the key to improving the catalytic activity. Wei et al.'*
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synthesized PdSb with a rich defect structure to electrochemi-
cally convert PET EG into the high-value chemical glycolic
acid. P-d orbital hybridization in PdSb bimetal can promote
the C-C bond break of EG and the rapid oxidation of -OH,
thus enhancing the catalytic performance of PdSb bimetallic
alkenes. High-angle toroidal dark-field scanning HAADF-STEM
images of PdSb, shown in Fig. 12c, demonstrated the success-
ful preparation of ultra-thin 2D nanosheets. TEM images
further confirmed the presence of perforation structures in the
nanosheets, which contribute to the transport of electrons and
increase catalytic activity. LSV (Fig. 12d) test results showed
that when the current density reaches 10 mA cm™, the
required potential of EGOR reaction is 0.9 V lower than that of
OER. The activity of PdSb bimetal was obviously better than
that of other catalysts. At the optimum potential of 0.76 V, the
selection rate of glycolic acid was 92.0% (Fig. 12e), and the
Faraday efficiency could reach 93.4% (Fig. 12f). These results
all prove that PdSb has excellent properties in EGOR. In

13162 | Nanoscale, 2025, 17,13145-13173

addition, the structure of PdSb remained basically unchanged
after the reaction, which further indicated that the catalyst had
excellent stability.

4.2.3 Rh-based catalyst. As a new element of the Pt group,
Rh is widely used in various electrocatalysis fields due to its
good catalytic activity and high inherent corrosion resistance.

Mao et al.®”

applied Rh metal to the in situ reconstruction of
glycol-assisted seawater cracking. Due to its unique metal
structure and Rh/RhOOH heterogeneous structure, Rh/RhOOH
metal can perform well in the HER (overpotential 29 mV) and
EGOR. Fig. 12g shows the morphology and structure of the
electrode material. As shown in Fig. 12h, in the Rh mass nor-
malization and ECSA normalized CV curves, the ECSA of Rh/
RhOOH is 60.28 m* g™, which is higher than that of RhOOH
NSs (41.72 m> g~'), Rh metallene (30.64 m’g™") and Pt/C
(66.79 m> g7"). This indicates that it has more active sites.
Fig. 12i shows that in 1 M KOH with 1 M EG solution, Rh/
RhOOH also has better electrocatalytic performance for EGOR

This journal is © The Royal Society of Chemistry 2025
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saturated 1 M KOH + 1 M EG solution with different electrocatalysts at a scanning rate of 60 mV s

John Wiley and Sons.

than the comparison sample, with lower initial potential and
higher mass activity (MA) and specific activity (SA). The results
showed that Rh/RhOOH metal has better electrocatalytic per-
formance for EGOR. Jiang'® and his team synthesized a PtRh
alloyed dendritic nano assembly in which a low concentration
of Rh atoms was introduced into the Pt lattice, resulting in
tensile strain, which not only improved HER performance but
also further improved EGOR reactivity, achieving a current
density of 10 mA cm™> with a voltage of only 0.66 V. In this
paper, the electrode material in the EGOR-coupled HER reac-
tion was described in detail.

4.2.4 Ru-based catalyst. Ma et al.°® prepared ultra-thin Ni
phosphide nanosheet (Ru/Ni,P/NF) nanocomposites modified
by ruthenium nanoparticles on a Ni foam matrix. Fig. 13a
shows the structure of the Ru/Ni,P/NF nanoarray. The three
elements were evenly distributed, indicating the successful
synthesis of Ru/Ni,P/NF. Fig. 13b shows that the oxidation
activity of EG was higher after the addition of ruthenium

This journal is © The Royal Society of Chemistry 2025

1, reproduced with permission.®” Copyright 2022,

atoms. The oxidation performance of EG of Ru/Ni,P/NF nano-
composites was tested in an electrolyte containing 0.6 M EG
and 1 M KOH, and the initial potential of catalyst was
lower than that of the OER. The EGOR response current
increased sharply at 1.36 V-1.4 V, which is much higher than
the OER. As shown in Fig. 13c, the DFT calculation
showed that the adsorption energy of OH™ under different
electrocatalyst models. The adsorption energy value of
Ru/Ni,P/NF nanocomposite was —4.32 eV, which was lower
than Ru (—3.347 eV) and Ni,P (-3.609 eV). It was further
demonstrated that the adsorption site after the addition of
ruthenium could effectively capture EG molecules and promote
the oxidation of EG.

Liu et al.”® synthesized a self-supported Cu(OH), nanowire
array on Cu foam. The Cu(OH),/CF nanowire array was con-
verted into Cu,O/CF after solvent heat treatment, showing
EGOR electrocatalytic performance. The self-supported nano-
array catalyst h-Ru-Cu,O/CF, prepared by loading atomic Ru on
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Cu(OH),/CF, also showed high electrocatalytic activity in HER.
As shown in Fig. 13d, the lattice spacing corresponds to the Cu
oxide (2 0 0) and (-1 1 1) crystal faces, respectively, demonstrat-
ing the successful synthesis of the substrate material. As shown
in Fig. 13e, the initial potential of the electrode material in EGOR
reaction was lower than that in OER reaction, and it had better
catalytic activity than other catalysts, with higher current density
(Fig. 13f) at the same potential. In addition, Cu,O/CF and h-Ru-
Cu,O/CF were used as anode and cathode to construct a HER//
EGOR paired electrolytic system without film. The system could
reach the current density of 10 mA ecm™ at a voltage of 1.26 V,
and was also a difunctional catalyst with excellent performance.
Li et al® synthesized a Ru- and S-doped Ni hydroxide cross-
network structure on Ni foam (NF) by the etching method. The
nanoarray structure of Ru, S-Ni(OH), could provide more abun-
dant active sites, and the three elements of Ru Ni and O were

13164 | Nanoscale, 2025, 17,13145-13173

evenly distributed, which also confirmed the successful synthesis
of the Ru, S-Ni(OH), electrode materials. XRD results (Fig. 13g)
finally proved that the material was successfully synthesized and
the current density could reach 1000 mA ecm™ (Fig. 13h) at a
potential of about 1.4 V in the EGOR reaction. The radar chart
(Fig. 13i) also evaluated the excellent activity of the catalyst in
terms of impedance and Tafel slope.

Based on the above discussion, the performance of
different catalysts in the electrocatalytic EG oxidation reaction
is also compared (Table 2), and the performance of different
catalysts when coupled with other reactions is further dis-
cussed below.

4.3 Application of EGOR with other reactions

The study of coupling EG with other reactions has a green and
sustainable application prospect: to develop more efficient cat-

This journal is © The Royal Society of Chemistry 2025
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Table 2 Comparison between the performances of different catalysts

Non-precious metal catalyst

Precious metal catalyst
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alysts, improve the selectivity and conversion of the reaction,
and reduce the production of by-products to achieve efficient
EG oxidation reaction. For example, coupling the oxidation
reaction of EG with the HER of electrolytic water is one of the
current research hotspots. In this coupled system, EG, as an
organic substrate, undergoes oxidation at the anode, replacing
the traditional OER, thereby reducing the overpotential of the
anode reaction, improving the efficiency of hydrogen pro-
duction, and converting EG into valuable chemicals. EG can
be electrooxidized to formic acid while producing hydrogen at
the cathode.*®’°7® In this section, EG oxidation and other
reaction couplings are discussed.

4.3.1 EGOR coupled with HER. Hydrogen energy as a kind
of clean energy has been of interest,”” and the electrolysis of
water to produce hydrogen is a common method. EG oxidation
has a lower oxidation potential and can be used as an alterna-
tive reaction to the OER to achieve high-efficiency hydrogen
production. Jiang et al.'® designed and synthesized Rh atom-
modified PtRh nanowires (PtRh,,, @RhNWs). The electrode
material exhibited excellent performance in both the HER and
EGOR and was used as a bifunctional catalyst. This was mainly
due to the strain effect of the electrode material induced by
interfacial engineering, which further tuned the electrode
structure of the material and facilitated the introduction of
heteroatomic active centers and the induction of lattice strain,
leading to efficient EGOR and HER performance. First, electro-
chemical tests were performed in 0.1 M KOH solution and 0.1
M KOH seawater solution (pH = 13.8) at a scanning rate of
10 mV s~ ' in a three-electrode system. The LSV curve shows
(Fig. 14a) that when the current density reached 10 mA cm™>
in the test process of PtRh, ,,@Rh nanowires, the overpoten-
tial was only 30.6 mV, which is much lower than that of Pt
nanowires (99.7 mV) and JM-Pt black (122.3 mV). The Tafel
slope value of 39.1 mV dec™" indicated that PtRhg ¢,@Rh nano-
wires exhibited a faster HER reaction kinetics (Fig. 14b), indi-
cating that the HER process followed the Heyrovsky-Volmer
mechanism. Even in industrial application, in 0.1 M KOH elec-
trolyte seawater solution, the overpotential can reach 46.8 mV,
and still has excellent HER activity. At the same time, the
EGOR property of the electrode material was determined,
again in an alkaline seawater solution containing 0.6 M EG.
The test results showed that the peak current density of
PtRh, ,@Rh nanowire EGOR was 1.26 A mg™ ", indicating that
the electrode had excellent electrocatalytic activity for EG
(Fig. 14e). The high mass activity also further indicated that
the modification of Rh atoms on the surface of Pt NW effec-
tively improved the catalytic activity of EGOR.

In recent years, researchers have paid more and more atten-
tion to the coupling reaction of EGOR and HER. Liu et al.”®
constructed a self-supporting nanoarray electrocatalyst h-Ru-
Cu,O, which combined multiple advantages of interface recon-
struction and a self-supporting hierarchical structure, and
showed excellent catalytic activity during practical testing. The
HAADF-STEM image of h-Ru-Cu,O/CF (Fig. 14d) showed that
the catalyst has a hierarchical structure and a rough surface,
which both provided abundant active centres and facilitated

Nanoscale, 2025,17,13145-13173 | 13165


https://doi.org/10.1039/d4nr05000b

Published on 12 d’ abril 2025. Downloaded on 14/2/2026 0:11:27.

View Article Online

Review Nanoscale
a 0 — PtRh,,,@Rh NWs b 0.084 = PtRh,,,@Rh NWs c 2004 — PtRh,,,@Rh NWs
— PtRh,,,,@Rh NWs e = PtRh,,,@Rh NWs — PtRh,,,,@Rh NWs
101 — PtRh,,@Rh NWs .-~ > = PtRh,,@Rh NWs — PtRh, @Rh NWs
% | — JM-Ptblack =006 JM-Ptblack 9009 — yM-Pt black
£ 50— PtNWs = = PtNWs oo — PtNWs
3] c _'I.“‘\J o |
< - 1%: \ 600
£ 30 8 N g8
- = 6815
~ o - 300 4
40 6 0.02 ¢
Ol 5
501= ek T y T L ) : y y 000 025 0.50 0.75 1.00
-0.60 0.45 -0.30 0.15 0.00 0.1 02 03 04 0.5 : . TS * -
3 : 2 Potential (V vs. RHE
Potential (V vs. RHE) . Log j (mA cm?) ( )
T @150 f 12 120
EGOR//HER (| FEformate — FEH2
| —— OER//HER 100{—— — = — r—}100
X 80 -80
2 m
] m
£ 60 60T
L
Lu J
a0 40X
20 20
. . : : : 0 0
09 12 15 18 21 24} 14 16 18 20 22
Voltage (V) Voltage (V)

Fig. 14 PtRhg02,@NWSs (a) HER performance comparison diagram, (b) Tafel slope diagram, (c) CV curves of PtRhg o,@Rh NW, PtRhg o34@Rh NW,
PtRhg@Rh NW in 0.1 M KOH with 0.6 M EG, reproduced with permission.'® Copyright 2022, Royal Society of Chemistry. (d) TEM image of h-Ru-
Cu,O, (e) LSV, (f) schematic diagram of Faraday efficiency of formate and H, production in HER//EGOR reaction system in a two-electrode system,
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electron migration, thus accelerating mass transfer and bubble
release. Moreover, the rich cavity structure of the structure also
further accelerated the transfer of electrons (Fig. 14e). The
electrochemical test results showed that the h-Ru-Cu,O/CF
electrode materials were able to reach different current den-
sities (10, 100, 200 mA cm™?) at lower potentials, which further
demonstrated the excellent catalytic activity of the catalysts. In
the electrolysis system consisting of HER/EGOR, a current
density of 10 mA ecm™> could be achieved with only 1.26 V,
which is about 610 mV lower than that of the all-water reac-
tion, confirming that the coupling of EGOR and HER can
achieve efficient hydrogen production. Fig. 14f shows that the
formate FE at the anode of the electrolysis cell exceeded 90%,
and the FE at the cathode for the reaction with HER could
reach nearly 100% H,. In fact, the electrocatalytic oxidation of
EG coupled with hydrogenation reaction already has a certain
economic value. During the reaction process, it can produce a
variety of high-value-added chemicals, such as formic acid and
glycolic acid, to meet the needs of multiple fields, and it can
also provide clean hydrogen for the hydrogen energy industry,
creating considerable revenue. At the same time, it can reduce
the energy consumption of hydrogen production by electrolysis
of water and utilize cheap glycol raw materials, effectively
saving costs. It can even convert the glycol in waste plastics
and industrial wastewater into useful products and realize
resource recycling.

4.3.2 EGOR coupled with other reactions. Recently,
researchers have also chosen to couple EG oxidation and

13166 | Nanoscale, 2025, 17,13145-13173

carbon dioxide reduction reactions,”® 8

such as the Pds;Ags;3
electrocatalyst reported®” just this year, due to the unique elec-
tronic structure of both EG oxidation and electrochemical CO,
reduction reaction. This is because the transfer of neutrons of
Pds;Ags; from Ag to Pd results in an increase in the electron
filling of the Pd d-band and a downward shift in the Pd
D-band centre. This downward shift in the D-band centre
weakens the binding strength on the catalyst and promotes the
desorption of the carbonyl intermediates, which is critical for
inhibiting C-C bond breakage and improving selectivity for C2
products. Meanwhile, aberration-corrected large-angle toroidal
dark-field scanning HAADF-STEM images reveal a large
number of amorphous regions, defects, and boundaries. In
contrast, Pd shows regularly arranged lattice stripes, indicating
the presence of lower defects that lead to changes in electron
distribution that provide more reaction sites. The HRTEM
diagram shows (Fig. 15a) that the lattice spacing of the (111)
crystal faces of Pd is 2.244 A, while the lattice spacing of
Pds;Ags; in the same region is 2.328 A. This is due to lattice
expansion of Pdg;Ag;; resulting in lattice strain caused by Ag
alloying into the Pd lattice (Fig. 15b). As shown in Fig. 15c,
LSV results show that when EG is present in the electrolyte,
the Pde;Ags; catalytic electrode requires only 0.63 V voltage to
reach 10 mA cm™>. At the same time, the catalytic electrode
also has a low Tafel slope during the reaction process, which is
due to the precise regulation of the electron and lattice struc-
ture leading to its excellent oxidation kinetics. As shown in
Fig. 15d, the excellent catalytic activity of the catalyst is further

This journal is © The Royal Society of Chemistry 2025
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mission.®2 Copyright 2024, National Academy of Sciences. EGOR//NITRR reaction system in a two-electrode system, (g) schematic diagram, (h) per-

formance diagram, (i) schematic diagram of Faraday efficiency of product
and Sons.

confirmed, and the unique electronic structure of Pds;Ags;
inhibits the toxicity of CO, thereby facilitating the electro-
chemical CO,, which provides a high current density of
10.8 mA cm™> at —0.36 V (Fig. 15e). It also provides a
maximum Faraday efficiency of 92.6% for FA production at
—0.27 V. (Fig. 15f). In the whole reaction process, glycol can
not only be obtained through various ways such as from petro-
chemicals and biomass conversion, but can also be extracted
from waste plastics and other recyclables to achieve the re-
cycling of resources, which greatly reduces the cost of raw
material procurement. Carbon dioxide, as a major industrial
waste gas, is relatively less difficult to collect and less costly,
and its resourceful utilization through coupling reactions
further reduces the enterprise’s expenditure on raw materials.
In terms of energy consumption, compared with the tra-
ditional electrolysis of water to produce hydrogen, carbon
dioxide reduction and other separate high-energy chemical
reactions, the coupling reaction cleverly exploits the synergy

This journal is © The Royal Society of Chemistry 2025

generation, reproduced with permission.8> Copyright 2024, John Wiley

between the two reactions, optimizes the efficiency of energy
use, reduces the overall cost of energy consumption, and
makes the production process more economical and efficient,
which improves the economic efficiency of the enterprise.

In addition to coupling with the carbon dioxide reduction
reaction (CO,RR), the EG oxidation reaction and nitrate
reduction reaction can also be coupled.®*®*
reaction is a typical multi-electron reaction process. An urgent
problem is the selection a suitable catalyst to achieve nitrate
reduction. Lv et al.®® reported Ir-doped CuPd (Ir-CuPd) single-
crystal mesoporous nano-tetrahedra (SMTs) and further
explored their use as highly active, stable, and selective electro-
catalysts for alkaline EGOR electrocatalytic activity. At the
same time, the catalyst showed good electrocatalytic perform-
ance in the coupled electrocatalysis of EGOR and nitrate
reduction reaction (NITRR). The catalytic electrode had a
stable structure and the elements were uniformly distributed
in a concave tetragonal form. The size was between 63 and

Nitrate reduction
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86 nm, and there were old pores in the interior. As shown in
Fig. 15g, a dual-motor test system was constructed in the
H-type battery for testing ((+) EGOR/NITRR (-)), where the
anode was the EGOR and the NITRR was the cathode reaction.
Compared with the traditional HER, the reaction system had a
lower initial potential, indicating that the catalyst as a bifunc-
tional catalyst has a high efficiency catalytic electrode. Fig. 15h
shows that Ir-CuPd had higher electrocatalytic efficiency and
lower energy consumption in the coupling system of glycol oxi-
dation and nitrate reduction reactions. A higher selectivity of
the catalyst was obtained in a two-electrode coupling system
compared with a half-reaction (Fig. 15i). The dual-function Ir-
CuPd SMT showed the highest Faraday efficiency of 66.2% at
2.4 V in anode EGOR electrocatalysis and 96.4% at 2.6 V in
cathode NITRR electrocatalysis. This further proves that Ir-
CuPd catalyst is an efficient bi-functional electrocatalytic cata-
lyst. As one of the main pollutants of eutrophication in water
bodies, the reduction of nitrate to harmless nitrogen or usable
ammonia nitrogen has far-reaching significance for environ-
mental protection. The nitrate reduction product, ammonia
nitrogen, can be used as an important chemical raw material,
which is widely used in many industries such as fertilizers and
pharmaceuticals, and can be directly used in industrial pro-
duction to reduce the cost of raw material procurement. The
oxidation process of EG can also produce oxidation products
with certain economic value, which realizes the efficient use
and recycling of resources and reduces the dependence on
primary resources.

5. Conclusion and outlook

Many studies have shown that transition metal catalysts have
promising applications in the field of EG oxidation. Although
catalysts based on transition metal noble metals are relatively
rare,""®*%° it has been reported that loading a small amount
of noble metal single atoms on non-precious metal catalysts
can lead to high catalytic performance.'®**8%°! Therefore, the
selection of suitable synthetic methods can often purposefully
modulate the morphology, structure and size of the catalysts,
and the use of more advanced characterisation tests can
further reveal the micro-mechanisms of EG oxidation and the
underlying reasons for the excellent performance, leading to
the preparation of highly active catalysts. Despite the great pro-
gress in transition metal-catalysed EG oxidation, there are still
some challenges to be solved.

The mechanism is not well understood: for the oxidation of
EG, different oxidation pathways are caused by different inter-
mediates during the reaction.’®°® The ideal is to achieve com-
plete oxidation through the C1 pathway,® releasing more elec-
trons and achieving higher energy efficiency, ultimately result-
ing in valuable value-added products. However, due to the
inappropriate adsorption energy of many transition metal elec-
trocatalysts with intermediate products, the C-C bond-break-
ing ability is weak, and the reaction is mainly incomplete oxi-
dation through the C2 pathway, in which it is difficult to
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achieve high energy conversion efficiency. In situ characteriz-
ation techniques, such as in situ infrared spectroscopy and
in situ X-ray absorption spectroscopy, have been used to
monitor the changes in the structure and electronic state of
the catalyst during the reaction process in real time, so as to
deeply understand the catalytic reaction mechanism and the
factors affecting the C-C bond fracture, providing a basis for
the design and optimization of the catalyst.

Limited reaction sites of catalysts: currently prepared tran-
sition metal catalysts have limited ability to resist poisoning.
In the oxidation reaction of EG, the intermediate products pro-
duced during the reaction may be adsorbed on the surface of
the catalyst, leading to catalyst poisoning, reducing its catalytic
activity. For example, CO, a common intermediate in glycol
oxidation reactions, is easily adsorbed on the surface of the
transition metal, occupying the active site and affecting the
performance of the catalyst. When the active site of the tran-
sition metal electrocatalyst is partially covered or blocked, the
utilization of the active site is not high, which affects the rate
of the catalytic reaction. This requires the purposeful regu-
lation of more exposed active sites during the synthesis
process, such as the use of nanotechnology to prepare tran-
sition metal electrocatalysts with specific morphology and size,
such as nanoparticles, nanowires, nanosheets, etc., which can
increase the specific surface area and the number of active
sites of the catalyst, and improve the catalytic performance.

Single regulation strategy: the current regulation strategy for
transition metal catalysts mainly focuses on single-atom
doping” and alloying. The single-atom catalyst has high
atomic utilization and a unique electronic structure, which has
great potential in the EG oxidation reaction. By precisely con-
trolling the dispersion and coordination environment of tran-
sition metal atoms on the support, efficient monatomic cata-
lysts can be prepared. For example, by loading precious metal
single atoms on a non-precious metal catalyst, the precious
metal is dispersed on the carrier in the form of single atoms,
which can improve the atomic utilization and increase the
number of active sites. However, the choice of carrier is par-
ticularly important. (1) Porous material carrier:**"'%* these car-
riers have a large surface area and rich pore structure, can
provide more active sites, and help the diffusion of reactants
and products. For example, the precious metal catalyst with
alumina as the carrier has a good catalytic effect in the glycol
oxidation reaction. (2) Two-dimensional material carriers: two-
dimensional materials such as graphene, transition metal di-
sulfide, etc., have also become ideal carriers for precious metal
catalysts due to their unique electronic structure and physical
properties. Two-dimensional materials can interact with pre-
cious metals, regulate the electronic structure of precious
metals, and improve the activity and selectivity of catalysts.
Although single-atom catalysts have been proved to have good
application prospects, more catalysts are needed, such as
through interface engineering to regulate the electronic struc-
ture of the catalyst to achieve high activity,*>*%*1%¢

Challenge of combined factors: the oxidation performance of
EG is not only affected by the catalyst, but temperature and

This journal is © The Royal Society of Chemistry 2025
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pressure are also important factors affecting the oxidation
reaction of EG. Appropriately increasing the reaction tempera-
ture and pressure can improve the reaction rate, but too high a
temperature and pressure may lead to catalyst deactivation or
side reactions. Therefore, researchers need to optimise the
reaction temperature and pressure to improve the efficiency
and selectivity of EG oxidation; choosing the right concen-
tration of reactants can also improve the reaction rate and
yield, so many aspects need to be considered to achieve
efficient EG oxidation. In addition, the study of transition
metal catalysis for electrocatalytic EG oxidation has also had a
positive impact on related fields, providing key technological
support for the development of new types of fuel cells and
electrolysers, which is expected to improve the efficiency of
energy conversion, reduce energy consumption, and reduce
environmental pollution.'®"® This work further elaborates
that the coupling of EG with other reactions, such as the
carbon dioxide reduction reaction, not only achieves efficient
oxidation of EG, but also solves the problem of energy pol-
lution, which is of far-reaching significance for future sustain-
able development.

In conclusion, this work focuses on the summary of tran-
sition metal catalysts currently used for the electrocatalytic oxi-
dation of EG. Firstly, the mechanism of electrocatalytic oxi-
dation of EG is explained, and furthermore, different synthetic
strategies currently used for the synthesis of the catalysts are
summarized, providing a reference synthetic strategy for the
design and preparation of subsequent catalysts for the electro-
catalytic oxidation of EG. Subsequently, the common non-pre-
cious metal catalysts and precious metal catalysts are summar-
ized and their excellent properties are explained. Finally, the
opportunities and challenges for the future are explained,
which will provide a reference for the future investigation of
efficient catalysts for the electrocatalytic oxidation of EG and
their effects on EGOR to effectively control the intermediate
products of EG and ultimately produce the target oxidation
products.
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