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Renewable biomass, with its abundant resources, provides a viable solution to address the energy crisis and
mitigate environmental pollution. Furan compounds, including 5-hydroxymethylfurfural (HMF) and furfural
(FF), serve as versatile platform molecules derived from the degradation of lignocellulosic cellulose, offering
a crucial pathway for the conversion of renewable biomass. The electrocatalytic conversion of furan
compounds using renewable electricity represents an enticing approach for transforming them into
value-added chemicals. However, the complex chemistry of furan compounds leads to low selectivity of
the target product, and the lower current density and Faraday efficiency make it difficult to achieve
molded applications. Therefore, it is crucial to gain a better understanding of the mechanism and
conditions of the reaction, enhance reaction activity and selectivity, and indicate the direction for
industrial applications. Herein, we provide a comprehensive review of the recent advancements in the
electrocatalytic of HMF and FF, focusing on mechanisms and pathways, catalysts, and factors affecting
like electrolyte pH, potential, and substrate concentration. Furthermore, challenges and future
application prospects are discussed. This review aims to equip researchers with a fundamental
understanding of the electrochemical dehydrogenation, hydrogenation, and hydrolysis reactions
involving furan compounds. Such insights are expected to accelerate the development of cost-effective
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energy, particularly lignocellulosic biomass, is promising for
sustainable chemical and fuel production.*® Lignocellulose,
comprising cellulose, hemicellulose, and lignin, is an abundant
and renewable feedstock.*™ In 2004, the U.S. Department of
Energy released a list of the most promising bio-derived plat-
form molecules, which was later updated and revisited by Bozell
and Petersen in 2010."> Among these, furfural (FF, CsH,0,) and
5-hydroxymethylfurfural (HMF, C¢HsO3) stand out as repre-
sentative furan compounds generated by the acid-catalysed
dehydration of pentose (C5) and hexose (C6) sugars, respec-
tively. These compounds have the potential to serve as alter-
native commodity chemicals to fossil-fuel-based platform
chemicals through oxidation, dehydration, and hydrogenation
processes targeting functionalities (-C=0 on furfural, -OH and
-C=0 on HMF) attached to their furan ring."* The use of
furfural and 5-hydroxymethylfurfural as bio-based platform
molecules for the production of biorefinery building blocks and
value-added chemicals is widely recognized. Through oxidation
and reduction reactions, HMF and FF can be transformed into
a diverse range of products with added value.

The primary method for biomass conversion is thermo-
chemical catalysis, requiring high temperature and pressure.**
With the costs of renewable energy, electrochemical processes
are emerging as viable routes.*'® Electrocatalytic conversion
can be conducted at room temperature and pressure using
simple equipment, allowing precise control of selectivity and
conversion rates by adjusting applied potential, electrode
materials, and electrolytes. The transformation of the C-O/C=
O functional groups in furan compounds produces high-value
chemicals and biofuels, offering promising applications for
the reuse of biomass derivatives and the green production of
fine chemicals. Current research efforts are heavily focused on
exploring catalysts, analyzing active sites, and dissecting reac-
tion mechanisms."*®* Therefore, there is an urgent need for
a systematic review and summary of the progress in electro-
chemical conversion reactions of furan compounds. Addition-
ally, the latest reviews on this topic are crucial for a thorough
understanding of the fundamental principles of electrocatalysis
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and the proper design of catalysts, ultimately facilitating the
scaled-up application of electrocatalysis in the production of
biomass-derived products.

Herein, based on the importance of electrocatalytic furan
compound conversion mentioned above, in order to deepen the
understanding of the reaction mechanism and catalyst design,
and to provide references for enhancing the selectivity and
activity of electrochemical conversion, we summarize the recent
progress of electrocatalytic conversion of biomass derived furan
compounds (FF and HMF). FF and HMF exhibit versatility in
electrocatalysis to various valuable products, such as biofuels,
bioplastics, medicine and chemicals, as shown in Fig. 1. This
paper focuses on the electrochemical hydrogenation, hydro-
lysis, and oxidative dehydrogenation mechanisms of furan
compounds, as well as the corresponding catalysts and factors
affecting the reaction performance. In addition, the review
discusses the latest advancements in the paired electrolysis of
furan compounds, providing insights into
approaches for their electrochemical conversion. Finally, the
practical challenges and application prospects associated with
the electrochemical conversion of biomass-derived furan
compounds are discussed. This discussion not only serves as
a theoretical foundation for the efficient electrochemical
conversion of biomass derivatives but also provides valuable
insights for the transition to industrial-scale production.

innovative

2 Advances in electrocatalytic
production of furan compounds

HMF has evolved into a multifunctional molecule capable of
being oxidized and reduced to yield chemicals with higher
added value.*?® As illustrated in Fig. 2a, the primary products
resulting from the oxidation process include 2,5-diformyl furan
(DFF), 5-hydroxymethyl-2-furancarboxylic acid (HMFCA), 5-
formyl-2-furancarboxylic acid (FFCA), and 2,5-furandicarboxylic
acid (FDCA), each holding promising applications. For
instance, HMFCA serves as a valuable monomer in polyester
synthesis, while FFCA demonstrates broad prospects in fuel,
chemical intermediates, pharmaceuticals, and other indus-
tries.”** Through hydrogenolysis or hydrogenation, HMF can
be transformed into 5-methylfurfural (5-MF) and 2,5-bishy-
droxymethylfuran (BHMF). 5-MF can then be converted to 2,5-
dimethylfuran (DMF) through direct hydrolysis of aldehydes or
through the 5-MF — MFA — DMF process (Fig. 2b).>**
However, the conversion of MFA to DMF is very difficult,
because once the alcohol group on HMF is hydrolysed first, it
will be difficult for the alcohol group to hydrolysis. Notably,
BHMF stands out as a crucial precursor in the production of
functionalized polyethers, polyurethanes, and polyamides.>® An
essential hydrogenolysis product stemming from HMF is 5-
methylfurfuryl alcohol (MFA), and DMF represents an ideal
liquid biofuel component for transportation due to its advan-
tageous characteristics, including a high-octane number,
a reasonable boiling point, and low solubility in water.*>%*”
Furfural (FF) stands out as a platform chemical, boasting
a commercial production of 250 000 tons per year derived from

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram of biomass sources of HMF and FF platform molecules and their electrochemical conversion to high value-added

chemicals and fuels.
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Fig.2 The main electro-oxidation pathways (a) and electro-reduction pathways (b) of HMF, and (c) electrochemical conversion pathways of FF.
The dashed arrows indicate steps experimentally found to be difficult to occur.
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the treatment of agricultural waste.”® Due to its chemical and
structural complexity, FF offers the potential for direct or indi-
rect conversion into over 80 valuable compounds, primarily
through reduction and oxidation processes.> The pathways for
FF transformation into major platform molecules are depicted
in Fig. 2c. Among the significant products resulting from FF
reduction, furfuryl alcohol (FFA) emerges as an intermediate
crucial to pharmaceutical and polymer industries.**** Further
hydrogenolysis of the side C-O bond of FFA leads to the
production of 2-methylfuran (MF), which holds substantial
promise as a liquid biofuel with high energy density. Addi-
tionally, MF serves as a green solvent and feedstock for the
production of pharmaceuticals, pesticides, and perfume inter-
mediates.***> On the other hand, FF can undergo transformation
to produce furoic acid (FA) via an oxidation process. FF is
a versatile chemical for the production of a variety of pharma-
ceutical drugs, agriculture, fragrances, flavors, biofuels.*

3 Selective electrochemical oxidation
of furan compounds

3.1 Pathway and mechanism for electrochemical oxidation
of furan compounds

The electrochemical oxidation of biomass-derived compounds
has garnered substantial attention, primarily due to the kinet-
ically unfavorable nature of water oxidation and the relatively
low value of its resulting product (O,).>**¢ In this section, we will
provide an overview and outlook on the electrochemical
oxidation of furan compounds. This coverage encompasses the
reaction pathways and mechanisms involved, as well as the
design principles for electrocatalysts in this context. The
determination of electrochemical reaction pathways and
mechanisms is crucial for selecting appropriate reaction
conditions, improvement of product selectivity and rational
design of highly active and selective electrocatalysts. In this
section, we will elucidate the electrooxidation pathways and
mechanisms, exploring them from the perspective of HMF and
FF as substrates, respectively.

3.1.1 Direct reaction mechanism (OH* mechanism). Direct
oxidation typically exhibits a distinct potential-dependent
oxidation (PD oxidation) character, driven by the applied
voltage rather than being dominated by chemical redox medi-
ator pairs. This mechanism, also known as the OH* mecha-
nism, is characterized by a more positive onset potential
compared to indirect oxidation.’” In the OH* mechanism, the
valence state transition of the catalyst is not involved, and the
applied voltage primarily promotes the adsorption and electron
transfer of OH ™, followed by substrate dehydrogenation.*®* The
direct oxidation process involves the adsorption of organic
molecules and OH™ on the electrode, followed by the produc-
tion and desorption of the products.*” In this direct oxidation
mechanism, hydroxide ions (OH ) are adsorbed on the elec-
trode surface under a certain potential, losing electrons to form
adsorbed hydroxyl groups (OH*). OH* then activates the
adsorbed substrate molecule, causing
dehydrogenation. The  oxidation

oxidative

41-43

pathways  and
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corresponding mechanisms are illustrated in Scheme 1. For
HMF, under a non-strong alkaline media (pH < 13), the
hydroxymethyl group of HMF absorbed on the electrode surface
triggers the deprotonation of the C-H bond and the O-H bond
through the activation of OH™, resulting in the production of
DFF intermediate.*® Subsequent reactions lead to the formation
of FFCA and FDCA (Scheme 1a).>**

In a strong alkaline environment (pH = 13), the aldehyde
group will preferentially adsorb on the catalyst surface, via
addition with H,O, HMF will be converted into diol, which then
interacts with OH™ to activate C-H/O-H and deprotonate to
generate carboxyl (i.e., HMFCA). Later on, FFCA is gained
through the same OH™ activation and deprotonation process on
the other alcohol chain. Following, the nucleophilic addition
and dehydrogenation steps are repeated to form FDCA (Scheme
1b).*#** Indeed, the energy of the C-H/O-H bond dissociation of
the HMF can be used to assess the oxidative activity of its direct
oxidation process. It is important to note that the substrate
molecule (HMF) itself needs to be adsorbed on the catalyst
surface for the reaction. Therefore, the balance of substrate
molecule and OH™ adsorption on the electrode surface is
identified as an important factor determining the efficiency of
direct oxidation.*

3.1.2 Indirect oxidation mechanism (electrochemical-
chemical (E-C) mechanism). Unlike direct oxidation, the
applied potential of indirect oxidation does not directly drive
the oxidation of the substrate. The valence of the catalyst
changes during the oxidation process. The catalyst actually acts
as a redox medium to drive the oxidation of the substrate, which
is a chemical process that does not require an applied potential.
As shown in Fig. 3a, indirect oxidation involves a two-step
sequential process of single electron transfer. In a first step,
the pristine catalyst is reconstituted under an applied voltage to
electrochemically oxidize from the low valent/reduction state to
the high valent/oxidation state (M"" — M""'(MOOH/(MOH)O)),
and subsequently, the high-valent/oxidation state intermediate
is chemically oxidized by hydride transfer of organic functional
groups (activation and cleavage of C-H/O-H bonds) (Scheme 1c
(3) or hydrogen atom transfer (Scheme 1d (3)),** this process
(Fig. 3a process @) is spontaneous and non-electrochemical,
while the high-valent catalyst is reduced back to the low-
valent state (M™"' — M"™) (Fig. 3a process ().>**%* In
summary, Scheme 1c is a potential-dependent (PD) indirect
oxidation pathway via hydride transfer. Scheme 1d refers to the
potential-independent (PID) indirect oxidation pathway via
hydride atom transfer.*®

As an example, Wang's group*® demonstrated that the indi-
rect oxidation of nucleophilic reagents via a proton-coupled
electron transfer (PCET) process on B-Ni(OH),. B-Ni(OH), is
first oxidized to Ni**’0O(OH) on electrode surface, and then
Ni**?0(OH) acquires protons and electrons from the nucleo-
philic reagent. Consequently, the nucleophilic reagent is
oxidized while Ni**’0(OH) is re-reduced to B-Ni(OH),, while the
oxidation potential of the nucleophilic reagent is highly
consistent with that of Ni** (Fig. 3b).**** According to reports,
a strong alkaline environment (pH = 13) is more conducive to
the preferential adsorption of HMF's aldehyde group onto the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) and (b) OH* mechanisms for electro-oxidation of HMF.*” Copyright 2023, Wiley-VCH. (c) and (d) Schematic dehydrogenation for

two indirect oxidation pathways in alkaline agueous media (RCH,OH represents the organic molecule containing aldehyde/alcohol, M(OH),
represents low-valence state of the mediator and MOOH represents high-valence state of the mediator).** Copyright 2021, Royal Society of

Chemistry.

catalyst surface, leading to its oxidation to form HMFCA. At this
point, the high concentration of OH™ in the electrolyte is
advantageous for the electrochemical oxidation of HMF under
low potential, indicating that the elevated OH ™ concentration in
the electrolyte favors the potential-dependent indirect oxidation
of HMF. In contrast, under non-strong alkaline electrolyte
conditions (pH < 13), due to the much stronger bonding of HMF
on the catalyst surface compared to OH ™, the medium is diffi-
cult to oxidize. Therefore, under non-strong alkaline condi-
tions, the hydroxyl group of HMF is preferentially adsorbed
onto the catalyst surface. Through DFF as an intermediate,
direct oxidation occurs at the electrode surface. This process

usually requires a high potential and does not involve the
oxidation-reduction of intermediates.**>°

3.1.3 Mixing mechanism. It is worth noting that the two
mechanisms mentioned above are likely to co-exist. Combined
with the experimental results in the literature, Zou et al
proposed a hybrid mechanism described as follows (Fig. 4a).?
For path 1, HMF is oxidized to DFF in the first step, a reaction
that typically occurs in a non-strong base electrolyte. Due to its
competitive relationship, the low OH™ concentration is
conducive to the adsorption of HMF and hinders the high
valence conversion of the catalyst molecules at the original
potential. Furthermore, it was demonstrated that the
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generation potential of DFF is lower than the oxidation poten-
tial of the catalyst.*>** The reason for applying a high potential
is to promote OH™ adsorption at the electrode, which further
activates the HMF.*" It is therefore reasonable to assume that
this step follows the OH* mechanism. The subsequent oxida-
tion of DFF to FFCA and further oxidation to FDCA is largely
dependent on the charge.® Essentially, metal oxide (M™") cata-
lysts are oxidized to hydroxyl oxides (M"*") at correspondingly
high pressures, which are thought to be the active sites for
FDCA formation.”® In addition, high potential promotes the
process of deprotonation of the DFF, this step follows the E-C
oxidation mechanism.** It is worth noting that the voltage
required to produce FDCA from this step is higher in a non-
alkaline (low pH) than that in alkaline electrolyte, when the
DFF is generally used as the final product. For path 2, this
process usually takes place in a strong alkali solution. The
reaction from HMF oxidation to HMFCA occur at a low potential
with high selectivity. It demonstrated that the strongly alkaline
(pH = 13) are more favorable for preferential adsorption and
oxidation.*®* Zou's group reviewed that the deprotonation of
HMF at low potential only requires the activated OH~ adsorp-
tion, which follows the OH* mechanism.? The second step of
FFCA generation from HMFCA is more complicated because its
generation potential overlaps with the potential of HMFCA to
FDCA with low selectivity.>* Therefore, this step is considered to
be a hybrid mechanism of E-C and OH*, which is different from
path 1 mentioned above. With the generation of high-valent
catalytic species, FDCA becomes the main product, so it can
be judged that the generation of FDCA mainly follows an E-C
mechanism.”” Since FFCA and FDCA have similar active sites
and oxidation potentials, there is selective competition between

4728 | Chem. Sci,, 2024, 15, 4723-4756
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them. However, due to the narrow range of oxidation voltages of
FFCA, the selectivity of FDCA is significantly increased when
larger voltages are applied.*® The direct and indirect oxidation
of HMF over Co;0, catalysts was investigated by Lu et al.*® It is
demonstrated that the direct oxidation of HMF occurred at low
potentials, which is beyond the potential for the oxidation of
Co*" to Co*" (1.3-1.42 V vs. RHE), following the OH* mecha-
nism. In contrast, the co-oxidation zone at high potential is
included in the oxidation of Co®" to Co*", meaning that there is
both an OH* mechanism and an E-C mechanism, and implying
that the direct activity of HMF oxidation reaction (HMFOR) is
highly dependent on the activity of the hydroxyl groups and
aldehydes on the catalyst. It has been demonstrated that Co;0,
has a higher aldehyde oxidation activity and NiO has a higher
hydroxyl oxidation activity (Fig. 4b).*®

3.1.4 Furfural (FF) oxidation mechanism. Holewinski et al.
proposed that oxidation selectivity of the furan compounds is
governed by a balance between several properties of the catalyst
via attenuated total reflectance surface-enhanced infrared
absorption spectroscopy (ATR-SEIRAS) with modulation excita-
tion spectroscopy (MES) as well as density functional theory
(DFT) calculations.”” There are two kinds of mechanism of
furfural oxidation to furoic acid, including two-electron
pathway and one-electron pathway. As shown in Fig. 5a, one
molecule of furfural releases two electrons to form furoic acid
(FA) (defined as the “two-electron pathway”). This reaction is
a typical reaction mechanism for the oxidation of furfural under
alkaline conditions. several recent reports have
demonstrated the formation of hydrogen on the anode surface
during experiments. For example, hydrogen indeed be formed
during the electrochemical oxidation of furfural over heteroge-
neous catalysts such as ruthenium pincer catalysts®® or Cu-
based catalysts.*>*® Thus, the following reactions (Fig. 5b)
might be occurred. This reaction mechanism, in which one
molecule of furfural releases an electron and a hydrogen atom
to produce hydrogen, is defined here as “single electron
pathway”. Recently, Wang et al* constructed a Cu-anodic

However,
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Fig. 5 Mechanisms of electrocatalytic oxidation of furfural to furoic
acid: two-electron pathway (a) and one-electron pathway (b). (c)
Proposed reaction pathway and corresponding free-energy diagram
for the low-potential furfural oxidation on a Cu (111) surface.®®
Copyright 2021, Wiley-VCH.
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electrocatalytic system grown on Cu foam to achieve low-
potential oxidation of furfural and release hydrogen atoms
from the aldehyde group to generate hydrogen gas. They sug-
gested that furfural is rapidly and reversibly hydrated in alka-
line aqueous solution to form geminal diols. The hydroxyl
group of geminal diols can subsequently be deprotonated by
hydroxyl ions to form the gem-diolate anions (GDA) as in Fig. 5c.
Therefore, a low-potential furfural oxidation reaction pathway
based on an intermediate GDA was proposed. The GDA is first
adsorbed on the surface of Cu (111), and then undergoes an
electron-transfer-coupled C-H splitting to generate a furfuryl
acid (*FAC) and an adsorbed hydrogen atom (*H). Notably, due
to the lower energy barrier, at low potentials, preferential
binding to H, (*H + *H = H,, AE; = 0.53 eV) rather than
oxidation to H,O (*H + OH™ = H,O0+ e™, AE, = 0.83 eV) is
achieved by C-H splitting.”® Meanwhile, Zhao et al.** found that
Cu/CuO anodes catalyze furfural oxidation well under liquid
flow fuel cells, but it do not release hydrogen efficiently, and
Ag,0 proved to be the best anode catalyst to facilitate electron
transfer for furfural oxidation and produced H, in this system.
The results indicate that the anode catalyst plays a crucial role
in both the oxidation of furfural and the production of
hydrogen.

3.2 Electrocatalysts design for oxidation of 5-
hydroxymethylfurfural (HMF)

In the past few years, research efforts have been dedicated to
exploring electrocatalysts and processes to improve the selec-
tivity toward a target product and increase its energy efficiency,
extensive efforts have been devoted to designing electrocatalyst/
electrode structures that optimize the chemisorption of key
intermediates toward fast kinetics.*****%> In recent publica-
tions which related to the electrochemical oxidation of furans,
most of the reaction substrates have focused on HMF. There-
fore, in this section, we will review the electrocatalytic oxidation
of HMF. The recent literature on the electrocatalytic oxidation
of furans has been studied and the electrocatalytic properties of
these catalysts as well as reaction condition have been
discussed.

3.2.1 2,5-Diformyl furan (DFF) as product. Currently,
alkaline electrolytes are the most used media for the oxidation
of furan compounds, as non-precious metal-based catalysts are
usually active and durable in such electrolytes.’»** However,
alkaline conditions hinder the selective oxidation of biomass-
based alcohols to aldehydes due to the fact that aldehydes
undergo alkali-catalyzed dimerization or aldol condensation
reactions at high pH values.”® In contrast, alkalis promote the
conversion of aldehyde to reactive geminal diol, which in turn
dehydrogenates to carboxylates.®® It is thought that these
problems can be avoided in neutral/near-neutral electrolytes,
enhancing the selective of biomass alcohols to aldehydes. As
reported by Duan et al., neutral media are more favorable for
DFF generation than alkaline media.”* However, the electro-
oxidation reaction of HMF is several orders of magnitude less
active in neutral/near-neutral media than in alkaline media,*
which is a major obstacle to the generation of DFF. Therefore,

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

the electrosynthesis of DFF usually requires the participation of
noble metals with unique electron and better antioxidant
properties.® The detailed catalysts are shown in Table 1. The
main product of Pt and Ru in acidic and/or alkaline media is
DFF has been demonstrated with poor conversion and yield/
selectivity.®®~*° But electrooxidation of HMFs by monometallic Pt
or Ru electrodes is not industrially feasible due to high capital
expenditure. Therefore, there is a need to develop some
composite or alloying strategies to convert HMFs efficiently.*
Duan et al. used a single-atom ruthenium-doped nickel oxide
(Ru;-NiO) catalyst for the selective preparation of aldehydes in
a neutral medium. At a current density of 10 mA cm ™2, Ru;-NiO
possessed a low potential of 1.283 V vs. RHE and an optimal
selectivity of up to 90% for DFF. This is the best catalyst to date
for the selective synthesis of DFF via electrooxidation of HMF.**
It was shown by CV, Raman spectroscopy and operando EIS
measurements that the reaction for the conversion of HMF to
DFF under neutral electrolyte in the present study follows the
OH* mechanism, in which the monoatomic Ru facilitates the
oxidation of HMF in neutral medium by promoting hydrolytic
dissociation to generate OH*. The results showed that neutral
medium was more favorable for aldehyde production than
alkaline medium (Fig. 6a and b). Considering the high cost of
precious metals and the poor catalytic activity of HMF electro-
oxidation, the development of high-efficiency nonnoble metal
catalysts is still in the mainstream due to the advantages of their
convenient source, low price and high catalytic activity. MnO,
was used for the electrooxidation of HMF under acidic media
(pH = 1) considering the stability of MnO, in acidic solutions,
with a DFF yield of 41.9% and a HMF conversion of 95.8%.
However, the system requires high voltage (2.0 V vs. RHE),
which leads to unavoidable by-product formation and low effi-
ciency.” CogCe,O, showed good catalytic activity for HMF
oxidation under neutral conditions, with 92% DFF selectivity at
1.5 V vs. RHE but lower FE selectivity (48.7%).>> The doping of
Ce modulated the electronic structure of Co and hindered the
formation of CoOOH, the active site for FDCA generation.

In summary, noble metals promote the conversion of HMF
to DFF but the efficiency is not satisfactory, which may be due to
the theoretical weak adsorption of OH* and strong adsorption
H** it is not favorable to the oxidation reaction. Ru has
a strong adsorption for both OH* and H*, which is theoretically
more suitable for neutral environments and favors water
dissociation.” Therefore, the design of the catalyst, especially
the nonnoble metal catalysts, and the highly active and stable
hydroxyl oxidation catalysts can be obtained by adjusting the
electronic structure and surface adsorption properties. It
should be noted that water adsorption and dissociation steps
need to be considered to provide active OH*. In addition, the
formation of high-valent oxidatively active substances should be
avoided to prevent further oxidation of DFF.

3.2.2 5-Hydroxymethyl-2-furancarboxylic acid (HMFCA) as
product. HMFCA is suitable for obtaining in alkaline environ-
ments. Li et al.”® showed that gold (Au) could oxidize aldehydes
in HMF efficiently to form HMFCA, with 100% conversion at 0.6
and 0.9 V vs. RHE, and 98% selectivity for HMFCA. When they
further increased the potential to 1.2 V vs. RHE, the selectivity
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Table 1 Electrocatalytic oxidation of furan compounds

Concentration Conversion
Substrate Catalysts Electrolyte (mM) Potential (V vs. RHE) (%) Product/sel. (%) FE (%) Ref.
HMF Pt foil 0.1 M NaOH — 0.44 70 DFF, ~26 — 70
HMF Pt NaHCO; — — — DFF, — — 66
HMF Pt 1.0 M H,SO, — 2.0 88.3 DFF, 13.1 — 67
HMF Pt 0.3 M NaClO, — 0.73 9.0 DFF, 4.0 9.0 68
HMF PtRu 0.1 M H,SO, 100 — 25 DFF, 89 — 44
HMF Ru;-NiO 1.0 M PBS 50 1.5 72.4 DFF, 90 70 51
HMF MnoO, H,S0, (pH = 1) 20 2 95.8 DFF, — — 71
HMF CogCe,0, 0.1 M Na,B,0, 5 1.5 — DFF, 92 487 72
HMF Cu NPs 0.1 M KOH 10 1.23 — FFCA, 67 113
HMF Au/C 0.1 M KOH 20 0.9 100 HMFCA, — — 73
HMF Cu 1 M KOH 50 0.4 ~70 HMFCA, 100 100 43
HMF Ru;-NiO 1 M KOH 50 1.3 — HMFCA, 74 — 51
HMF Co(OH),-Ce0, 01MPBS(pH=7) 10 1.4 ~96 HMFCA, 89.4  — 76
HMF CoOy 0.1 M KOH 5 1.6 — HMFCA, 48 — 52
HMF Pd;Au,/C 0.1 M KOH 20 0.9 100 FDCA, 83 — 73
HMF Pd,/Au, 1.0 M KOH 5 0.82 ~42.4 FDCA, 38.7 858 74
HMF Co,Cu;-CH 1.0 M KOH 10 1.42 99.57 FDCA, 99.91 98.88 114
HMF Ni NPs 0.1 M KOH 10 1.5 — — — 115
HMF Ni/CP 0.1 M KOH 5 1.36 99.7 FDCA, 99.4 99.4 61
HMF hp-Ni 1.0 M KOH 10 1.423 — FDCA, — 98 116
HMF NiCu NTs 1.0 M KOH 20 1.424 ~100 FDCA, 99 96.4 78
HMF Ni-Cu/NF 1.0 M KOH 50 1.45 — FDCA, 100 99.7 79
HMF Rh-O5/Ni(Fe) 1.0 M KOH 50 1.48 98 FDCA, 99.8 98.5 117
HMF Ir-Co30,4 1.0 M KOH 50 1.42 — FDCA, — 98 62
HMF Vo-Co30,4 1.0 M KOH 10 1.47 — FDCA, — 88.1 40
HMF NiO-Co30,4 1.0 M KOH 10 1.35 — FDCA, — 96.0 82
HMF NiCo0,0,4 1.0 M KOH 10 1.45 — FDCA, 99.4 99 87
HMF Nig.5C05 50, 1.0 M KOH 50 1.5 — FDCA, — 90.3 38
HMF NiO-CMK-1 0.2 M KOH 20 1.85 65 FDCA, 79 70 56
HMF Pt/Ni(OH), 1.0 M KOH 50 — — FDCA, — 98.7 89
HMF CoO,Hy 1.0 M KOH 10 1.5 — FDCA, — 70 90
HMF CF-Cu(OH), 1.0 M KOH 100 1.823 — FDCA, — 100 53
HMF E-CoAl-LDH-NSA 0.1 M KOH 10 1.52 — FDCA, — 99.4 42
HMF NiFe LDH 1.0 M KOH 10 1.23 98.6 FDCA, 99 99.4 118
HMF d-NiFe LDH 1.0 M KOH 10 1.48 97.4 FDCA, 99.4 84.5 92
HMF CoFe-LDH@NiFe-LDH 1.0 M KOH 10 1.4 — FDCA,100% 99.8 93
HMF Ru, 3/NiFe-LDH 1.0 M KOH 5 1.48 99.4 FDCA, 99.2 — 94
HMF NiCoFe LDH 1.0 M NaOH 10 1.52 — FDCA, 88.9 ~90 54
HMF NiCoMn LDH 1.0 M NaOH 1 1.50 100 FDCA, 91.7 ~65 91
HMF CoOOH 1.0 M KOH 10 1.423 100 FDCA, 100 99 86
HMF NiOOH 0.1 M KOH 5 1.47 — FDCA, 96.2 96 47
HMF MnO, 0.1 M H,S0, 20 1.6 99.9 FDCA, — 34 67
HMF Ni;S,/NF 1.0 M KOH 10 1.423 — FDCA, 98.0 98.0 103
HMF Coy 4NiS@NF 1.0 M KOH 10 1.45 100 FDCA, 99 99.1 107
HMF N-Mo0O,-Ni;S, 1.0 M KOH 10 1.623 90 FDCA,100 — 119
HMF C0ySg-NizS,@NSOC/NF 1.0 M KOH 10 1.4 100 FDCA, 98.8 98.6 120
HMF NiS,/Ni,P 1.0 M KOH 10 1.46 — FDCA, 98.8 95.1 109
HMF NiCo-S 1.0 M KOH 10 1.45 99.1 FDCA, 98.0 96.4 121
HMF Co-P/CF 1.0 M KOH 50 1.423 100 FDCA, 90.0 — 102
HMF Ni,P NPA/NF 1.0 M KOH 10 — — FDCA, 100 98 104
HMF NiFeP 1.0 M KOH 10 1.435 — FDCA, 100 94.6 108
HMF CoNiP-NIE 1.0 M KOH 10 1.5 — FDCA, — 87.2 122
HMF MoO,-FeP 1.0 M KOH 10 1.42 100 FDCA, 98.6 97.8 112
HMF NiP-Al,O;/NF 1.0 M KOH 0.3 1.45 98.2 FDCA, 99.6 96 123
HMF NiB, 1.0 M KOH 10 0.6 vs. NER 99.8 FDCA, 99.0 99.5 105
HMF Ni,B (flow cell) 1.0 M KOH 10 1.45 100 FDCA, 98.5 100 84
HMF Ni;N@C 1.0 M KOH 10 1.45 — FDCA, 98.0 99 55
HMF NizN 1.0 M KOH 50 1.47 — FDCA, ~92.0 — 106
HMF Ni;N-V,0, 1.0 M KOH 10 — — FDCA, 98.7 — 124
HMF VN 1.0 M KOH 10 20 mA 98.0 FDCA, 96.0 84 98
HMF NF@Mo-Nij gsSe 1.0 M KOH 10 1.40 100 FDCA, 95.0 95.0 111
HMF NiSe@NiOx 1.0 M KOH 10 1.423 — FDCA, 99.0 99.0 100

4730 | Chem. Sci,, 2024, 15, 4723-4756 © 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc00546e

Open Access Article. Published on 27 February 2024. Downloaded on 4/30/2026 6:47:37 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Review Chemical Science
Table 1 (Contd.)
Concentration Conversion

Substrate ~Catalysts Electrolyte (mM) Potential (V vs. RHE) (%) Product/sel. (%) FE (%) Ref.
HMF Co0O-CoSe 1.0 M KOH 10 1.43 — FDCA, 99.0 97.9 110
HMF F-NiCo,0,/CC 1.0 M KOH 10 1.45 98.47 FDCA, 99.51 98.1 125
HMF NiVW,-LMH 1.0 M KOH 10 1.39 ~100 FDCA, 99.2 — 126
FF PbO, 0.05 M H,SO, 10 2.0 100 MA, 65.1 33.4 127
FF Cus [Et;NH]NO; (1.8 wt%) 1 1.6 70.2 HFN, 3.6 771 128
FF Au/C 0.25 M HCIO, 50 0.8 — FA, 99 100 129
FF Cu/Cu foam 1.0 M KOH 50 0.3 V (H-cell) — FA + H,, — 100 59
FF PbO, 0.1 M KOH 10 1.3 (Ag/AgCl) — FA, 99.3 85 130
FF H-PdCu 0.1 M KOH 200 0.88 (OCV, H cell) — FA, — 93.3 131
FF Ag,O@Ni 2.0 M KOH 100 1.95 V (OCV) — FA, — — 132
FF Pt-Co030,4 1.0 M KOH 50 1.55V 44.2 FA, 55 66.1 133

decreased to 81% due to further oxidation of HMFCA to FFCA
and FDCA. This result suggests that Au is simultaneously
capable of oxidizing HMFCA, but this requires a larger over-
potential compared to oxidizing HMF.” It is worth noting that
oxidation of HMF by the Au catalyst was pH sensitive, with
a sharp decrease in current density and a slight decrease in
alkalinity. Koper” attributed this to the deprotonation of the
alcohol by the base in solution to form alcohol oxides, which
increased the oxidation reactivity at the Au electrode. This
metallic catalyst following OH* mechanism at low potential.
For non-precious metal, Zhao et al.”’® prepared Co(OH),-
CeO, as the catalysts for HMF electrooxidation under the
neutral condition of pH 7, and achieved HMFCA (89.4% selec-
tivity) at 1.4 V (RHE). XPS and in situ Raman revealed that the
evolution of active species between COOOH and CoO, is the key
factor for the selective electrooxidation of HMF (Fig. 6¢ and d).

DFF and HMFCA as products

The results showed that an increase in pH had a greater
oxidizing effect on the oxidation of the alcohol hydroxyl group
and that the alcohol hydroxyl group was better oxidized than the
aldehyde group. To sum up, pH and potential have a large effect
on the oxidation of the alcohol hydroxyl group. At low pH and
potential conditions, the oxidation of alcohol hydroxyl groups
was significantly inhibited and the products were mainly
HMFCA, whereas at high pH conditions theoretically tended to
produce FFCA and FDCA. Secondly, the addition of CeO, and
electron transfer from Co(OH), to CeO, led to the formation of
more Co®>" substances, which were the key substances catalyzing
the oxidation of HMF to generate HMFCA. In addition, as the
potential increased, the Co active substance underwent
a change from Co(OH), — CoOOH — Co00,, with COOOH being
the active substance at low potentials and CoO, being the active
substance at high potentials. At high pH, Co®" and Co*" are
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(a) Operando EIS analysis of Bode plots of Ru;-NiO under different potentials and (b) proposed HMFOR mechanism over Ru;-NiO in the

neutral medium.** Copyright 2022, Wiley-VCH. In situ Raman spectra of electrolyte change under different potential at pH 7 (c) and pH 10 (d), and
(e) Schematic diagram of HMF conversion path on Co(OH),-CeO, catalyst at different pH and potentials.”® Copyright 2023, Elsevier.
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generated at low potentials, thus oxidizing the hydroxyl and
aldehyde groups of HMF, which is the key difference between
CoOOH selectively oxidizing aldehyde groups to generate
HMFCA at low pH and low potential conditions (Fig. 6e).”®
Although not explicitly stated in the text, the reactions involved
in this study follow the E-C. For the catalyst design of HMFCA,
on the one hand, oxidation-resistant metals or metals with high
redox potentials should be selected to avoid the generation of
high-valent oxides in alkaline environments, which would be
favorable for the further oxidation of HMFCA to FFCA and
FDCA. On the other hand, the varied electronic configurations
within the same valence state result in distinct selectivity,
necessitating further investigation.

3.2.3 2,5-Furandicarboxylic acid (FDCA) as product. Among
those products of HMF electrooxidation reaction, FDCA is
considered to be one of the most valuable oxidation products
because it is commonly used as a precursor for the production
of the biopolymer material polyethylene furanoate. Moreover,
the theoretical oxidation potential of HMF oxidated to FDCA
(0.3 V vs. NHE) is much lower than that of OER (1.23 V vs.
NHE).** Therefore, HMF electrooxidation has drawn growing
attention recent years. In this section, we will discuss some
representative results of noble metal electrodes and non-
precious metals and their composite electrodes for HMF elec-
trooxidation, respectively, along with a description of the elec-
trolysis conditions and electrochemical performance.

Noble metal catalysts. Single metals are difficult for HMF to be
completely oxidized to FDCA, while noble metal alloy electrodes
can effectively solve this problem. Chadderdon et al.”® synthe-
sized and optimized palladium-gold alloy (Pd;Au,/C) nano-
particles to selectively oxidize both hydroxyl and aldehyde
groups of HMF, achieving 83% FDCA selectivity and 100% HMF
conversion at an anodic potential of 0.9 Vvs. RHE, this excellent
performance is due to the presence of the Au phase improves
the activity of the isolated Pd, and the activation of aldehydes
and hydroxyls by Au and Pd, respectively. A similar study was
done by Park et al.” They further designed a three-dimensional
palladium-gold alloy electrode (Pd,/Au,) for HMF oxidation
reaction, and finally obtained a 38.7% FDCA selectivity using
gold nanoparticles wrapped around palladium nanoparticles in
1.0 mol L™ KOH and at an anodic potential of 0.82 V vs. RHE.
Interestingly, although the alloying elements were the same in
the two studies mentioned above, the reaction paths for the
formation of FDCA were different. Chadderdon” believes that
the Pd site preferentially undergoes dehydrogenation of HMF to
DFF, which is further oxidized to obtain FFCA, and then Au
catalyzes the conversion of FFCA to FDCA, while park believes
that Au on top preferentially converts the HMF oxidized to
HMFCA, while HMFCA — FFCA — FDCA occurs on the Pd site.
This may be due to the different morphologies and electronic
structures produced by the different preparation methods,
resulting in the surfaces being exposed to different crystalline
planes, and the different crystalline planes will lead to different
adsorption energies of the intermediates, which is the main
reason for the difference in selectivity. In addition, one is a flow
reactor and the other is a half-cell, and the difference in the
reaction vessel will also have an effect, and we encourage the
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use of uniform criteria for judgement. Although the noble
metals showed considerable activity, their post-reaction char-
acterization was insufficient for further active site identifica-
tion, the material is expensive and the synthesis process is
complicated.

Nonnoble metal catalysts. Considering the cost of noble
metals and the poor catalytic activity of HMF electrooxidation,
although the start-up potentials of nonnoble metal electro-
catalysts are slightly higher, the development of highly efficient
nonnoble metal catalysts (including nonnoble metal
compounds) is still a general trend due to their convenient
sources and low prices, and a large number of research results
have been produced. Among the various nonnoble metal cata-
lysts, nickel-based and cobalt-based metals are the most active
class. Various nickel-based compounds exhibit different
compositions and properties, making them adaptable to
different applications. Qi et al.®* prepared a nickel nanosheet
catalyst vertically anchored on a carbon paper substrate by
electrodeposition, which exhibited enhanced catalytic activity
in the HMF electrooxidation reaction, with 99.7% HMF
conversion and 99.4% FDCA yield at a low potential of 1.36 V vs.
RHE. The high catalytic activity was attributed to the unique
electronic structure of the Ni/CP electrode. Compared with Ni
catalysts with nanoparticle morphology, nanosheet Ni with
small grain size can transfer electrons to the semiconducting
carbon carriers, and the electron-deficient Ni is easily oxidized
to high-valent Ni’* (6 = 2-3, Fig. 7a and b), especially in the form
of NiO or NiOOH at the edge position, which is the key active
phase for efficient HMF electrooxidation.”” The reaction of HMF
electrooxidation to FDCA may follow both pathways 1 and 2 as
mentioned in Section 2.1. In addition to single-metal Ni cata-
lysts, alloy catalysts have also been used to promote the oxida-
tion of HMF to FDCA. To further promote the activity of the
HMF oxidation reaction, the design of bimetallic catalysts is
a strategy. Zheng et al.”® reported a bimetallic catalyst, Cu-doped
Ni nanotubes (NiCu NTs, Fig. 7c), for the oxidation of HMF to
FDCA with simultaneous precipitation of H, at the cathode.
When being employed as an anodic catalyst for the oxidation of
HMTF to FDCA, NiCu NTs showed 100% HMF conversion and
99% FDCA yield in 1.0 M KOH. To gain more insight into the
working mechanism over the NiCu NTs catalyst, HPLC (Fig. 7d)
and in situ Raman spectra (Fig. 7e) were examined, the results
demonstrated that the conversion of HMF to FDCA follows the
pathway of HMF-HMFCA-FFCA-FDCA, where the aldehyde
groups are first oxidized to form a HMFCA intermediate, and
the hydroxymethyl groups are consecutively oxidized to yield
FFCA and then FDCA, which is consistent with aerobic HMF
oxidation reactions. It is widely accepted that the formation of
NiOOH on the surface is the first step in the aqueous oxidation
of Ni-based catalysts in alkaline media. From this, it can be
reasonably deduced that during the oxidation of HMF, the
catalyst surface is also first oxidized to Ni**OOH, which as the
active site then rapidly oxidizes the HMF, while Ni** is reduced
to have Ni**. Although the electrooxidation reaction of HMF
shows increasing potential, the OER is the main competing
reaction at high current densities, which leads to low Faraday
efficiency (FE) of the product and catalyst detachment from the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 Chemical states of Ni/CP hybrid electrodes: (a) first derivative normalized XANES spectra at the Ni K-edge for samples and (b) Ni 2ps,> XPS
spectra of Ni(NS)/CP and Ni(NS)/CP-used.” Copyright 2021, Wiley-VCH. (c) Schematic illustration of the preparation route for the porous NiCu
NTs electrode, and SEM images and (d) relative change (%) of HMF conversion and product yield during the electrooxidation process and (e)
Raman spectra in HMF solution.”® Copyright 2022, American Chemical Society. (f) FE-SEM and TEM image of Ni—Cu/NF and (g) FE and yields of
FDCA, (h) in situ Raman spectroscopy of Ni—Cu/NF and (i) Gibbs free energy diagrams of HMFOR on m-Ni-Cu/NF.” Copyright 2023, Wiley-VCH.

electrode. In order to inhibit the OER, Sun et al.” reported
a bimetallic Ni-Cu electrocatalyst (Ni-Cu/NF) loaded on Ni
foam to enhance the oxidation reaction of HMF (Fig. 7f). A
current density of 1000 mA cm * could be achieved at the
reversible hydrogen electrode, and both FE and yield remained
close to 100% over a wide range of potentials (1.4-1.55 V vs.
RHE) (Fig. 7g). In situ Raman and theoretical calculations show
that Cu doping hinders the deprotonation of OH* to O*, thus

© 2024 The Author(s). Published by the Royal Society of Chemistry

greatly inhibiting the OER process. Meanwhile, from the EIS
and Raman results, NiOOH acts as the active site for HMF
oxidation, following the reaction path with HMFCA as the
intermediate (Fig. 7h and i). From the above results, it can be
inferred that metal catalysts usually consist of in situ derived
hydroxides or hydroxyl oxides as the active substances for the
generation of FDCA, and therefore need to be driven by high
potentials. The mechanism (OH* or E-C mechanism) is
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followed by both active species and pH versus oxidation poten-
tial, and some multisite catalysts may incorporate both of the
above mechanisms, which requires further testing and
calculations.

Metal oxides, —hydroxides, —-oxyhydroxides. Metal oxides have
a great advantage in oxidation reactions due to their flexibility
in chemical composition and electronic states.** The most
studied oxides are nickel- and cobalt-based oxides because of
their excellent adsorption properties.** Further studies have
found that NiO(OH),4s or NiOOH to be the active centre of HMF
oxidation.’***> Nickel-based materials have relatively high
onset potentials for HMF electrooxidation, usually around
1.30 V vs. RHE.***® In contrast, cobalt-based electrocatalysts
typically possess a lower onset potential for the electrocatalytic
oxidation of HMF.*® Co;0, were selected as catalysts to inves-
tigate the and optimized the HMF adsorption behavior by
Wang's group.’®®* First, the adsorption behavior of HMF on
Co;0, was optimized by introducing Ir single-atom sites, as
shown in Fig. 8a. Compared with Co30,, the Ir-Co;0, electro-
catalyst showed a stronger adsorption of HMF through the C=C
group (Fig. 8b), resulting in Ir-Co;0, showed a higher yield
(98%) and faradaic efficiency (98%).%* Since the HMFOR process
includes the oxidation of hydroxyl and aldehyde groups, the
different adsorption energies and positions of OH on the cata-
lyst have an important effect on the activity of HMFOR, and
there is also competition for the adsorption of OH by OER.
Therefore, Wang et al. developed an oxygen vacancy on Coz0,
catalyst (Vo-C030,) to solve the competition for the adsorption
of OH. As show in Fig. 8c, due to the introduction of oxygen
vacancies (Vo) in Co304, OH can fill into Vg in the V5-Co30,
lattice. The involvement of lattice OH™ not only breaks the
competitive adsorption between OH™ and HMF, but preferen-
tially couples with organic molecules through lattice oxygen
oxidation reaction rather than competing with HMF for
adsorption on metal sites, which is the mechanism on Coz;0,
electrode (Fig. 8d), thus accelerating the rate-determining step
of HMFCA hydrogenation.*

Spinel oxides (AB,O,) have received much attention due to
their abundant active sites, tunable coordination structures and
high electrocatalytic stability, and their octahedral and tetra-
hedral sites play different roles in HMFOR.* In previous work,
HMF was taken as a whole, thus, the reaction activity of the
aldehyde (-CHO) and hydroxyl (-OH) groups has not yet been
distinguished.*® In order to deeper understanding of the reac-
tion mechanism for HMFOR, Wang et al*® designed
Niy 5C0, 50, catalysts for the reactivity of aldehydes (-CHO) and
hydroxyls (-OH) to gain insight into the reaction mechanism. It
was found that the direct oxidation activity of HMF was highly
dependent on the activity of hydroxyl groups and aldehydes on
the catalyst. The results showed that NiO has high hydroxyl
oxidation activity and CozO, has high aldehyde oxidation
activity (Fig. 8e). By introducing Ni into the tetrahedral sites of
Co30,4, the best HMFOR performance was obtained at the
Niy 5C0,.50,4 electrode (Fig. 8f), resulting in 92.4% FDCA yield
and 90.4% Faraday efficiency. It is worth noting that Ni doping
also changes the reaction mechanism to direct oxidation, with
the aldehyde group still oxidized preferentially in 1 M KOH to
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produce HMFCA, while hydroxyl oxidation was preferred at pH
= 13.%® Overall, metal oxide catalysts need to be further enriched
due to their flexible and tunable structures. In addition, there is
a need to develop methods to improve the performance of
oxides, such as performing elemental doping and constructing
heterojunctions in order to improve the adsorption and elec-
tron transfer to the reactants during the reaction process.

In addition, nickel hydroxide electrodes are more suitable
for prolonged alkaline electrocatalysis due to the abundance of
hydroxyl groups, which provide active sites and strong adsorp-
tion of substrates.®® However, the surface HMFOR of nickel-
based catalysts is still limited by the lower rate of Ni(OH)O
generation from the active intermediate. Thus, Wang et al.®
adjusted the adsorption energy of Ni(OH), with HMF through
the introduction of Pt, and explored the transformation of active
species Ni’" in the process of HMFOR. In particular, operando
Raman spectroscopy confirmed that Ni(OH), was electro-
oxidized to Ni(OH)O, which further oxidized HMF to FDCA
without the formation of NiO,(OH), (Fig. 9a, the peak at 473 and
553 cm '), that is considered to be the active substance of OER
(Fig. 9b). It can be seen that the HMFOR on the Ni(OH), catalyst
surface follows the E-C mechanism.* Since the mechanism of
CoO,H, is different from that of Co30,, Luo et al.** combined
experimental and a theoretical study to explain that electro-
generated Co®* and Co®*" species act as chemical oxidants but
with distinct roles in selective HMF oxidation. It was found that
Co®" generated at a low potential acted as the only oxidant to
oxidize the aldehyde group, and as the potential increased, the
selectivity of FDCA increased with concentration of Co**
increased, which indicated that Co*" was essential for the initial
oxidation of the hydroxyl group in the molecule. It was found
that the reaction was “E-C” mechanism (Fig. 9¢).*

Furthermore, the layered double hydroxide (LDH) has been
reported to have superior catalytic performance over single
metal hydroxide since the second metal atoms could tune the
electronic structure and introduce optimal surface chemical
properties.*>**** Subsequent studies on LDHs have focused on
modulating the electronic structure to inhibit the OER compe-
tition response. Wang et al.®*> reports the electrooxidation of
HMF to FDCA catalyzed by carbon paper supported cationic
defect-rich nickel-iron alloy LDH (d-NiFe LDH/CP) under alka-
line conditions. The d-NiFe LDH/CP exhibits excellent catalytic
performance due to the electronic structure change induced by
vacancy implantation. At a voltage of 1.48 V vs. RHE, the
conversion of HMF was 97.35%, and the yield of FDCA reached
96.8% with a Faraday efficiency of 84.47% (Fig. 9d).”> Zhao
et al.”® have prepared CoFe-LDH@NiFe-LDH as the catalysis for
HMFOR, it was shown that the synergistic action of multiple
active species could promote the electrooxidation of HMF, and
the reactive species of the reaction was M>* (M = Ni, Co, Fe). The
HMF reaction on CoFe-LDH@NiFe-LDH electrodes contained
two pathways, namely the HMFCA pathway at low potentials
and the DFF pathway at high potentials (Fig. 9¢ and f). Addi-
tionally, Li's group® loaded single atom Ru on NiFe-LDH to
enhance the catalytic ability of NiFe-LDH (Fig. 9g). As shown in
Fig. 9h, the electron cloud around Ru®" was transferred to Fe*",
Ru*" attracted the electron cloud of Ni**, and the loaded Ru

© 2024 The Author(s). Published by the Royal Society of Chemistry
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atoms optimized the adsorption energy of the catalyst for HMF
through electronic structure adjustment. The introduction of
Ru in HMFOR not only promotes the oxidation of the hydroxyl
group in HMF, but also the oxidation of the aldehyde group in
FFCA, and in optimal conditions Ru, ;/NiFe exhibits excellent
HMF conversion (99.43%), FDCA selectivity (99.24%) and yield
(98.68%) in HMFOR (Fig. 9i) and maintained excellent cycling
performance (Fig. 9j). Although LDH has good HMFOR activity,
especially when it is exfoliated into multilayer or monolayer
structures, which can maximally expose its active sites and thus
optimize its electrocatalytic performance. However, LDH
nanosheets are easily detached and reaggregated in practical
applications, so the preparation of monolayer LDH is a chal-
lenge that might be improved by the construction of self-
supporting structures. Secondly, LDH catalysts require clearer

© 2024 The Author(s). Published by the Royal Society of Chemistry

identification of active sites due to their complex composition
and structure. Outside of this occasion, LDHs lack stability
when exposed to highly alkaline electrolyte solutions for long
periods of time. Therefore, methods to further improve the
catalytic performance of LDHs for HMF electrooxidation (e.g.,
design defects) should be developed.

By summarizing the metal hydroxides in the above research,
we learn that most of the active species of that are oxy-
hydroxides (MOOH). In order to gain a deeper understanding of
the reaction mechanism of oxyhydroxides and to develop
strategies to improve its performance, two of its mechanisms
were explored using Ni(OH),/NiOOH as a model. Impressively,
the indirect mechanism we mentioned above, the Ni(OH), is
first oxidized to NiOOH under applied bias. Then NiOOH acts as
a chemical oxidant with the alcohol by non-electrochemical

Chem. Sci., 2024, 15, 4723-4756 | 4735
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Fig. 9 (a) Operando Raman spectroscopy during OER and HMFOR

and (b) schematic representation of crystal structure transformation.®®

Copyright 2021, Wiley-VCH. (c) Mechanistic illustration of the PD oxidation of HMF.?® Copyright 2021, Wiley-VCH. (d) HMF conversion, FDCA
yield, and carbon balance under different applied voltages catalyzed by d-NiFe LDH.*2 Copyright 2021, American Chemical Society. Variation of
conversion ratios of HMF, DFF, HMFCA, FFCA and FDCA with consumed charges at the potentials of 1.34 V vs. RHE (e) and 1.50 V vs. RHE (f).*
Copyright 2021, Wiley-VCH. (g) Schematic of the preparation process of Rugs/NiFe and (h) side view of HMF adsorption configuration and

corresponding adsorption energy in both models.®* Copyright 2023,

Elsevier. (i) The effects of different catalysts on HMF conversion, FDCA

selectivity and yield and (j) HMF selectivity, FDCA conversion and selectivity obtained by Rug 3/NiFe in HMF oxidation.** Copyright 2023, Elsevier.
(k) Component of the current due to indirect (red) and PD (blue) oxidation in a pH 13 solution.®> Copyright 2022 Wiley-VCH. ()-(n) Change in
concentration of HMF and its oxidation products using pristine, Co-containing, and Ga-containing NiOOH.?* Copyright 2022, Wiley-VCH.

transfer of hydrogen atoms to react with the alcohol by trans-
ferring the carbon from the a-position of the alcohol to the Ni**
site in NiOOH, thus reducing NiOOH back to Ni(OH), (Scheme
1d).* In this case, the applied voltage does not directly drive the
oxidation of the HMF, but is only related to the regeneration of
NiOOH. In addition to the well-known indirect mechanism,
there is a second potential-dependent oxidation mechanism
(direct mechanism), whereby oxidation reactions can also occur
at potentials more positive than those required for the Ni(OH),/

4736 | Chem. Sci, 2024, 15, 4723-4756

NiOOH transition. It was thought in the early days that the
NiOOH remains in the NiOOH state throughout the oxidation
process,*” however, Choi et al***® showed that the second
pathway is only active when Ni** is present and that it involves
hydride transfer from the carbon at the a-position of the alcohol
to those Ni*" sites (Scheme 2). For the second pathway, the
application of the potential is required not only to generate
active Ni*" sites but also to drive the hydrogenation reaction.
Therefore, the oxidation rate via this pathway is potential-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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dependent, and even if Ni** is still present, the oxidation rate
drops to zero as soon as the bias potential is no longer applied.
Therefore, this pathway named as potential-dependent (PD)
oxidation. Although using NiOOH as model to discuss the
differences between the indirect and PD oxidation mechanisms,
they believe that both mechanisms are equally applicable to
other MOOH catalysts, except that the propensity for indirect
and PD oxidation will vary depending on the type of MOOH.
Once this is fully understood, the selection and tailoring of
electrocatalyst materials to facilitate either the PD or indirect
pathway may provide a way to control functional group selec-
tivity. Choi's group® demonstrated that DFF and FFCA (con-
taining only aldehyde groups) were oxidized via the indirect
pathway and HMFCA (containing only alcohol groups) via the
PD pathway. For HMFs containing both aldehydes and alcohols,
which oxidation pathway dominates (i.e., which group tends to
be oxidized first) depends on the oxidation conditions. Under
open-circuit conditions that allowed only indirect oxidation, the
aldehyde group was preferentially oxidized, resulting in the
generation of HMFCA over DFF. However, when 0.55 V vs. Ag/
AgCl was applied, resulting in the dominance of PD oxidation
and preferential oxidation of the alcohol group to form DFF
(Fig. 9k). They also examined the effect of shifting the Ni(OH),/
NiOOH peak position on HMF oxidation by compositional
adjustment of NiOOH (Fig. 91-n). The Ni(OH),/NiOOH potential
directly affects the indirect oxidation rate of HMF, but it did not
have much effect on the indirect oxidation of FFCA, since the
oxidative adsorption of FFCA is the rate-determining step.”
Metal borides, nitrides, phosphides, sulfides, and selenides.
Combining with non-metallic elements can further improve the
performance of metal-based catalysts. Recently, much effort has
been devoted to the construction of transition metal catalysts for
HMF oxidation, such as borides,** nitrides,” phosphides,”
chalcogenides,'® due to their accessible regulation of electronic
structure and high earth abundance. In addition to this, these
catalysts can provide/enhance the catalytic active sites and expand
the pH range of applicability.?*#*'*°* This class of materials was
shown to have the actual active substance as MOOH, with the high
valence metal acting as the active site to promote the oxidation of
the furan compounds, and a gradual increase in the high valence
species with increasing applied voltage.'”"* In addition, metal
doping leads to a dramatic increase in electrochemical active
surface area (ECSA), which permits the exposure of more active
sites and effectively modulates the electronic properties of this

© 2024 The Author(s). Published by the Royal Society of Chemistry
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class of metal compounds, facilitating the rapid reconstruction of
the surfaces as (oxy)hydroxides as the actual active sites.’”'*® By
modulating the electronic structure of the catalyst, the d-band
center of the active metal can be adjusted to an optimal posi-
tion, thus balancing HMF adsorption and dehydrogenation. For
example, NiS,/Ni,P,'” CoO/CoCe,"® Mo-Ni, gsSe,"* and MoO,—
FeP™ catalysts exhibited superior HMF oxidation performance.

In summary, a wide variety of non-noble transition-metal
oxides, hydroxides, and oxyhydroxides (including S, P, B, N, Se
compounds) have been studied as electrocatalysts for HMF
oxidation. There are some notable differences in their reactivity
compared to noble metal catalysts. A major reason for this is
that non-precious transition metal compounds typically
produce FDCA as the main product, rather than stopping at
a partial oxidation product. Based on the comprehensive over-
view of various catalysts, the following conclusions can be
drawn. Firstly, DFF is suitable for generation under non-
alkaline environment, while HMFCA is more suitable for
generation under non-acidic conditions. Secondly, the noble
metals in the catalysts for generating FDCA have smaller
potentials but poorer selectivity, but non-precious metal cata-
lysts suffer from the problem of instability in acidic environ-
ments. Then, the active site and reaction mechanism of HMF
oxidation for generating FDCA can be summarized as follows:
(1) medium potential via M**/M*" indirect oxidation. (2) Coex-
istence of direct oxidation at low potential and indirect oxida-
tion at medium potential. (3) There may also be high potential
oxidation directly or indirectly via M*/M*" (e.g. NiOOH/
CoOOH).

3.3 Electrochemical oxidation of furfural (FF)

FF can be oxidatively converted to a variety of value-added
chemicals such as FA, MA and HFN, which have a wide range
of applications in products such as polyester resins, surface
coatings, solvents, plastics, food additives and pharmaceuti-
cals. Holewinski et al."** have investigated the oxidation reac-
tion pathway of furfural on platinum catalyst in an acidic
electrolyte. They found that the selectivity of the electro-
oxidation of furfural depended on the potential. The major
products were FA and 5-hydroxyfuranic acid (HFA) below 1.2 V
vs. RHE. At higher potentials, the selectivity shifts mainly to 5-
hydroxyfuran-2-(5H)-furanone (HFN) with the appearance of
maleic acid (MA) and MA is not easily oxidized further once
formed (Fig. 10a). Wang et al®® had coupled anodic low-
potential furfural oxidation with cathodic oxygen reduction
reaction (ORR) to change electrocatalytic furfural oxidation and
hydrogen production from an electrical energy input mode to
an electrical energy output mode. Copper metal was employed
as an electrocatalyst for low-potential furfural oxidation. An
oxidation-electrical reduction method was used to pretreat the
Cu foam electrode to increase the electrochemically active
surface area to maximize the utilization of the Cu foam elec-
trode (Fig. 10b). The reaction mechanism of this system is
shown in Fig. 5b and belongs to the single-electron pathway.
The effect of applied potential on the product distribution is
shown in Fig. 10c. The FA concentration shows a volcano curve
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Synthesis of the Cu electrode and (c) concentration of the organic compounds in the anode electrolyte as a function of applied potential for
chronoamperometric tests over the Cu electrode.>® Copyright 2021, Wiley-VCH. (d) Schematic diagram of the formation mechanism on H-
PdCu and (e) the developed electricity output mode.** Copyright 2023, Elsevier. (f) Schematic diagram of iodide ion-mediated electrochemical

oxidation of furfural.** Copyright 2022, Elsevier.

in the potential range of 0.1-0.5 V vs. RHE and peaks at 0.4 Vvs.
RHE. The decrease in performance at higher potentials may be
related to the electrooxidation of the active metal Cu to inactive
Cu,0. When higher potentials were applied, the metal Cu
showed electrochemical oxidation to Cu'" (i.e., Cu,0) and the
anodic current density decreased dramatically. These results
indicate that low applied potentials are favorable for main-
taining the active metal characteristics of Cu electrodes. Not
coincidentally, Zhang et al. showed experimentally and theo-
retically that H-PdCu ANs indeed accelerated the oxidation of
furfural at an ultra-low potential (0.1 V vs. RHE) to generate H,
via H* (aldehyde group release) recombination, realizing
hydrogen production from electrical energy input to output
(Fig. 10d and e).*** In order to explain the mechanism of furfural
oxidation on the catalyst surface, Li et al.™** performed iodide-
mediated anodic electrolysis of furfural in a flowing electrol-
ysis. In this system, an “electrochemical-chemical” (E-C)
process occurred (Fig. 10f). First, furfural is oxidized to furfuryl
anion in the presence of active iodine and a base. At the same
time, iodine is reduced to iodide ions and returned to the cyclic
reaction while the furfuryl anion is oxidized to FA. Similar work
on electrocatalytic oxidation of furfural with simultaneous
hydrogen precipitation and coupled ORR on cathodic as dis-
cussed above were also reported by other researchers. %13
The above studies on the electrocatalytic oxidation of furfural
showed that, the high potential was more favorable for the
acquisition of HFN and MA, and the low potential tended to
generate FA, and H, could be generated simultaneously with the
oxidation of furfural by a suitable electrocatalytic electrode.

4738 | Chem. Sci,, 2024, 15, 4723-4756

4 Selective electrochemical
reduction of furan compounds

4.1 Pathway and mechanism for electrocatalytic reduction of
furan compounds

Electrocatalytic reduction included hydrogenation and hydro-
genolysis, as shown in Scheme 3a, where hydrogenation is an
addition reaction directed at unsaturated bonds, whereas hydro-
genolysis involves the substitution of an H atom for a group (in the
presence of a bond break)."*® Recent studies on the reduction of
HMF and FF have generally shown that in non-acidic media (ie.,
near-neutral or alkaline media), hydrogenation is the dominant
reaction, whereas hydrogenolysis is promoted only in acidic
media.”>**”* Therefore, in this section, we will provide an overview
of the pathway and mechanisms involved in the electrochemical
reduction of HMF and furfural under different media conditions
and discuss the factors that have an effect on the reaction selectivity.

4.1.1 Proton-coupled electron transfer (PCET). There are
two common mechanisms for hydrogenation reactions on
catalyst surfaces. The first is the Eley-Rideal mechanism, in
which adsorbed substances (e.g., HMF,qs or FF,q5) react with
external substances (e.g., protons) to form products (e.g,
reducing intermediates), i.e., the transfer of a proton (H") from
solution and an electron from the cathode, resulting in a net
addition of H atoms to the organic material, also called the
PCET mechanism (Scheme 3b)."*® Since the mechanism
involves the transfer of protons in solution, better reaction
kinetics are available only in solutions with high proton
concentrations.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Schematic comparison of adding an H-atom to HMF by the PCET mechanism (b) and by the Langmuir—Hinshelwood (LH) mechanism (c). (d)
Elementary steps for LH and PCET mechanisms.**2 Copyright 2022, Elsevier.

4.1.2 Langmuir-Hinshelwood (LH). The second mecha-
nism is the Langmuir-Hinshelwood mechanism, where two
adsorbed species (e.g., HMF*/FF* and H*) react to form
a product (Scheme 3c)."* For example, in a non-acidic aqueous
solution, adsorbed hydrogen atoms (H,qs) are formed on the
surface of the electrode, and the H,q4s are then transferred to
HMFs (HMF,q4;) that are also adsorbed on the electrode. Thus,
the term hydrogen atom transfer (HAT) is used to describe the
transfer of Hpqqs to the adsorbed organic material. The addition
of H atoms is in the form of H,4¢ adsorbed on the surface of the
active site, the coverage of H,qs on the catalyst surface is the key
to the reaction. Since the electrocatalytic hydrogenation reac-
tion mechanism is divided into two types (PCET and LH), the
specific reaction mechanism is related to the proton concen-
tration in solution, since the PCET reaction mechanism is
kinetically competitive only when the proton concentration is
high enough.™® On the other hand, the reduction of furan
compounds involves hydrogenation and hydrolysis, and
although both hydrogenation and hydrolysis require the addi-
tion of H atoms, they may use different mechanisms for the
addition of H atoms (PCET vs. LH) and/or involve different
intermediates that are affected by pH in different ways.'3%4>143
Therefore, it is crucial to elucidate the mechanism of adding H
atoms during hydrogenation and hydrogenolysis. Scheme 3d
illustrates the reaction pathways of HMF/FF in different media,
where A and B represent the reaction key intermediates and M
represents the active site, respectively."*>

4.1.3 Reduction pathways of 5-hydroxymethylfurfural
(HMF) and furfural (FF). Choi et al.**® showed for the first time
that hydrogenation and hydrogenolysis of HMF involve the

© 2024 The Author(s). Published by the Royal Society of Chemistry

formation of different intermediates through different mecha-
nisms (LH and PCET), which may explain why low pH promotes
hydrogenolysis rather than hydrogenation. All the reaction
pathways discussed above for BHMF, MF, MFA, and DMF and
their dependence on pH are summarized in Fig. 11a. HMF can
form three intermediates (HMF-Hc*, HMF-Ho* and dehy
HMF*). Energetically, HMF-Ho* is the least favorable, however,
since HMF-Ho* is the only substance that can be formed via LH
mechanism, the generation of HMF-Ho* and its corresponding
product (BHMF) dominates at high pH. At low pH, the kinetics
of PCET improve with the formation of thermodynamically
more stable HMF-Hc* and dehy-HMF*, which compete with the
formation of HMF-Ho. HMF-Hc* can be converted to BHMF by
PCET or LH mechanism, or to MFA by concerted hydride and
proton transfer (CHPT) in acidic media. However, MFA
production is thermodynamically more favorable. Thus, in
acidic media where PCET is not kinetically limited, increased
HMF-Hc* formation leads to increased MFA production. Simi-
larly, enhanced dehy HMF* production in acidic media leads to
increased MF production because the conversion of dehy HMF*
to MF via CHPT is thermodynamically favorable, and further-
more, MF is the only possible product that can be produced
from dehy HMF*. Two intermediates (MF-Hc*, MF-Ho*) can be
formed from MF. Energetically, MF-Ho* is less stable, however,
MF-Hc* can only be formed by PCET, whereas MF-Ho* can be
formed by either LH or PCET, and at high pH, where LH is
dominant, MF-Ho* will be the main intermediate, leading to
MFA generation. At low pH, PCET is kinetically competitive and
thermally stable MF-Hc* is expected to be formed to a consid-
erable extent, which can then be further reduced to DMF via the
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(a) Proposed pathways of HMF to DHMF, MF, MFA, and DMF.**® Copyright 2022, Wiley-VCN. (b) Proposed pathways of the electro-

catalytic hydrogenation (ECH) of FF on the Cu electrode in acidic electrolytes.**> Copyright 2022, Elsevier.

CHPT, which is also kinetically enhanced in acidic media. MF-
Hc* can also be converted to MFA via PCET or LH, but the
production of MFA is thermodynamically not as favorable as the
production of DMF.

Similar to HMF, the reduction route of FF is simpler. Zou
et al.*** suggested that the hydrogenation step follows the LH
mechanism and the hydrogenolysis step includes the LH-PCET
mixing mechanism. By spectroscopic tracing of the behavior of
the intermediates at the Cu electrode interface, the observed Cu—
0,4 signals point to a direct C-O dissociation of the alkoxy
intermediates during the MF generation process. Based on the
experimental data, they analyzed that (1) FA and MF are generated
in parallel. (2) The hydrogenolysis product (MF) has significant pH
and potential effects in acid solution. (3) Deoxygenated reduction
by direct C-O bonding in the hydrogenolysis pathway. The
experimental results demonstrated that the hydrogenation and
hydrogenolysis of FF were generated mainly through parallel
reactions, which excluded all pathways for the dehydrogenation of
FFA intermediates to MF, suggesting that FFA is not an interme-
diate for the generation of MF. The DFT results showed that the
leaving mechanism of O intermediates through the PCET pathway
was superior to that through the LH pathway, thus confirming the
LH-PCET hybrid mechanism for the generation of MF in an acidic
environment. Fig. 11b shows the electrochemical reduction route
of FF.'? The first hydrogenation step starts with the electro-
chemically generated H,q addition to the adsorbed carbonyl C
thereby inducing the formation of FF-Hc* intermediates. The FF-
Hc* intermediates can be competitive in that they can be hydro-
genated to FFA by a second H,q transfer (FFA route) or dissociated
to dehy FF-Hc* and O,q (MF route). In the MF route, dehy FF-Hc*
is hydrogenated to MF by a second H,q transfer, while O,q4 is
further hydrogenated to OH,q and H,O by PCET. In summary, MF
formation is more favorable in acidic environments due to the fact
that PCET is more favorable in environments with more H'.

4740 | Chem. Sci., 2024, 15, 4723-4756

4.2 Catalysts design for electrocatalytic reduction of furan
compounds

The selectivity and Faraday efficiency of HMF and FF electro-
catalytic reduction depend mainly on the coverage of active H
and organically adsorbed species on the catalyst surface and
their rate of conversion, which can be controlled by modulating
the cathode catalyst and experimental conditions.** The cata-
lysts are described below according to the electrochemical
reduction products of the furan compounds, and each repre-
sentative catalyst and electrocatalytic reduction conditions are
listed in Table 2.

4.2.1 Hydrogenation of furan compounds. According to the
mechanism discussed above, hydrogenation of aldehyde groups
generally occurs under non-acidic conditions. Hydrogenation of
HMTF to BHMF and FF to FFA has been demonstrated with various
metals (e.g.. Cu’138,1457148 Ag,138,145,149 Ni,138,l45,147 00145,147 Fe,145,148
Zn,”® Pd,"” Ru,"” Rh,' In,"** Pb'**). However, the selectivity and
Faraday Efficiency (FE) of these hydrogenation products vary
widely depending on the type of metal of the catalyst, the substrate
concentration, and reduction potential, in addition to being
affected by the electrolyte pH. Although hydrogenation of alde-
hyde groups is the main reduction reaction of HMF and FF in non-
acidic media at high pH, the activity to produce BHMF/FFA varies
considerably depending on the type of catalyst used."*>'** Kyoung-
Shin Choi'** explored the selectivity of electrically reduced HMF
and FF for various metals at pH 9.2. Combined experimental and
computational results show that metals with high selectivity for
generating BHMF (In, Cd, and Ag) bind very weakly to HMF,
whereas metals that tend to hydrolysis to generate MFA (Cu, Ni,
Co, and Fe) bind more strongly to HMF, elongating the C=0 and
C-0 bonds on the HMF, 4 (Fig. 12a and b). The elongation of the
C=0 bonds of aldehydes is more significant than that of alcohols,
suggesting that the conversion of HMF to MFA is achieved mainly
by cleavage of the aldehyde C=0 bond, rather than by cleavage of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The summaries of electrocatalytic hydrogenation, hydrogenolysis and other reduction reactions of furan compounds

Potential (V vs. Conversion Product/Sel.  FE

Substrate Catalysts Electrolyte Concentration (mM)  RHE) (%) (%) (%)  Ref.
FF 15%-Cu/ 1.0 M KOH (pH = 13.6) 30 —0.25 99 FFA, 100 95 152
NCooo
FF Cu 0.1 M Na,CO;-NaHCO; 100 —-0.57 71 FFA, 87 — 148
FF Cu,/PC Acetate buffer (pH = 5) 40 —-0.75 — FFA, — 90 143
FF AgeoPdyo 0.2 M potassium phosphate buffer 100 —0.5 18 FFA, — 96 158
(pH 6.9)
FAL (FF) MoS,-DMA 0.05 M Na,B,O; solution (pH 9.18) 35 —0.25 — FFA, >95 86.3 159
FF Cu;P/CFC 1M KOH (pH = 14) 50 1.4 (cell voltage) 99 FA, 100 >95 160
FF NP-Cu 0.2 M PBS 50 —1.5V (vs. Ag/ 77 FFA, 96 95 161
AgCl)
HMF Cu(OH),-ER/ 0.1 M KOH 50 —0.15 98.5 BHMF, 100 92.3 137
CF
HMF 15%-Cu/ 1.0 M KOH (pH = 13.6) 30 —-0.25 81 BHMF, 94 — 152
NCooo
HMF Ageq 0.5 M borate buffer (pH = 9.2) 20 —0.56 37 BHMF, 99 99 146
HMF Ag/C 0.5 M sodium borate buffer (pH = 20 —0.56 42 BHMTF, 90 95 149
9.2)
HMF  AgCu 0.5 M borate buffer (pH = 9.2) 20 —0.56 53 BHMEF, 87 95 156
HMF Ag/Cu foam 0.5 M sodium borate buffer (pH = 20 —0.51 90 BHMF, >99 94 154
9.2)
HMF Ag/Cu foam 0.5 M sodium borate buffer (pH = 50 —0.51 99 BHMF, 83 85 154
9.2)
HMF Ag/Cu foam 0.5 M sodium borate buffer (pH = 100 —0.51 99 BHMF, 68 70 154
9.2)
HMF  Ag/CuGD 0.5 M borate buffer (pH = 9.2) 50 —0.51 99 BHMF, 87 85 157
HMF  Ruy,Cu 0.5 M PBS (pH = 7.0) 20 -0.3 87.3 DHMF, 97.5 85.6 25
HMF Ru;Cu 0.5 M PBS (pH = 7.0) 50 -0.5 92.4 DHMF, 97.0 89.5 25
HMF Ru;Cu 0.5 M PBS (pH = 7.0) 100 —0.5 97.1 DHMF, 89.7 88.0 25
HMF MoS,-DMA 0.5 M sodium borate buffer (pH = 35 —0.25 30 DHMF, >99 75 159
9.2)
HMF OD-Ag (H- 0.5 M sodium borate buffer (pH = 20 —0.56 37 BHMF, 91.7 56.2 162
cell) 9.2)
FF Cu 0.5 M H,SO4 30 — — MF, 80 — 163
FF Cu/Cu-400 0.5 M H,SO, 100 —0.8 — MF, — 73 164
nm —0.65 64
FF Cu,/PC Acetate buffer (pH 5) 40 -0.9 — MF, — 60 143
FF CuPd,:/C 0.1 M acetic solution (pH 2.9) 40 —0.58 — MF, — 75 165
FF Ni-Cu 0.5 M H,S0, (pH 0.5) 40 10 mA em ™2 — MF, — 59 140
FF Carbon paper 0.1 M KOH (pH 13) 100 —0.41 — HDF, ~100 93 166
FF Pd black 1M H,SO, 0.1 M (membrane 200 mAcm 2 1h 100 MTHF, 76 — 167
reactor)
HMF  CuNi 0.2 M sulfate buffer (pH 2) 2gL7! —0.46 — DMF, 91.1 83 168
HMF Pd SA/TiO, 1M PBS (pH 6.8) 20 —-0.6 62.3 DMF, 90.3 ~60 169
HMF TiO, 1 M PBS (pH 6.8) 20 —-0.6 — BHH, 70.2 169
HMF CuO/Fe,0;/ 0.1 M KOH (pH = 13) 10 10 mA cm 2 72 MFA, ~28 84 170
CF
HMF Ni 0.5 M BBS (pH 9.2) 20 —0.4 40.4 MFA, 17.8 — 145
HMF Pd/VN/CF 0.2 M HCIO, 10 20 mA, 45 min >90 BHMTHF, >88 >86 98
HMF n 0.2 M sulfate buffer (pH 2.0) 20 —0.89 — HD, 72.4 81.6 171

the C-O bond after the aldehyde group is first hydrogenated to an
alcohol, as shown in Fig. 12c. Once MFA is formed, the alcohol
C-0 bond is difficult to cleave, and therefore DMF is difficult to
form under these conditions. Considerable amounts of Humins
were produced when W and Ti were used as reduction catalysts for
HMF. These metals bind the strongest to HMF, resulting in
significant deformation of the furan ring as well as significant
elongation of the C-O and C=O0 bonds (green shaded area in
Fig. 12b). Too strong adsorption of HMF on the metal surface will

© 2024 The Author(s). Published by the Royal Society of Chemistry

cause an increase in the coverage of HMF,4, on the surface, which
will easily generate dimerization products.

Unlike HMF, FF and FFA have only one alcohol or aldehyde
group. Therefore, examining their propensity for hydro-
genolysis provides a clearer picture of which bond is more
susceptible to hydrogenolysis. When W, Fe, Co, Ni, Cu cath-
odes were used, the aldehyde group of FF underwent both
hydrogenation and hydrolysis to give FFA and MF, while the
hydrogenation product FFA was obtained with high selectivity

Chem. Sci., 2024, 15, 4723-4756 | 4741
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ER/CF and (e) comparison of the reaction barrier of the RDS for BHMF path and dimer path.**” Copyright 2023, Elsevier. (f) Cu-

catalyzed ECH of FF to FA and (g) FF conversion, FA/HFN yields and faradaic efficiency at various potentials and (h) ECH of HMF with Cu/NCggg
serial catalysts.®? Copyright 2022, Elsevier. (i) Schematic illustration of synthetic route for Ru;Cu SAA and (j) electrochemical reduction

mechanism of HMF over Ru;Cu and Cu.? Copyright 2022, Wiley-VCN.

when In, Cd, Ag were used as cathodes (Fig. 12¢). On the other
hand, when FA was reduced, no hydrogenolysis product was
detected regardless of metal type. This again illustrates that
C=0 is more hydrogenolytic than C-O bond."**

4742 | Chem. Sci, 2024, 15, 4723-4756

Based on the mechanistic analysis of the hydrogenation of
aldehydes to generate BHMF, it can be seen that the two main
competing reactions have been identified: (i) hydro-
dimerization leading to the formation of a diol, fostered at
high substrate concentration, and (ii) hydrogen evolution

© 2024 The Author(s). Published by the Royal Society of Chemistry
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reaction (HER), promoted at high overpotential. Therefore,
the catalyst with appropriate and moderate electrocatalytic
activity is highly desirable to achieve efficient and selective
conversion of HMF to BHMF or FF to FFA. For example, noble
metals, represented by Pt, have a strong hydrogen-removal
reaction (HER) capability during water cracking, thus
leading to low Faraday efficiency.”® In contrast, transition
metals with poor catalytic properties for HER favor the
subsequent hydrogenation step.””'** Cu-based electrodes
have attracted the attention of researchers due to their better
ability to catalyze HMF and relatively poor HER reactivity,
providing a wide potential window and high Faraday effi-
ciency for BHMF.>>*7*5 Recently, Wang's group®’
structed the surface atomic arrangement of Cu foam by a two-
step redox strategy (Fig. 12d), and demonstrated that the key
factor controlling the HMF electrocatalytic hydrogenation
reaction as well as the product selectivity is the crystallo-
graphic effect of Cu (Fig. 12e). Simultaneously, they experi-
mentally confirmed that the hydrogenation reaction of HMF
is primarily through the hydrogen atom transfer (HAT)
pathway, which is a process requiring surface-adsorbed H,qs
as the hydrogen source.”” Liu et al.*** reported highly efficient
and selective electrocatalytic hydrogenation of FF to FFA with
Cu electrocatalyst (Cu/NCqqo) (Fig. 12f). Under optimal
conditions, close to 100% selectivity and 95% Faraday effi-
ciency for FFA and 99% FF conversion were obtained over the
Cu electrocatalyst. The effect of potential on product distri-
bution showed that low potentials (—0.05-—0.25 V vs. RHE)
mainly promoted the formation of FFA, whereas high poten-
tials (—0.35-—0.45 V vs. RHE) led to a competitive reaction
and the formation of HFN (Fig. 12g). Inspired by the above
results, the Cu/NCy,, series catalysts were further applied in
the electrocatalytic hydrogenation reaction of HMF, and 15%-
Cu/NCygo exhibited the highest performance for the hydro-
genation of HMF under optimal conditions, yielding BHMF in
77% yield and 94% selectivity (Fig. 12h). In addition, Ag has
been shown to have good activity for the hydrogenation of
furan compounds,**® and combining two metals, Ag and Cu,
in an electrocatalyst has been shown to be effective in
promoting the hydrogenation of HMF and FF.>*'**%® For
HMF hydrogenation to BHMF, it can be carried out either by
PCET or via surface-adsorbed H (H*) at the electrode by
proton/water reduction (LH pathway). However, HMF hydro-
genation often competes with the hydrogen-extraction reac-
tion (HER), leading to a decrease in the FE of BHMF. In order
to achieve a balance between FE and hydrogenation activity,
Duan et al.>® proposed a Ru;Cu SAA catalyst that efficiently
converts HMF to DHMF at lower potentials with enhanced
activity and FE (Fig. 12i), where the FE of Ru;Cu to 2,5-dihy-
droxymethylfuran was 85.6% with a yield of 0.47 mmol cm >
h™', much higher than that at —0.3 V vs. RHE, the conversion
of BHMF by Cu was 71.3% in a yield of 0.08 mmol cm > h™".
This study also demonstrated that the doping of single-atom
Ru altered the mechanism of HMF hydrogenation. Due to the
higher H,O activation activity of Ru, it can provide the
required protons for hydrogenation in situ, independent of
the proton concentration in the electrolyte. As a result, the

recon-
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reaction on the Ru;Cu cathode follows the Langmuir-Hin-
shelwood (LH) mechanism, while the reaction on the Cu
cathode tends to follow the Proton-Coupled Electron Transfer
(PCET) mechanism, as illustrated in Fig. 12j.

In summary, the electrocatalyst, electrocatalytic perfor-
mance and electrochemical condition for hydrogenation of
furan compounds are listed in Table 2.

4.2.2 Hydrogenolysis of furan compounds.
hydrogenolysis FF or HMF generates 2-methylfuran (MF) or 2,5-
dimethylfuran (DMF), which are potential liquid transportation
fuels. Cu has been found to be the electrode material for
hydrogenolysis in acidic media because of its unique ability to
generate hydrogenolysis products with high selectivity, and due
to its high abundance in nature and moderate hydrogen over-
potential. Many efforts have been made to design advanced Cu
catalysts and optimize the reaction conditions for this reac-
tion.?®1641%5172 Nijlges and Schroder'®® conducted a study on the
influence of electrode type on the product distribution from the
electrochemical reduction (ECR) of FF. They carried out exper-
iments in an acidic water/acetonitrile electrolyte mixture (0.5 M
H,S0,) using a constant current density of 10 mA ecm™>. As
shown in Fig. 13a, their findings revealed distinct variations
based on the electrode material. Specifically, Cu emerged as the
most efficient electrode for producing 2-methylfuran (MF)
through the ECR of FF. By optimizing the size of Cu particles
and electrolysis parameters, biddinger and colleagues achieved
a faradaic efficiency of 73% for the electroreduction of FF to MF
on nanocrystalline Cu (400 nm) at an potential of —0.8 V versus
RHE in a 0.5 M H,SO, electrolyte solution (pH = 0.3).*** This
also demonstrates that Cu catalysts exhibit good activity for
catalyzing the reduction of FF to MF under acidic conditions.
However, there is intense competition from the hydrogen
evolution reaction (HER) in acidic solution, leading to
a decrease in faradaic efficiency (FE). Therefore, there is clearly
significant room for improvement when using Cu as a catalyst
for this reaction. Zhou et al'® reported excellent electro-
chemical hydrogenation performance of furfural in near-
neutral acetic acid buffer (pH 5) using phosphorus-doped
carbon-supported Cu single-atom catalysts (Cu;/PC), as shown
in Fig. 13b. Unexpectedly, this system exhibited an electrode
potential-dependent product distribution. Comparative experi-
ments suggested that the high activity and selectivity could be
attributed to the presence of single copper atoms, which sup-
pressed the hydrogen evolution reaction (HER), the phosphorus
doping effect that enhanced furfural adsorption, thereby
promoting its conversion to MF. The product selectivity could
be conveniently controlled by changing the applied potential,
resulting in high faradaic efficiencies for furfuryl alcohol and 2-
methylfuran at —0.82 Vvs. RHE and —9.0 V vs. RHE, respectively
(Fig. 13c). Many efforts have been made to establish the rela-
tionship between adsorption geometry and product distribu-
tion in furfural reduction. However, detailed insights into how
the catalyst surface structures influence the mechanism of
furfural electrochemical hydrogenation (ECH) are still lacking.
For an in-depth study of the electrochemical hydrogenation
(ECH) mechanism of furfural, the strategy of Pd introduction
into Cu catalysts improved the selectivity to MF (Fig. 13d).*** The

Selective
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(a) Product composition of the electrocatalytic reduction of furfural at different electrode materials.*®®* Copyright 2013, Royal Society of

Chemistry. Schematic illustration of the fabrication process for the Cu,/PC catalysts (b) and Cu;/PC (c) at different applied potentials.*** Copyright
2021, Royal Society of Chemistry. (d) Schematic illustration of the method for the synthesis of CuPd,/C catalyst and (e) potential dependent SERS
spectra obtained in situ at Cu/C (left) and CuPdg 021/C (right) and (f) FE and carbon balance data for the bulk electrolysis of furfural obtained with
CuPdg 021/C.*%* Copyright 2022, Wiley-VCN. (g) The FE, CB, r, of MF varied with the increase in pH value and (h) speculation about the
mechanistic roles of the Ni and Cu sites on the electrode.**® Copyright 2023 Royal Society of Chemistry.

highest faradaic efficiency (FE) for MF and the corresponding
average partial current density reached 75% and 4.5 mA cm ™2 at
—0.58 V vs. RHE in an aqueous acetic acid medium (pH 2.9)
(Fig. 13f). In situ surface-enhanced Raman spectroscopy exper-
iments demonstrated that the CuPd, o,,/C surface has a higher
coverage of H,qgs, which may contribute to the improvement of
MF selectivity (Fig. 13e). Cui et al.**® investigated the synthesis
of MF by electrocatalytic reduction of FF using nickel-copper
bimetallic as a catalyst. It was found that trace amounts of Ni
mixed with Cu at the electrode significantly favored the
formation of MF in the electrocatalytic reduction of FF for the
synthesis of MF using nickel-copper bimetallic as a catalyst.
And lower pH values were more favorable for MF generation
(Fig. 13g). FF was adsorbed on both Ni and Cu sites of the
electrode through the interaction with C and O atoms of the
carbonyl group, which is hypothesized to be an important factor
for MF formation (Fig. 13h). Overall, these studies provide
important insights for designing efficient electrocatalysts and
optimizing conditions. The catalysts reported for electro-
catalytic hydrogenolysis summarized in Table 2.
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4.2.3 Other reduction reactions. In addition to the hydro-
genation and hydrogenolysis of the aldehyde and alcohol
groups of furan compounds, there are a number of reduction
reactions that are also of importance. The first is the dimer-
ization reaction. FF and HMF can be electrocatalytically
dimerized at the carbonyl position to generate C10-C12 bio-
fuels.'”® The process involves the reaction of the carbonyl group
of HMF or FF with an H'/e” pair to generate a keto radical
intermediate (C'~ OH), which reduces to form the corre-
sponding alkoxy radical. The alkoxy radical can then be
dimerized with another alkoxy radical via C-C coupling to
produce a dimer product.'”” Researchers have explored the
reductive dimerization of FF and have reported higher rates of
hydrofurion (HDF) formation at pH = 13 than at pH = 7 and pH
= 0. This is due to the fact that alkaline conditions markedly
inhibit other competing reactions (e.g., HER and hydrogena-
tion), which facilitates the electrohydrogenation of furfural to
HDF."** Wang et al.** elaborated that low *H coverage on TiO,
favours the formation of bis(hydroxymethyl)hydrofuran (BHH)
with a selectivity of 70.2%. Hydrogenation of the furan ring is
the second type of valuable other reaction. Hydrogenation of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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C=C bond in the HMF furan ring can be achieved in acidic
media. Li et al. reported the reduction of HMF to BHMTHF by
using Pd nanoparticles anchored on vanadium nitride (Pd/VN)
as a cathode in 0.2 M HCIO,, the selectivity and FE of
BHMTHF were >88% and >86%, respectively.®® In this reaction,
HMF was first reduced to BHMF, followed by further reduction
of BHMF to BHMTHF (DHMTHF). A membrane reactor for the
electrochemically driven hydrogenation of furfural to 2-methy-
tetrahydrofuran (MTHF) reaction was reported by Curtis P.
Berlinguette et al.'* They showed how the membrane reactor
can produce MTHF with >75% selectivity at 200 mA cm 2,
compared to the lower selectivity (<35%) and current density (50
mA cm ?) of conventional ECH using a single cell.’” Another
remarkable reduction reaction observed in acidic media is the
ring opening of furans. The reduction product, 2,5-hexanedione
(HD) was produced by the reduction of HMF by reductive furan
ring-opening and hydroxymethyl/aldehyde reduction to
alkanes. Roylance and Choi reported the electrochemical
reduction of HMF to HD on a Zn cathode at ambient tempera-
ture and atmospheric pressure in 0.2 M sulfate buffer (pH 2.0)
with 81.6% FE and selectivity 72.4%."*

4.3 Factors affecting the electrocatalytic reduction of furan
compounds

4.3.1 Electrolyte pH. The H' concentration of the electro-
lyte plays an important role in electrocatalytic reactions. The pH
in the electrolyte affects the kinetics of electroreduction of
organic matter at the electrode and the distribution of products
by changing the reaction mechanism.** The origin of the pH-
dependent selectivity of hydrogenation and hydrogenolysis
was first explained by Choi et al.**® Aldehyde hydrogenation
plays a dominant role and the main product is BHMF at pH 7-9.
However, both aldehyde hydrogenolysis and alcohol hydro-
genolysis are promoted with decreasing pH, which increases the
yield of 2,5-dimethylfuran (DMF) as shown in Fig. 14a. In
general, hydrogenolysis (combining hydrogenation and deoxy-
genation) is more challenging than hydrogenation (which does
not involve the cleavage of carbon-oxygen bonds). Therefore,
determining the factors and conditions that promote hydro-
genolysis is important for the reductive value addition of
biomass-derived oxygenated compounds. In acidic media, the
alcohol group of HMF undergoes hydrogenolysis to form 5-MF,
a key intermediate in the formation of DMF. Once BHMF and
MFA are formed first, further hydrogenolysis of their alcohol
groups is difficult. The conversion of HMF to MF and 5-MF to
DMF requires PCET, a process that is possible only when the
concentration of protons in the solution is sufficiently high and
kinetically feasible.

To explain the phenomenon that aldehyde selective hydro-
genolysis occurs in strongly acidic electrolytes while aldehyde
hydrogenation mainly occurs under alkaline electrolytic
conditions, Zou et al.'** systematically explored the effect of
electrolyte pH on the selective reduction of furfural. As shown in
Fig. 14b, the selectivity of MF decreased from 40.1% to 1.4% and
FFA increased from 45.2% to 98.1% after 30 min of current
electrolysis at pH ranging from 2 to 8, and no dimerization

© 2024 The Author(s). Published by the Royal Society of Chemistry
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products were observed.*” This indicates that the selectivity of
FFA increases significantly with pH increase, and it is quite
difficult to make MF by hydrogenolysis of FFA under electrolytic
conditions. Therefore, the hydrogenation and hydrogenolysis
products during FF electrolysis were mainly formed by parallel
reactions in which FFA was not an intermediate in the genera-
tion of MF, as shown in Fig. 14c.

Extrapolating from the reaction kinetics, it was found that
acidic conditions (low pH) are more favorable for C-O/C=0
breaking hydrogenolysis, whereas neutral and weakly alkaline
conditions (high pH) are more favorable for hydrogenation. The
formation of MF appears to be a hybrid LH-PCET process, and
since PCET is affected by the proton donor and the potential, it
is difficult for O,4 to transfer through H,q to generate H,O when
there is a shortage of H', and thus it is difficult to generate MF
in neutral or alkaline media.*** In acidic electrolytes, the rate of
hydrofuran generation is not affected by pH, and the formation
of hydrofuran is more favorable at pH = 13 because alkaline
conditions inhibit other competing reactions and facilitate the
dimerization of furfural hydrogenation to hydrofuran
(Fig. 14d).**® Overall, the selectivity of the reduction products of
HMF and FF was related to the pH of the electrolyte, especially
for the hydrogenolysis of aldehyde and alcohol moieties. Acidic
conditions were more suitable for hydrogenolysis, whereas
neutral and alkaline conditions were more suitable for hydro-
genation, and different pH led to differences in the mechanism
of electroreduction of HMF and FF, with the PCET process
being more suitable for acidic conditions.

4.3.2 Operating potential. The selectivity of reduction
products is closely tied to the applied potential. Optimal
potentials correspond to the coverage of H,qs and reactants on
the electrode surface during electrocatalytic reduction.'® Posi-
tive potentials result in lower efficiency due to reduced inter-
action between H,4s and reactants. More negative potentials
enhance availability for HER or electrocatalytic reduction, as
seen in experiments with benzaldehyde and furfural on Cu
electrodes."® FF electrochemical reduction to THFA and FFA is
favorable, while reduction to MF is slightly unfavorable. Since
FF's reduction potential is much smaller than HER, FF reduc-
tion to MTHF is unfavorable, as shown in Fig. 14e.'”” Under
acidic conditions, MF selectivity is potential-dependent, with
increased Faraday efficiency at higher overpotentials.
Conversely, under alkaline-based conditions, FFA selectivity
remains largely unchanged, indicating that only hydrogenolysis
is potential-controlled, while hydrogenation is not.**> Choi's
team investigated HMF electrochemical reduction at pH = 9.2,
categorizing reduction potential into three regions as shown in
Fig. 14f.* The first region (—0.26 V= E = —0.36 V vs. RHE)
involves a competing reaction before HER initiation, suggesting
HMF formation does not involve surface adsorbed hydrogen
atoms (H,qs)- At this point, the electrode surface is expected to
be covered only by HMF or its reduction intermediates,
prompting the formation of C-C bonds between HMF mole-
cules and/or their reduction intermediates to generate the
dimer BHH. The second potential region (—0.36 = E = —0.86 V
vs. RHE) sees increased BHMF formation and selectivity with
weakened C-C coupling as H,qs coverage rises. The third region
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Fig. 14

(a) Selectivity (left) and FE (right) for products produced by a Cu foam electrode.*® Copyright 2022, Wiley-VCN. (b) FE of corresponding

product and the selectivity after electrolysis and (c) reaction pathway for FF on the Cu electrode.**® Copyright 2022, Elsevier. (d) Furfural
conversion, hydrofuroin yield, and FE for partial electrolysis conducted at pH 7 and 13.2%¢ copyright 2020, Royal Society of Chemistry. (e)
Potentials of THFA, FA, MF, MTHF, and the hydrogen evolution reaction (HER).*” Copyright 2023, Royal Society of Chemistry. (f) Potential
dependence reaction pathways for HMFRR *#¢ Copyright 2016, American Chemical Society. (g) HMF conversion (line) and product selectivity and
(h) total charge passed and FE of products and H,.** Copyright 2021, Wiley-VCN. (i) Preparative electrolysis of furfural with various initial furfural

concentrations.*”? Copyright 2017, American Chemical Society.

(E = —1.6 V vs. RHE) features competition between H, precip-
itation and BHMF generation, reducing BHMF Faraday effi-
ciency. Additionally, BHMF conversion rate is higher in this
region due to increased current density.**

4.3.3 Reactant concentration. Reactant concentration is
also a factor that affects the performance of electrochemical
processes. Elevated concentrations enhance the coverage of
adsorbed reactants on the electrode surface, increasing the
electrocatalytic reduction rate while suppressing the HER rate.
However, excessively high substrate concentrations can lead to
undesirable side reactions, including dimerization and poly-
merization.'* Therefore, it is necessary to choose a suitable
substrate concentration to modulate the coverage of reactants
and H,q,."***** Kloth et al. reported studied electro-dimerization
reactions with varying HMF concentrations (5-100 mM) in
a carbonate buffer (pH 9.2). They observed an increase in the FE
of BHH with increasing HMF concentration but decreased
selectivity due to HMF depletion from non-electrochemical side
reactions. Higher initial HMF concentrations led to reduced
selectivity and FE of BHMF, as well as inhibition of HER was
observed (Fig. 14g and h)."”* Furfural also showed the same
effect of substrate concentration. The effect of initial FF
concentration was examined in the range of 0.01-0.2 M in an
electrolyte at pH 0.5. Fig. 14i shows that the competition
between FF reduction and HER is highly dependent on the FF
concentration, with the FE of HER decreasing from 80.0% to
9.9% over the range of concentrations evaluated. Increasing the
volumetric furfural concentration usually increase the rate of FF
suction hydrogenation to form FA and MF, while HER rates

4746 | Chem. Sci, 2024, 15, 4723-4756

declined due to heightened competition for available H,qs.'”>
The rate of hydrofuran (HDF) formation without H,qs steadily
increased with increasing FF concentrations.

5 Paired electrolysis of furan
compounds

In electrochemistry, oxidative and reductive half-reactions are
usually paired with each other, such as the formation of H, and O,
from the electrolysis of water at the cathode and anode. However,
hydrogen and oxygen precipitation reactions (HERs and OERs) are
less efficient due to high activation barriers."”® Paired electrolysis is
important by converting organics into valuable chemicals, espe-
cially for the conversion of alternative OERs under slow kinetic
conditions. Combining ideal half-reactions into an efficient catalyst
for paired electrolysis maximizes energy efficiency to 200% of
theoretical maximum electron efficiency. This approach reduces
production costs in the chemical and pharmaceutical fields, but
faces challenges such as half-reaction matching, current density
mismatch, chemical incompatibility and crossover issues.'*
Currently there are several types of paired electrolysis as follows.

5.1 Paired electro-oxidation with HER

Molecular hydrogen (H,) is a promising energy carrier due to its
high energy density and environmentally friendly properties.
Electrolytic water decomposition, with hydrogen precipitation
reaction (HER) on the cathode and oxygen precipitation reac-
tion (OER) on the anode, is a cost-effective and carbon-neutral

© 2024 The Author(s). Published by the Royal Society of Chemistry
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hydrogen production method. However, the slow OER process
limits water electrolysis efficiency, necessitating higher voltages
(>1.23 V) for H, production (Fig. 15a)."”® To reduce costs, effi-
cient anode reactions, such as biomass electrooxidation, have
gained attention. HMF and FF, as biomass platform molecules,
are oxidized to produce high-value products, like FDCA. Layered
bimetallic hydroxides (LDHs) serve as a typical anode in the
electrooxidation of furan compounds with HER.** Zeng et al.*"’
developed a bifunctional catalyst, Rh-SA/NiFe NMLDH, showing
high activity (1.48 V at 100 mA cm™?) and durability for HMFOR
and HER. In 2021, Wang et al.** reported a bipolar hydrogen
production system using Cu as the anode and Pt as the cathode,
achieving HMF oxidation to HMFCA at a low potential of 0.1 V
vs. REH, releasing H, at both electrodes, as shown in Fig. 15b.
This system requires only 0.27 V for a current density of 100 mA
em™?, significantly lower than conventional HMF electro-
oxidation coupled hydrogen (1.6 to 1.7 V).**

Paired electrolysis of HMF and FF

View Article Online

Chemical Science

5.2 Paired electro-oxidation with CO,RR

Electrolysis of CO, for the production of high value-added
chemicals (HVCs) is a sustainable strategy to address energy
and climate issues. To improve CO,RR economics and electrolysis
efficiency, the search for a kinetically favorable anodic reaction to
replace OER offers promise for sustainable production with high
yields, selectivity, reaction rates, and energy consumption. Han
et al.*”” used PdO,/ZIF-8 as the cathode and PdO as the anode to
establish a CO,RR-HMFOR paired electrolysis system that
requires only 1.06 V under strongly acidic conditions of starting
cell voltage, which significantly reduces the energy consumption
compared to the conventional CO,RR-OER system (1.77 V)
(Fig. 15¢). As shown in Fig. 15d, at a high current density of 103.5
mA cm 2, the CO,RR Faraday efficiency reached 97.0% and the
HMFOR organic acid yield was 84.3%, including maleic acid
(20.0%) and formic acid (64.3%)."”” This paired electrolysis system
excelled in terms of FE and current density. However, challenges

a — b
g
§
> E00 O/
g Product: Value-added Product: less-valued O, =
compounds By N2 Verg f ———» Catholyte outlet
e Anolyte iniet ——»
_/J
04 7 o ) 08 T 16
Potential (V vs. RHE)
Her
Lt ot olage Anolyte outiet +—— «—— Catholyte inlet
Catnode reacton
Anode reaction: R-CHO + OH™ ——» R-COOH + 1/2H, + &
C ' —commmom d Cathode Anode
~———CORR vs HMFOR HMFOR Yield of organic
200 acid = 843 %
a N ] Eeu=1.77V OER
£ 150 ‘ I "E i o = 1 '
- f @ ! Ecn = 1.06V
E 100 [ K] H -
= [| = TEcwm 0.49 0 0.57: 1.28: E
50 J
J
e 4 j= 103.5 mA-cm
%% 20 30 COLRR FE o= 97.0 %
Cell Voltage (V)
f o8 g $ g h TMF
- I—20C 100 e — nom
e [ < 5 FDCA — 1 mM HMF
o -~ I—40°C [20 8 w1 ® I'FE
N - - |——50°C . g —— nonlinear curve fit of i*FE
- - - /—60C |15 0 < fomeif » u
SXTISN 5 —e—HMFCA E o __4 ]
< \ 2 40] ——FFCA = . NRR  HMF Oxidation
w N 10 —v— DFF B LN |
1= " e 134V H
02 % 20 5 4 H H
\ 05 3 H }
//,/ > 156V —
<
5O 0 15 30 45 60 75 90 06 04 02 08 10 12 14 16 T 15 20 25
Time (min) Potential (V vs.RHE) Time/h
H 1}
- K m i}
j 100 ~=—HMF —e—FDCA IIW ~o—HMF  —o— DHMTHF :
Ay
80 _ %0 0: I
2 2 \ 5 it
: 60. : 60 ¥ H r
4 c 2 7N
§ of- § o N *l: (
o o . p
20 2 5 g 3 O
0 0q «
rar = Graphite
0 30 60 9 120 150 180 0 30 60 9 120 15 180 A
Time (min) Time (min)

Fig. 15

(a) Schematic representation showing the potential ranges of the OER, EOO, and HER.*”¢ Copyright 2022, Wiley-VCN. (b) Schematic of

the two-electrode electrolyser employing low-potential aldehyde oxidation coupling with HER.** Copyright 2021, Springer Nature. (c) LSV curves
of CO,RR with OER or HMFOR and (d) the comparison between a traditional single reaction and paired electrolysis system.?”” Copyright 2022,
American Chemical Society. (e) Integrated electrolysis cell coupling CO,RR with HMFOR.*® Copyright 2023, Springer Nature. (f) polarization and
power curves of HMF-fuel cells and (g) percentage of chemical versus time plot.*”® Copyright 2020, Royal Society of Chemistry. (h) LSV
polarization curves for NRR coupled with OER and HMF oxidation, and (i) the stability test towards NRR coupled with HMF oxidation.®® Copyright
2019, Royal Society of Chemistry. (j) Demonstration of pairing 4-NBA ERR (left) and 5-HMF EOR (right) in H-type cell by using a solar-driven
system.®® Copyright 2022, Springer Nature. (k) Relative concentration of HMF and FDCA and () HMF and DHMTHF.*8 Copyright 2019, Wiley-
VCN. (m) Schematic diagram of linear paired electrolysis of FF to FA.**> Copyright 2023, Elsevier.
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(a) Current densities of Cr—Ni(OH),/NF at HMF concentrations of 10 and 20 mM and (b)-(d) the electrocatalytic performance of Cr—

Ni(OH),/NF for furfuralcohol, furfural and ethanol oxidation.*®* Copyright 2023, Elsevier. (e) The actual current densities of PO4/Ru-Ni(OH),/NF
obtained by segmented chronoamperometry for the HMFOR and (f) current density and charge—time plots for six cycles of electrolysis
experiments on PO4/Ru-Ni(OH),/NF and (g) HMF conversion, FDCA selectivity and faradaic efficiency obtained for six cycles, (h) charge densities
of PO4/Ni(OH)when HMF is adsorbed on it, and (i) schematic of the transition of the electronic structure via modulating the energy band.*#4

Copyright 2024, Royal Society of Chemistry.

persist in improving productivity due to different pH require-
ments for the two electrodes and the competition of OER and HER
with HMFOR and CO,RR. Addressing these challenges, Ye et al.”®
reported that indium-rich oxygen oxide (InOOH-Ov) is a bifunc-
tional catalyst for CO, reduction and HMF oxidation, with FEs
exceeding 90.0% at both optimized potentials. This catalyst
provides a viable pathway for the simultaneous production of
valuable chemicals at two electrodes by integrating CO, reduction
and HMF oxidation in an electrochemical cell to form 2,5-fur-
andicarboxylic acid in high yields (both around 90.0%) (Fig. 15e).

5.3 Paired electro-oxidation with ORR

Fuel cell technology involves two important chemical reactions,
including the fuel oxidation reaction at the anode and the ORR
reaction at the cathode. Theoretically, the use of high-
performance bifunctional catalysts plays a key role in reducing

4748 | Chem. Sci, 2024, 15, 4723-4756

the reaction energy barrier and improving the reaction efficiency.
To this end, Zhang et al.'” designed a direct HMF fuel cell
combining ORR and organic synthesis using PtNiS, as a catalyst.
The results showed that the close interaction and interfacial effect
between Pt and Nis, nanoparticles gave the catalyst excellent ORR
and HMFOR activities (Fig. 15f). The discharge efficiency of the
HMF-containing fuel cell was 2.12 mW cm > and the current
density was 6.8 mA cm > at 60 °C. In addition, the FE of valuable
FDCA at the anode was close to 98% (Fig. 15g).

5.4 Paired electro-oxidation with NRR

Ammonia (NH;3) is not only an important source for industrial
utilization but also an important renewable energy carrier.
Electrocatalytic nitrogen reduction reaction for the synthesis of
NH; (NRR) is a sustainable and economically viable process
under environmental conditions. Conventional electrocatalytic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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synthesis of NH; in alkaline media can be divided into cathodic
NRR and anodic OER, and the replacement of OER by oxidation
reactions with thermodynamically favorable biomass such as
furfural and 5-hydroxymethylfurfural (HMF) throughout the
hydrolysis process has been developed as a new strategy. Xu
et al.*®® used Ru(u)-PEI@MWCNT as a bifunctional catalyst for
NRR and HMFOR. After 27 h of stable electrolysis at a current
density of 0.50 mA cm ™2, the cell voltage was only 1.34 V, which
was 220 mV lower than the oxygen precipitation potential, and
the Faraday efficiency of the FDCA was maintained at 94%,
indicating the excellent performance of NRR-coupled HMF
oxidation (Fig. 15h and i). Oschatz's team reported the synthesis
of nitrogen boron co-doped porous carbon with a unique pore
structure, high thermal atom doping and high oxidation
potential.** The created B-N motifs combine a large number of
unpaired electrons and frustrated Lewis pairs, allowing the
electronic structure of the B-N motifs to be combined with the
electronic structure. They performed well in both electro-
chemical oxidation of HMF and NRR in the absence of metal
additives. The yield of NH; was stable at 21.3 ug h™' mg ™", with
a FE of 15.2%. The conversion of FDCA was 71% with a yield of
57%.

5.5 Paired electro-oxidation with organic reaction

In recent years, in order to improve the energy conversion effi-
ciency, research has focused on coupling electrocatalytic
oxidation reactions with small molecule reduction reactions
(e.g., HER, CO,RR, NRR, etc.). In addition to coupling the small

© 2024 The Author(s). Published by the Royal Society of Chemistry

molecule reduction reaction, matching the rates of organic
oxidation and organic hydrogenation at the same time can
realize the simultaneous output of high value-added products at
both electrodes, improving the catalytic efficiency and eco-
efficiency. In recent years, these electrocatalytic oxidation
reactions have been combined with electrocatalytic small-
molecule reduction reactions (HER, CO,RR, NRR, etc.) to
improve the energy conversion efficiency. In addition to
coupling with small molecule. For instance, Sun et al. con-
structed a paired electrolytic system for electrocatalytic oxida-
tion of HMF to FDCA and hydrogenation of p-NP to p-AP, with
an excellent conversions and efficiencies.’” Renewable energy
driven electrolysis is an effective way to fully utilize energy.
Therefore, Yang et al.®® reported solar cell-powered paired
electrolysis using solar cell drive at 1.420 V for 4-NBA reduction
and HMFOR (Fig. 15j). Successful paired electrolysis of 4-NBA
and HMF by constructing FeP-MoP heterojunction electrodes
achieved lower voltage reaction than water decomposition,
suggesting that the paired electrolysis system is more efficient.

Additionally, Pang et al. reported a paired electrolytic system
for the electrocatalytic hydrogenation of HMFOR and 4-nitro-
phenol to synthesize 4-aminophenol.*®* The paired electro-
catalytic system exhibited excellent reaction performance with
excellent yields and Faraday efficiencies. In addition to pairing
HMF with other organic substrates for electroreduction, pair
electrolysis of HMF as both anodic and cathodic substrates to
generate high value-added products has been reported. Li
et al.'® successfully prepared three-dimensional vanadium
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nitride (VN) and Pd/VN hollow nanorods for the electrocatalytic
oxidation and hydrogenation reaction of HMF to generate FDCA
and DHMTHF with excellent conversion and selectivity (Fig. 15k
and 1). Different types of pair electrolysis systems such as
parallel pair electrolysis, convergent pair electrolysis, divergent
pair electrolysis and linear pair electrolysis were proposed by
Ibanez et al.*** Almost all of what we mentioned earlier are
divergent paired electrolysis, which mainly involves electrode
passivation, inconsistent products, and poor compatibility of
anodic and cathodic reactions.'® Li reported a redox-mediated
linear paired electrolysis system that combines a hydrogen
peroxide-mediated cathodic process and an I,-mediated anodic
process for the simultaneous conversion of FF to FA
(Fig. 15m)."* His linear paired electrolysis has the same
substrate at both electrodes and yields the same product at both
the anode and cathode, and avoids undesirable water cleavage
reactions and furfural reduction side reactions by altering the
electrolysis reaction paths, improving the energy reduction and
electronic efficiency.

6 Industrial scale development of
electrocatalytic conversion of
biomass-derived furan compounds

The key to the industrial application of electrocatalytic conver-
sion of furan compounds is the development of high current
density catalysts. Up to now, researchers have optimised the
electrode design by coupling different metal sites with different
activities towards hydroxyl and aldehyde groups on the furan
ring, which can achieve the conversion of furan compounds at
lower potentials. Taking the oxidation reaction of HMF as an
example, although the optimised various catalysts have high
conversion and Faraday efficiency, the current density during
electrolysis is too low (less than 100 mA cm ~2) to meet the
requirements of industrial production.**'** The main reason
that currently prevents the industrialisation of electrocatalytic
HMFOR is that the electrooxidation reaction competes with
OER at high potentials, resulting in a current density of HMFOR
that does not gradually increase with increasing voltage. The
occurrence of OER at high potential leads to an increase in
current density, but the reaction efficiency of HMFOR decreases
dramatically. More critically, no clear relationship has been
established between catalyst performance and electrolysis effi-
ciency, and there is a lack of a unified theoretical basis on how
to design catalysts to achieve high current density, which seri-
ously hinders the improvement of catalytic performance and
the research and development of HMFOR. For this reason, Mu
et al. proposed segmented i-t measurements within the voltage
window to replace the LSV curve to extract the effective current
density and obtain the maximum conversion efficiency.'** By
comparing the actual current densities, it was found that
a lower onset overpotential does not imply that higher current
densities can be achieved within the voltage window, and it was
confirmed that the proton-coupled electron transfer (PCET)
process is the key to influence the anodic peak current. The
anodic peak current density achievable within the voltage
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window is actually a better indicator of catalyst performance
than the onset overpotential due to electrolysis efficiency. Based
on this, they designed electrode materials capable of achieving
current densities above 200 mA cm™> for HMF conversion. As
shown in Fig. 16a, Cr-Ni (OH),/NF with a Cr doping rate of
1.42% showed a current density of up to 230 mA cm™? at an
HMTF concentration of 10 mM, and when the HMF concentra-
tion was increased to 20 mM, the current density could reach
more than 360 mA cm ™2, which showed an extremely high HMF
oxidation activity. The electrocatalytic performance of Cr-
Ni(OH),/NF-2 on furfuryl alcohol, furfural and ethanol was also
tested (Fig. 16b-d), and the results showed that the modified
catalytic material could achieve efficient conversion of
substrates, demonstrating the versatility of Cr-Ni(OH),/NF for
electrocatalysis of biomass molecules. This work yielded
HMFOR current densities greater than 200 mA cm ™2, but still
insufficient to reach industrialisation. Therefore, Mu et al
propose a proton transfer-mediated strategy to overcome the
energy barrier of the dehydrogenation process of HMF.'** They
synthesised PO, and Ru modified Ni(OH), (PO,/Ru-Ni(OH),/
NF), which exhibited excellent electrocatalytic performance at
1.45 V vs. RHE potential for HMFOR, and the initial current
densities were able to reach more than 1000 mA cm ™2 during all
six cycles with high selectivity for FDCA (98%) and a faradaic
efficiency of 97% (Fig. 16e-g). DFT calculations revealed that
PO, on the Ni(OH), surface interacts with the O-H bonds of the
adsorbed HMF molecules, elongating the O-H bonds and
lowering the free energy of bond dissociation, which is an
indication that phosphate interactions accelerate the oxidation
of HMF by making it easier for hydrogen to detach from the
HMF molecules (the red circle in Fig. 16h). In addition, the high
valence metal Ru extracts electrons from the d-band and forms
a partial filling near the Fermi energy level (Fig. 16i), increasing
the conductivity of the Ni(OH), surface. This work provides
a good example for the electrooxidation reaction of industrial
grade alcohols and aldehydes.

7 Conclusions and perspectives

In summary, we have outlined recent advances in electro-
catalytic hydrogenation, hydrolysis and oxidative dehydroge-
nation processes for biomass-derived furan compounds (HMF
and FF). In recent years, progress has been made in electro-
catalytic mechanisms, electrode material development, and
factors affecting the reaction (e.g., electrolyte pH, reaction
potential, substrate concentration). Despite the progress,
unclear aspects remain, including site identification and the
mechanism of action of complex multisite catalysts. Factors
affecting hydrogenation and hydrolysis are not fully under-
stood, and interactions between aldehyde and alcohol groups in
HMF pose challenges. The gap between current research and
industrial applications creates an urgent need to accelerate the
development of electrocatalytic conversion processes for
biomass platform molecules. In this process, five key factors
(shown in Fig. 17) require special attention to bridge the
knowledge gap and translate research results into practical
applications. This outlook will help to deepen the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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understanding of electrochemical mechanisms and pave the
way for large-scale applications and conversion of various C-O/
C=O0-containing organics.

7.1 Understanding of reaction mechanism

Despite advances in the design of electrode materials for the
electrocatalytic conversion of furan compounds, uncertainties
in identifying active sites and understanding the reaction
mechanism remain, leading to increased challenges. Different
catalysts exhibit HMFOR capabilities, but the identification of
the actual active sites and species, especially multivalent and
multi-metal sites, is controversial. In particular, the electro-
catalytic reduction reaction mechanism of furan analogs
derived from biomass has been little studied. In order to
comprehensively understand the reaction mechanism of the
electrocatalytic system of furan compounds, the model of “in
situ characterization and experimental validation with theoret-
ical calculation” is a feasible strategy for the design of
descriptors and the identification of active sites. This provides
the basis for a deeper understanding of the electrocatalytic
mechanism and for exploring more effective design of electrode
materials and activity modulation strategies.

7.2 Optimization of reaction conditions

Many reactions are carried out only under alkaline or acidic
conditions, e.g., electrocatalytic oxidation of HMF to synthesize
FDCA is suitable for alkaline conditions, while hydrogenolysis
of HMF is suitable for acidic conditions. In contrast, it is of
great importance to perform electrocatalytic reactions under
neutral conditions, which reduces the corrosiveness to equip-
ment and is more suitable for industrial production. In addi-
tion, in the reduction of furan compounds, the choice of
reaction medium is crucial because it can be used not only as
a solvent but also as a hydrogen source. Therefore, there is an
urgent need to develop renewable reaction media with good
solubility to improve the efficiency and sustainability of the
electrocatalytic reduction process. In addition, increasing the
concentration of reactants is necessary for industrial produc-
tion. Currently, the reaction substrate concentration is usually
low (<100 mM) due to substrate instability and limited solu-
bility, so it is necessary to develop catalysts with better perfor-
mance to promote the increase of reactant concentration. At the
same time, achieving higher catalytic efficiencies will reduce the
number of catalysts used, contributing to more sustainable and
economical industrial processes.

7.3 Paired electrolysis

Although pairwise electrolysis of furan compounds improves
the energy efficiency and kinetics of the anodic reaction, the
reaction coupled with HMF reduction still requires in-depth
investigation. And the practical applicability of paired electrol-
ysis still needs to be carefully evaluated. In a two-electrode
system, it is impractical to independently control the reaction
voltages at the cathode or anode, which may affect the adapt-
ability and versatility of pairwise electrolysis. Therefore, further
research and development is needed to address these

© 2024 The Author(s). Published by the Royal Society of Chemistry
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challenges and to optimize the operating parameters of paired
electrolysis for wider industrial and commercial viability.
Determining the appropriate paired electrolysis reaction is
critical and process costs need to be evaluated to improve
productivity. A promising future direction is the coupling of
reactors with renewable energy cells, such as solar cells, to
reduce power costs and minimize losses. This innovative
coupling strategy not only improves energy efficiency but also
contributes to a more sustainable and environmentally friendly
electrochemical process.

7.4 Product separation

Currently, product separation is mainly performed by poorly
soluble and thermodynamic methods, such as extraction and
precipitation, leading to higher production costs. In the
synthesis of FDCA by electrocatalytic oxidation of HMF, the
most efficient separation method is to precipitate FDCA by
acidifying the electrolyte because FDCA is highly soluble in
alkaline solutions. However, this method increases the cost and
generates salt waste. Therefore, there is an urgent need to
develop cost-effective separation methods suitable for indus-
trial production in electrocatalysis. Membrane separation
technology is a potential solution that may provide an efficient
and economically viable separation process, thereby reducing
the cost and environmental impact of conventional methods.

7.5 Industrialization development

Current research is focused on the laboratory scale, while
challenges such as high current density operation, competing
reactions at low potentials and high current densities need to be
addressed to achieve industrial scale. Successful industrializa-
tion involves several key aspects: first, highly active and selective
catalysts, such as alloy-type, single-atom and synergistic cata-
lysts, need to be developed to improve performance. Addition-
ally, exploring methods like molecular modification, such as Cl-
modified Cu catalysts to promote the hydrogenolysis of HMF, is
essential.® Second, given the stability of the electrocatalysts,
the active sites and competing reactions of the substrate elec-
trolysis must be accurately identified and separated. Then, the
fabrication of large-area electrodes and a device design suitable
for industrialization need to be considered. Due to the high
concentration of substrate for industrial production, the small
area electrode cannot meet the demand for high concentration
substrate conversion. It is necessary to increase the area of the
electrode to provide active sites for more substrate molecules
while ensuring the activity and stability of the catalyst. At the
same time, large-area electrodes need to be matched with
suitable reactors. Flow reactor effectively control substrate
concentration, flow rate, prevent competing reactions, and
provide sufficient interfaces to facilitate transfer. Membrane
reactors, on the other hand, can improve selectivity and Faraday
efficiency, but in terms of practicality, the corrosion resistance
of the material, the pH of the electrolyte, the suitability of the
septum, and the robustness of the catalyst-carrier bond need to
be considered. Finally, direct conversion of lignocellulose to
oxidation or reduction products is an economically viable
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industrial direction, and simplification of the process and
improved feedstock utilization will enhance the economic
viability of industrialization.
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