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Abstract: The utilization and development of biomass resources is an efficient solution to mitigate
the fossil energy crisis. Based on the advantages of mild reaction conditions, rapid reaction, and high
conversion, the synthesis of 2,5-furandicarboxylic acid (FDCA) by the electrocatalytic oxidation of
5-hydroxymethylfurfural (HMFOR) has attracted considerable attention. This review will summarize
the recent advances of HMFOR to FDCA, including the reaction pathway and mechanism, as well as
the catalytic performance of various heterogeneous electrocatalysts. The challenges and prospects
for HMFOR are also focused on. Finally, it is expected that this work may provide guidance for
the design of high-efficiency electrocatalysts and thereby accelerate the industrialization process of
biomass utilization.

Keywords: biomass; HMF; HMFOR; FDCA; heterogeneous catalyst

1. Introduction

With the rapid global economic growth, there is an ever-increasing demand for fossil
fuels, such as coal, crude oil, and natural gas. However, this has also led to energy crises and
environmental issues [1-3]. In 2015, the United Nations set the Sustainable Development
Goals (SDGs) to be achieved by 2030. The development of affordable clean energy was
recognized as one of the key issues of global concerns. Therefore, it is essential to develop
renewable resources and construct sustainable energy systems to alleviate the scarcity of
traditional fossil fuels [4]. Lignocellulosic biomass is considered to be the most abundant
renewable carbon resource on earth, holding immense potential in achieving carbon-peak
and carbon-neutral goals. As a result, it has garnered extensive attention from the scientific
community over the past decade [5,6].

5-hydroxymethylfurfural (HMF) is a dehydration product of C6 carbohydrates derived
from biomass. The HMF molecule comprises a furan ring, an aldehyde group, and a
hydroxymethyl group, and possess relatively active chemical properties [5]. It can be
converted into high-value products and more stable platform molecules through oxidation,
reduction, hydrolysis, and esterification reactions. Therefore, HMF is also widely regarded
as the “sleeping giant” in the sustainable biorefinery [7,8]. Valuable chemicals derived from
the oxidation of HMF include 2,5-diformylfuran (DFF), 5-hydroxymethyl-2-furancarboxylic
acid (HMFCA), 5-formyl-2-furancarboxylic acid (FFCA), and 2,5-furandicarboxylic acid
(FDCA) [3,9]. Among them, FDCA is recognized as one of the “TOP 10 + 4” most promising
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bio-based platform chemicals for establishing a future “green” chemical industry by the
U.S. Department of Energy in 2004 [3]. Due to the similarity in structure and chemical
properties between FDCA and the traditional petroleum-based monomer terephthalic acid
(TPA), which is used to synthesize polyethylene terephthalate (PET), FDCA is expected to
replace TPA in the production of bioplastic polyethylene 2,5-furandicarboxylate (PEF). PEF
could soon replace PET in the future thanks to its excellent barrier properties, extended
mechanical properties, and recyclability [5,7,10]. At present, FDCA has realized commercial
production, and the representative enterprises include Avantium and Synbias. Avantium,
a Dutch Company, is proposing to construct a new commercial plant for the large-scale
industrial production of PEF from FDCA, which will be the world'’s first flagship facility
for the preparation of FDCA. This facility, located in Delfzijl, Netherlands, is expected to
commence operations in 2024 with an annual production capacity of 5000 tons/year of
FDCA by utilizing Avantium’s YXY patent technology, which utilizes fructose as a raw
material [9]. In addition, FDCA has a wide range of applications, including (1) as monomers
for the synthesis of polyesters, polyurethanes, and polyamides; (2) as a precursor for
plasticizers; (3) in the synthesis of novel semi-aromatic nylons/semi-bio-based aramids and
polyether; (4) in the production of unsaturated resins; and (5) in the fields of thermosetting
plastics and coatings [2—4,7,10].

In the early stages, the research on the oxidation of HMF to produce FDCA mainly
focused on thermal catalysis. Although it achieved good performance, there were often
drawbacks such as high energy input (e.g., requiring high temperatures above 100 °C and
high pressures of 10 bar Oy), the use of expensive noble metals (Au, Pt, Ru, and Pd), long
reaction times (typically exceeding 10 h), and environmental pollution (involving organic
solvents and oxidants) [4,5,11,12]. These disadvantages were against the concept of green
production and hindered its large-scale industrial application. In recent years, environmen-
tally friendly and low-energy-consuming methods such as biocatalysis, photocatalysis, and
electrocatalysis have garnered widespread attention in the scientific community for the
oxidation of HMF to synthesize FDCA [5]. However, biocatalysis and photocatalysis for
the conversion of HMF to FDCA is still in the initial stages. Currently, biocatalysis faces
challenges in terms of long preparation cycles and the inhibition of reaction intermediates,
while photocatalysis suffers from high instrument costs and low energy conversion rates [9].
Recently, electrocatalysis has been extensively studied for the oxidation of HMF to prepare
FDCA. This is primarily due to the following advantages: (1) Water is used as the oxygen
source, replacing costly pressurized oxidizing gases, thereby ensuring safety and energy ef-
ficiency. (2) Lower reaction temperatures and pressures (typically at room temperature) and
relatively shorter reaction durations. (3) It can replace noble metal catalysts, as numerous
non-noble metal catalysts exhibit excellent performance under alkaline conditions. (4) The
reaction rate and oxidation selectivity can be precisely controlled by adjusting electrochem-
ical parameters such as current, potential, electrolyte, and electrocatalyst performance.
(5) Value-added chemical products can be obtained on both sides of the electrochemical
reactor (i.e., cathode and anode), enhancing the overall system efficiency [4,5].

This review will summarize the latest research progress in the electrocatalytic oxida-
tion of HMEF for the synthesis of FDCA. By incorporating the HMFOR reaction pathway
and mechanism, a systematic organization and summary of heterogeneous electrocatalysts
used for HMFOR have been conducted. The heterogeneous electrocatalysts are classi-
fied into two categories depending on whether they contain noble metals in their main
constituent materials: noble metal catalysts and non-noble metal catalysts. Emphasis is
placed on highlighting the research advancements of non-noble metal catalysts. The fur-
ther classification of non-noble metal catalysts includes four types: (1) non-noble metal
phosphides, sulfides, borides, and nitrides; (2) non-noble metal hydroxides and oxides;
(3) heterostructures; (4) and other catalysts such as MOFs, COFs, and non-metal catalysts.
Additionally, a summary and outlook of the current research issues and future research
directions have been supplied. This is intended to offer guidance and references for the
development of efficient and stable electrocatalysts, as well as providing a theoretical



Catalysts 2024, 14, 157

30f32

basis and technological support for the high-efficiency catalytic synthesis and large-scale
production of FDCA.

2. Reaction Pathway and Mechanism of HMFOR

HMF is a highly functionalized biomass platform molecule, which contains a furan
ring, a hydroxymethyl group and an aldehyde group. The process of HMFOR usually
follows a three-step reaction involving six electron transfers [2,3]. Generally, it occurs in an
alkaline environment in most cases. The electrode reaction formulas are as follows:

Anode: HMF + 60H™ — FDCA + 4H,0 + 6e™ 1)
Cathode: 6H,O + 6e~ — 60H™ + 3H, 2)
Overall: HMF + 2H,0 — FDCA + 3H, 3)

2.1. Reaction Pathway

According to the oxidation order of hydroxymethyl and aldehyde groups in HMF,
HMFOR can generally be classified into two pathways (Figure 1). In general, the oxidation
path of HMF is strongly dependent on the pH value of the electrolyte. HMFOR tends to
follow path 1 in a non-strong alkaline environment (pH < 13), while path 2 occurs in a
strong alkaline environment (pH > 13) [4,5].

pH<13
®) O

\
\ﬂ‘\\/
o DFF 1) o) o O

e =
L on = HOWOH

/f'/\\ pH=>13 4 FFCA FDCA

) HO/\WOH/

HMFCA

Figure 1. Two reaction pathways of HMFOR.

Linear sweep voltammetry (LSV) is usually used to detect the electrocatalytic activity,
chronoamperometry is used to monitor the electrochemical performance of the catalyst, and
HPLC is used to analyze the electrolyte [3]. The HMF conversion, FDCA yield, and Faradaic
efficiency (FE) of the products are usually calculated using the following equations.

mol of HMF consumed

Conversion (%) = ol of imital IME 100 4)
. o, _ mol of FDCA formed

Yield (%) = mol of initial HMF 100 ©)

FE (%) — mol of FDCA formed < 100 ©)

~ total charge passed/ (F x 6)
where F is the Faraday constant (96,485 C mol~1).

2.2. Reaction Mechanism

In fact, HMFOR can be classified as a “nucleophilic oxidation reaction” (NOR), which
is similar to the oxidation reaction of small organic molecules such as alcohols, aldehydes,
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amines, urea, and so on. All of them use nucleophilic groups with active hydrogen (such
as hydroxyl, aldehyde, and amino) as the oxidation reaction sites [13-15]. HMFOR can
be classified into direct oxidation and indirect oxidation according to whether it needs
external voltage to drive substrate oxidation [2,7,10].

2.2.1. Direct Oxidation

Direct oxidation refers to the use of an applied potential to directly drive substrate
oxidation, without changing the valence state of the catalyst throughout the entire reaction
process [2]. The applied potential promotes the adsorption of OH™ on the electrode,
electron transfer, and subsequent substrate dehydrogenation. Specifically, the aldehyde
hydration process of HMF is inhibited in a non-strong alkaline environment (pH < 13),
while hydroxymethyl is preferentially adsorbed on the electrode surface, triggering the
deprotonation of C-H and O-H bonds through the activation of OH ™, thereby producing
DFF intermediates. Then, the aldehyde group undergoes a nucleophilic addition reaction
with water to generate a geminal diol. The C-H and O-H bonds of the geminal diol are
subsequently activated by OH™ and deprotonated to form FFCA. Afterwards, the two
steps of nucleophilic addition and deprotonation are repeated to generate FDCA (as seen in
Figure 2a). In a strong alkaline environment (pH > 13), aldehyde groups will preferentially
adsorb on the catalyst surface, react with HyO to form a geminal diol during alkaline
catalysis, and then undergo dehydrogenation to form HMFCA intermediates by OH™
activation. Subsequently, hydroxymethyl deprotonation generates FFCA. Finally, the two
steps of nucleophilic addition and dehydrogenation are repeated to generate FDCA (as
seen in Figure 2b) [4,7,10].
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Figure 2. (a) Reaction mechanism of direct oxidation in a strong alkaline environment (pH > 13).
The applied bias is to promote the adsorption of OH™ on the electrode and rapidly remove electrons
deposited onto the surface of the electrode. (b) Reaction mechanism of direct oxidation in a non-
strong alkaline environment (pH < 13). The applied bias is to promote the adsorption of OH™ on the
electrode and rapidly remove electrons deposited onto the surface of the electrode. Reproduced from
Ref. [2]. Copyright 2021, with permission from Royal Society of Chemistry.

2.2.2. Indirect Oxidation

Contrary to direct oxidation, indirect oxidation refers to the catalyst acting as an
oxidation-reduction medium to drive substrate oxidation, while the applied potential
is only used for the regeneration of the catalyst medium [2,7]. As seen in Figure 3, in-
direct oxidation typically involves two consecutive processes. Firstly, the medium is
electrochemically oxidized from a low-valence/reduced state to a high-valence/oxidized
active intermediate (Process 1: M™ — M™! (MOOH/(MOH)O)). Subsequently, the gener-
ated high-valence active intermediate (M™*!) will undergo the non-electrochemical oxida-
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tion (activation and cleavage of C-H/O-H bonds) of the nucleophilic reagent/substrate
through hydride or hydrogen atom transfer (HMF self-dehydrogenation) of the nucle-
ophilic reagent/substrate, as well as M™*! being further reduced to the initial valence state
(M™*) (Process 2: M™*! — M™*) [2,10]. The catalytic medium referred to here can either be a
heterogeneous catalyst or a homogeneous catalyst. The difference is that the heterogeneous
electrocatalytic oxidation of HMF typically requires the participation of OH™ in the reaction
process, while homogeneous catalytic oxidation only requires electron transfer and does
not require the participation of OH™. Therefore, a strongly alkaline environment (pH > 13)
is more favorable for the heterogeneous catalytic oxidation of HMF [2,7]. In addition, exper-
iments and density functional theory (DFT) calculations have demonstrated that the active
sites of the catalyst in this HMF oxidation mechanism are electron-deficient lattice oxygen
and adsorbed oxygen, rather than metal sites [4]. Meanwhile, when designing catalysts, it
should also be noted that the conversion of M™*! depends on the electrochemical potential,
while the subsequent oxidation of HMF depends on the number of active sites or their
intrinsic activity [5].

(@)

Anode

Figure 3. Schematic reaction mechanism of indirect oxidation mediated by (a) a heterogeneous redox
mediator (M™ represents low-valence state of the mediator, and M™! represents high-valence state
of the mediator) and (b) a homogeneous redox mediator (taking TEMPO-mediated oxidation as an
example). Reproduced from Ref. [2]. Copyright 2021, with permission from Royal Society of Chemistry.

3. Heterogeneous Catalysts for HMFOR to FDCA

In this review, we classify heterogeneous electrocatalysts based on their main com-
ponents and summarize the research progress of similar catalysts. Specifically, we divide
heterogeneous catalysts into two categories: noble metal catalysts and non-noble metal cat-
alysts, depending on whether the materials contain noble metals. Among them, non-noble
metal catalysts can be further divided into four types: (1) non-noble metal phosphides, sul-
fides, borides, and nitrides; (2) non-noble metal hydroxides and oxides; (3) heterostructures;
and (4) other catalysts, such as MOFs, COFs, and non-metal catalysts.

3.1. Noble Metal Catalysts

Due to the unique electronic structure and orbital properties of noble metal catalysts,
early studies on HMFOR mainly focused on noble metal catalysts [16-19]. Although noble
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metal electrocatalysts exhibit low oxidation potentials in HMF, they typically provide very
low current densities, which renders them unsuitable as ideal catalysts for HMFOR. More-
over, achieving the complete oxidation of HMF to FDCA using a single noble metal catalyst
is challenging [2]. Table 1 summarizes recent advances in the electrocatalytic oxidation of
HMTF to synthesize FDCA using noble metal catalysts. Pt was the first noble metal used for
HMFOR. In 2012, Strasser and co-workers employed Pt/C as an electrode for the electro-
oxidation of HMF (Table 1, entry 1) [16]. However, they only achieved a low current density
of 0.44 mA cm? and almost negligible production of the target product, FDCA (yield < 1%).
In 2019, Ma and co-workers prepared ruthenium(Ill) polyethyleneimine (Ru(IIl)-PEI) cata-
lysts supported on carboxyl-modified carbon nanotubes (Ru(IlI)-PEI@MWCNTs), which
showed improved Faradaic efficiency (FE) of up to 94% in an alkaline environment with a
pH of 13, and could stably produce FDCA (Table 1, entry 2) [18]. Li and co-workers com-
pared the effects of Au/C and Pd/C catalysts on HMFOR and revealed that the electrode
potential and catalyst materials could significantly influence the reaction pathway (Table 1,
entries 3—4) [17]. On the Au/C catalyst, aldehyde oxidation is favored over hydroxymethyl
oxidation, but the yield of FDCA is negligible (1%). On the other hand, the oxidation
pathway of HMF on Pd/C catalyst strongly depends on the applied potential. At low
potentials, the DFF pathway is dominant with an FDCA yield of 29%.

Table 1. HMFOR over noble metal catalysts .

Potential HMF Con-

Entry Catalyst (1;1111\1611; (Vvs. version YiFe]IDdC(?/o ) FE (%) Ref.
RHE) (%)
1b Pt/C 5 - 29 <1 - [16]
. Ru(IIl)-PEI@
2 MWCNTs 1 1.34 - - 94 [18]
3¢ Au/C 20 0.9 100 1 - [17]
4c¢ Pd/C 20 0.9 97 29 - [17]
5¢ Pd;Au,/C 20 0.9 100 64 - [17]
6¢ PdjAu,/C 20 0.9 100 83 - [17]
7 (AuPd); 5 0.82 493 11.1 72.8 [19]
8 Auy/Pdy 5 0.82 33 6.8 83.8 [19]
9 Pdy/Auy 5 0.82 424 10.1 85.8 [19]
10 Pd-NiCo 50 1.38 99.6 96.5 95.9 [20]
11 Ir-Co304 50 1.42 - 98 98 [21]
12 Ru; /CoOx 5 1.45 - 55 55.2 [22]
Rh-SA /NiFe
13 NMLDH 50 1.30 98 99.8 98.5 [23]
14 Rug 3/NiFe 5 1.48 99.43 98.68 - [24]

2 The electrocatalytic oxidation of HMF was tested in 1.0 M KOH. ® 0.1 mM NaOH. € 0.1 M KOH.

In summary, the conversion of HMF and the yield or selectivity of FDCA were unsat-
isfactory using a single noble metal as a catalyst [2,3]. Additionally, the high cost and poor
catalytic performance of noble metals pose challenges for their industrial-scale production.
One approach to overcome these limitations is to construct alloy structures that precisely
tune the electronic or geometric properties of the metals. This reduces catalyst preparation
costs and improves electrocatalytic oxidation performance [7]. This strategy is advanta-
geous for electron transfer and can modify catalytic activity and selectivity by influencing
adsorption, desorption, and surface reactions. The construction of alloy structures takes
advantage of the distinctive properties of the alloy components, thereby compensating for
the limitations of single metal catalysts and enabling the electrochemical oxidation of HMF
for the production of FDCA [4].

Li and co-workers discovered that AuPd bimetallic catalysts exhibited a synergistic
effect during HMFOR [17]. The addition of Au to the Pd surface facilitated the oxidation of
aldehyde groups at lower potentials and enhanced the hydroxymethyl oxidation activity.
As aresult, higher yields of FDCA were obtained due to the altered surface composition
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and morphology (Table 1, entries 5-6). In 2020, Kim and co-workers developed a 3D
hybrid AuPd bimetallic electrode through the layered assembly (LbL) method for HMFOR
(Figure 4) [19]. The results revealed that HMFOR was more favorable when the (AuPd);
electrocatalyst structure had an alternating arrangement of Au and Pd; the HMF conversion
was 49.3% and the FDCA yield was 10.1% (Table 1, entries 7-9).

Figure 4. Architecture-controlled multilayer thin-film electrodes. Representative cross-sectional TEM,
scanning TEM (STEM), and EDS mapping images of (a) (AuPd)y, (b) Auy/Pdy, and (c) Pd;/Auy
multilayer thin-film electrodes assembled on an ITO-coated substrate (scale bar: 50 nm). Reproduced
from Ref. [19]. Copyright 2020, with permission from American Chemical Society.

Recently, Song and co-workers prepared Pd/NiCo catalysts by modifying Pd clusters
on Co-doped Ni(OH); [20]. It was found that Co doping and Pd loading optimized the
catalytic activity of Ni(OH), for HMFOR from thermodynamic and kinetic perspectives,
respectively. The introduction of Co caused lattice distortion and optimized the band struc-
ture of Ni sites. Pd clusters with an average size of 1.96 nm exhibited electron interactions
with NiCo carriers, leading to electron transfer from Pd to Ni sites. This reduced electron
transfer impedance and improved the generation rate of Ni**-O. In addition, Pd species
further optimized the adsorption of HMF through orbital hybridization, thereby increas-
ing the probability of contact between the Ni**-O active substance and HMF. Pd/NiCo
achieved a current density of 50 mA cm—2 at 1.38 V, HMF conversion of 99.6%, FDCA
yield of 96.5%, and an FE of 95.9%, which is superior to most reported catalysts (Table 1,
entry 10).

Single-atom catalysts have been widely applied in various catalytic reactions due to
their unique metal-support interface induced by their unsaturated coordination environ-
ment and maximum atomic utilization efficiency [25-30]. Designing HMFOR single-atom
catalysts with active metal loading interfaces may be an effective way to investigate the
relationship between catalyst structure and catalytic performance. In 2021, Wang and
co-workers employed DFT theoretical calculation and found the weak adsorption capacity
of HMF on Co304, which led to limited reaction activity. After incorporating single-atom Ir
sites, the Ir-Co304 electrocatalyst exhibited stronger adsorption capacity for the C=C group
of HMF [21]. This resulted in a heightened adsorption capacity for HMF molecules on
Co30y, leading to a reduction in the reaction adsorption energy barrier and a boost in the
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reaction kinetics rate. The yield of FDCA was 98%, and the FE was 98% (Table 1, entry 11).
This study offers a novel method for the development of efficient electrocatalysts for HM-
FOR. Recently, Chen and co-workers prepared Ru; /CoOx catalysts by impregnating single
Ru atoms onto cobalt oxide substrates, which exhibited excellent performance for HMFOR
(Table 1, entry 12) [22]. The results indicated that introducing single Ru atoms at an ultra-
low load of ~0.5 wt.% could accelerate the electroreduction of Co?* /Co>* /Co**, improve
the intrinsic activity of CoOx substrates, and achieve an FDCA selectivity of 76.5%, which
is better than the original CoOy electrocatalyst (62.7%). The interface synergistic effect at
the Ru; /CoOy interface indicated that single Ru atoms could enhance the adsorption of
HMF at the Ru; /CoOx interface, thus accelerating the rate-determining step of selective
C-H bond activation for FDCA production (Figure 5).

(b) 2
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HMF
HMF Fa 3 Introduce Ru ‘( -
single atoms r))
O 8 );i.,
Ru4/Co0O, CoO,

Figure 5. Identification of the reaction process and mechanism of CoOx and Ru; /CoOx for HMFOR.
(a) Conversion of HMF and the yields of oxidation products for Ru; /CoOx at different charges passed
at the potential of 1.45 V vs. RHE in 1.0 M KOH with 5 mM HMEF. (b) Concentration of HMFCA
during HMFOR for Ru; /CoOy and CoOx at the potential of 1.45 V vs. RHE in 1.0 M KOH with 5 mM
HME. (¢) ECSA-normalized LSV curves of CoOx and Ru; /CoOy in 1.0 M KOH with/without 50 mM
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HMEFCA. (d) Specific activity of Ru; /CoOy and CoOy at the potential of 1.45 V vs. RHE in 1.0 M KOH
with 50 mM HME, 50 mM HMFCA, 50 mM FFCA, and 50 mM DFF. (e) Yield and selectivity of FDCA
of Ruj /CoOyx and CoOy after HMFOR transferring 28.9 C charge at the potential of 1.45 V vs. RHE in
1.0 M KOH with 5 mM HME. (f) Scheme of the reaction process and mechanism of Ru; /CoOyx and
CoOx. Reproduced from Ref. [22]. Copyright 2023, with permission from American Chemical Society.

Recently, Guo and co-workers designed a kind of Rh-Os/Ni(Fe) atom site anchored
on a nanoporous network with an NiFe-layered double hydroxide (Rh-SA/NiFe NMLDH)
catalyst (Figure 6) [23]. The catalyst demonstrated exceptional performance for HMFOR,
achieving an impressively low initial potential of 1.2 V and a current density of 50 mA cm 2
at a voltage of 1.3 V. HMF conversion was 98%, the yield of FDCA was 99.8%, and the FE
was 98.5% (Table 1, entry 13). In addition, the electrolytic cell assembled by Rh SA /NiFe
NMLDH only needed a low voltage of 1.48 V to reach a current density of 100 mA cm~2,
and the durability was more than 100 h. DFT theoretical calculation results showed that
the interaction between Rh and adjacent Ni atoms in the Rh-O5/Ni(Fe) atomic structure
optimized the electronic structures of Rh-4d and Ni-3d, and the electron transfer barriers
between the active site and the key intermediates HMF and *OH were reduced respectively.
The improvement of these synergistic effects was conducive to the electron exchange
and transfer of HMFOR, and reduces the reaction energy barrier. Similarly, Li and co-
workers exploited a two-step electrodeposition method to support single Ru atoms on
NiFe LDH [24]. The synthesized Rug3/NiFe catalyst showed excellent HMF conversion
(99.43%), FDCA selectivity (99.24%) and yield (98.68%) (Table 1, entry 14). It was found that
Ru loading enhanced the reaction pathway from HMF to DFE, which improved the yield
of FDCA. The experimental results and DFT calculation results showed that increasing
the composition of Ru can optimize the adsorption energy of HMF and make FeNiOOH
capture protons and electrons more effectively in HMFOR.
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—— NiFe LDH NiFe LDH 199 . ® Pao-Cwo
& go|— NiFe NMLDH — o e P INreNE
E | — Rh-SANiFe NMLD PP NiFe NMLDH ' 3005 120 = ® NyNveC
R/C 16 _ % 2 CoFe@NiFe LOH
< PP Rh-SANiFo NMLDH 2 3 CuCo,00NF
5 S | EERNC 2 Z100 LA & NiCoFe LDH-NF
£ = wg = PUNPS/N(OH),
S 40 14 § & 80 hep-Ni
) -] ° ® Commercial P40
g 20 100 8 @ (FeCrCoNiCu),0,
£ % ) PY ® V,-Co0,
o & ® ° ® NiCo0,
0 v 3 W ® Ni,S,-NF
2 ® NiFe LDH-CP
10 11 12 3 14 15 18 Onset potential Tafel slope 12 13 14 % iip
Potential (V) Onset potential (V) 5
d) (e) i f) = S5 =
. - FE, e
1HMF Qqioctrolysis 100 '._M_W @ P 2 U100
2DFF oC
3FFCA —20C S8 280 80
~ |4 HMFCA —40C E S 3
3 |5F 60C ° Q.
3 [sFoca =l §° & 6ol &8
2 —100C e e 3
] —1156C €4 / ¥
5 8 Z 40 40 2
€ S ] e
A= Q o xS
1 o4 20 202
43
: b v {A v 2 0 04N t ¥ . 0
2 4 6 10 12 14 1 2 3 4 5 )
Time (min) Cycles

Figure 6. Electrocatalytic HMFOR performance. (a) Polarization curves in 1 M KOH with 0.05 M HMF
solutions. (b) Activity comparison of onset potential at 2 mA cm? and Tafel slope for various catalysts.
(c) Activity comparison among various representative catalysts reported in the literature involving
the onset potential and potential at 50 mA cm?. (d) High-performance liquid chromatography
chromatograms obtained at various electrolysis charges. (e) Concentration versus charge plot of
HME, FDCA, and the intermediates at various electrolysis charges. Inset, the digital photos taken
at different electrolysis charges. (f) Conversion, selectivity, and Faradaic efficiency toward HMFOR
over six successive electrolysis cycles. Reproduced from Ref. [23]. Copyright 2023, with permission
from American Chemical Society.
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In general, the catalytic performance of the noble metal catalysts was less desirable
due to factors such as a prolonged reaction time, low HMF conversion and low FDCA
product yield, as well as the high cost of the noble metals. These factors were not favorable
for large-scale production.

3.2. Non-Noble Metal Catalysts

Over the past few years, non-noble metal catalysts have gained significant popu-
larity in the field of HMFOR research due to their cost-effectiveness and good electrical
conductivity [7,31].

3.2.1. Non-Noble Metal Phosphides, Sulfides, Borides, and Nitrides

Heteroatom doping is an effective method to enhance the activity of non-noble metal
electrocatalysts. In general, this strategy modulates the electronic structure of the catalyst
by introducing non-metallic elements such as P, S, B, and N to change the chemisorption
strength of the reactants, thus improving the HMFOR activity [31]. Table 2 summarizes
recent advances in the electrocatalytic oxidation of HMF to synthesize FDCA using non-
noble metal phosphide, sulfide, boride, and nitride catalysts.

Phosphides

In recent years, metal phosphides have attracted widespread attention in various
small organic molecule electro-oxidation reactions such as HMF, methanol, ethanol, and
ethylene glycol due to their excellent catalytic activity [32]. In 2016, Sun’s research group
first proposed the use of the metal phosphide catalyst Co-P/CF for HMFOR [33]. The
Co-P was supported on a copper foam substrate by electrodeposition. The Co-P/CF
catalyst could catalyze the oxidation of 50 mM HMF in 1.0 M KOH alkaline medium. The
conversion rate of HMF was close to 100%, the yield of FDCA was about 90%, and the
FE was 93%. Similarly, Sun and co-workers developed a Ni,P NPA /NF catalyst loaded
with Ni,P nanoparticles on nickel foam, which also showed excellent catalytic activity
for HMFOR [34]. The conversion rate of HMF was almost 100%, the FDCA yield was
98%, and the FE >98%. Afterwards, similar metal phosphide catalysts emerged one after
another. In 2019, Li and co-workers developed a NiP-Al,O3/NF catalyst embedded in a
two-dimensional amorphous alumina array on nickel foam to disperse Ni, P, which could
achieve 97.8% conversion of HMF and a 99.6% yield of FDCA [35].

Zhang and co-workers developed a metal-phytic acid hybrid Ni-PA catalyst using the
biomass derivative phytic acid as a raw material, which demonstrated impressive catalytic
performance for HMFOR [36]. The catalyst accomplished the full conversion of HMEF, with
an FDCA yield of 99.1% and an FE >90%. Recently, Menezes and co-workers developed an
amorphous nickel-based NiP/NF catalyst synthesized by a one-step molecular method at
room temperature, which could be reconstructed into a highly active nickel oxide phase
(v-NiOOH) during the HMFOR process [37]. This catalyst could achieve the electrocatalytic
oxidation of 100 mM HMEF in 1.0 M KOH alkaline medium with an HMF conversion rate
of 96%, an FDCA yield of approximately 96%, and an FE of 96%. Seifitokaldani and co-
workers developed a NiP@Ni/C catalyst by the cathodic deposition of nickel on a carbon
paper substrate coated with a thin nickel film [38]. This catalyst exhibited remarkable
activity for HMFOR, achieving an HMF conversion rate of over 90%, an FDCA yield of over
90%, and a Faradaic efficiency of 97%. Analysis indicates that the remarkable activity of the
catalyst originated from highly oxidized nickel species on the surface of NiP. Xiong and
co-workers prepared a phosphorus-engineered perovskite-oxide-derived LN-400-P-350
electrocatalyst through hydrothermal and phosphorization methods [39]. This catalyst
could effectively electro-oxidize HMF in alkaline medium, achieving close to a 100% HMF
conversion rate with an FDCA yield and an FE exceeding 90%. Furthermore, experimental
and in situ Raman results demonstrated that the metal (oxy)hydroxide (NiOOH) was the
true catalytic species.
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Table 2. HMFOR catalyzed by non-noble metal phosphides, sulfides, borides, and nitrides 2.
. HMF .
Type Catalyst HMF (mM) POter;{tg]ls)(V ve- Conversion FDC? Yield FE (%) Ref.
) 0
Co-P/CF 50 1.423 ~100 ~90 93 [33]
Ni,P NPA/NF 10 1.423 ~100 98 >98 [34]
NiP-Al,O5/NF 0.3 145 9758 99.6 - [35]
10 1.60 100 99.1 90 [36]
NiP/NF 100 1.49 96 96 96 [37]
NiP@Ni/C 15 1.42 >90 >90 97 [38]
Phosphides LN-400-P-350 10 1.49 ~100 ~100 >90 [39]
Ce-CoP 10 1.44 100 98 96.4 [40]
Ce-CoP@NC 10 1.20 99.5 99.3 98.5 [41]
CoNiP-NIE 10 1.50 - - 87.2 [32]
Mn-5Ni, P 10 1.43 100 98 97.8 [42]
Mn-FePSes /NS 10 1.30 98.8 - 92 [43]
100 1.36 99.9 95.8 93 [44]
Ni3S, /NF 10 1.423 98 98 100 [45]
Ni,S;/NF 10 1.498 100 98 94 [46]
S—Ni@C 10 1.473 ~100 96 96 [47]
10 1.45 99.1 97.1 96.4 [48]
Sulfides Cop4NiS@NF 10 1.45 100 >99 >99 [49]
10 1.45 84.5b 54 b - [50]
Mn,NiS/GF 100 1.48 99.3 97.6 94.2 [51]
Cu-NizS,-R 20 1.40 ~100 ~100 ~100 [52]
Wo-NizS,@NF 10 1.42 100 99.2 97.3 [53]
NixB/NF 10 1.45 100 98.5 ~100 [54]
Borides 10 1.426 >99 >99 >99 [55]
NiB,—Pg 07 10 1.464 >99 b 90.6° 92.5b [56]
Ni;N@C 10 145 - 98 99 [57]
Nitrides 50 147 92 92 - [58]
CosN/NCe@CC 10 1.38 99.2 98.6 97.8 [59]

2 The electrocatalytic oxidation of HMF was tested in 1.0 M KOH. b 0.1 M KOH.

The element doping or vacancy engineering of elements can regulate the electronic
structure, surface characteristics, and conductivity of catalysts, thereby enhancing the activ-
ity of active sites and promoting the kinetic processes of electrocatalytic reactions [10,31].
Li and co-workers developed porous Ce-doped CoP nanosheets (Ce-CoP) through a deep
eutectic solvent (DES) method [40]. The electrochemical conversion rate of HMF reached
100%, with an FDCA yield of 98% and a Faradaic efficiency of 96.4%. DFT theoretical calcu-
lations revealed that Ce doping and P vacancies caused significant electron redistribution
in the CoP crystal, with electrons transferring from Ce atoms to P vacancies, resulting
in electron accumulation in P vacancies and hole accumulation on Ce atoms. The hole
accumulation on Ce atoms facilitated the adsorption of HMF, thereby promoting HM-
FOR. Similarly, Shen and co-workers prepared Ce-doped ultra-small Co,P nanoparticles
anchored on nitrogen-doped carbon nanosheets, forming the Ce-Co,P@NC catalyst [41].
It demonstrated an electrochemical conversion rate of 99.5% for HMF, an FDCA yield of
99.3%, and a Faradaic efficiency of 98.5%. Experimental and DFT theoretical calculation
results indicated that Ce doping effectively promoted the electron transfer of Co-based
active species and the adjustment of the electronic band structure, thereby reducing the
reaction energy barrier for the rate-determining step of HMFOR. Shao and co-workers
reported a CoNiP-integrated electrode (CoNiP-NIE) for the catalytic oxidation of HMF,
achieving an FE of 87.2% [32]. In situ potential-dependent electrochemical impedance
spectroscopy (EIS) and Raman spectroscopy were used to detect the dynamic changes in
the structure of the CoNiP catalyst. The research showed that during the catalytic process,
CoNiP was initially oxidized to metal hydroxides, which were subsequently reduced in situ
by HME. DFT theoretical calculations also confirmed that CoNiP effectively enhanced the
conductivity and moderate desorption of FDCA molecules, which were the main reasons
for its high catalytic activity. Li and co-workers designed a novel Mn-doped Ni,P electro-
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catalyst (Mn-5Ni,P) using microwave-assisted DES and phosphorization processes, which
exhibited excellent catalytic activity for HMFOR with an HMF conversion rate of 100%, an
FDCA yield of 98.0%, and a Faradaic efficiency of 97.8% [42]. DFT calculations showed that
Mn doping not only effectively regulated the electronic structure of Ni, promoting HMF ad-
sorption on Ni sites, but also provided new Mn-based adsorption sites. Liu and co-workers
developed Mn-doped FePSe; nanosheets as a catalyst (Mn-FePSe3; /NS), with an HMF
conversion rate of 98.8% and an FE of 92% [43]. DFT calculations demonstrated that Mn
doping could facilitate HMF adsorption and lower the reaction barrier, thus accelerating
the oxidation reaction.

Recent studies have found that heteroatom doping can change the crystal environment
of catalytic materials and enhance the adsorption behavior of active intermediates by
using the filling characteristics of d orbitals, so as to improve the performance of catalytic
materials [8]. Tao and co-workers doped Mo onto CoP to induce lattice expansion to
enhance the electro-oxidation of 100 mM HMEF in 1.0 M KOH alkaline medium (Figure 7),
resulting in a 99.9% HMF conversion, 95.8% FDCA yield, and 93% FE [44]. DFT theoretical
calculations confirmed that the incorporation of Mo could improve the d-band center of Co
in CoMoP and enhance the adsorption of HMF on the surface of CoMoP. At the same time,
there are plenty of oxygen defects on the surface of CoMoP, and OH- can fill the defect
sites, thus promoting the oxidation of low-valence metal ions and finally obtaining high-
oxidation-state substances in the synergistic catalysis of HMFOR. In addition, the surface-
reconstructed Mo-O and CoOOH are the active sites for the initial oxidation of hydroxyl.

Figure 7. Schematic diagram of the synthesis of CoMoP. Reproduced from Ref. [44]. Copyright 2023,
with permission from Elsevier.

Sulfides

In 2016, Sun and co-workers first reported the application of non-noble metal sulfides
in HMFOR [45]. Ni3S;/NF catalyst with hierarchical porous structure could achieve an
HMEF conversion of 98%, an FDCA yield of 98%, and an FE of 100%. Similarly, Wang
and co-workers reported a NiyS3/NF catalyst prepared by the hydrothermal sulfuration
method, which achieved nearly a 100% HMF conversion, a 98% FDCA yield, and a 94%
FE [46]. In addition, Wang and co-workers also used lignin sulfonate (LS), a pulp industrial
waste, as a carbon and sulfur precursor to prepare S—Ni@C-600 catalyst by hydrothermal
reaction and carbothermal reduction [47]. The catalyst could achieve the almost com-
plete conversion of HMF, with an FDCA vyield of 96% and an FE of 96%. The results
showed that nickel hydroxide on the surface and carbon shell were helpful to improve the
electrocatalytic activity.

The construction of bimetallic sites and the adjustment of coordination substances
are considered to be effective strategies to improve the performance of HMFOR [48].
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Zheng and co-workers constructed layered nickel-based sulfide nanosheets (NiCo-S) for
HMEFOR [48]. The conversion of HMF was 99.1%, the yield of FDCA was 97.1%, and the FE
was 96.4%. Electrochemical experiments and theoretical results showed that Ni-Co dual
sites cooperatively participated in HMFOR, in which Co sites promoted the conversion
of the HMF aldehyde group to a carboxyl group and had strong diatomic adsorption
(O and C atoms) on the aldehyde group, while Ni sites could accelerate the generation rate
of FDCA. Similarly, Wang and co-workers developed a Cop 4sNiS@NF catalyst; the HMF
conversion was 100%, the FDCA yield was >99%, and the FE was >99% [49]. It was found
that Co doping not only helped to expose more active sites, but also effectively regulated
the electronic properties of Ni3S; and promoted electron/charge transfer and/or rapid
mass transfer processes, thereby improving the activity for HMFOR. Peng and co-workers
also found that doping Co could reduce the overpotential of HMFOR and promote the
formation of high-valence nickel. Co and Ni in the Co,NiS catalyst synergistically promoted
HMFOR [50]. Recently, Wang and co-workers synthesized an Mn-doped NiS nanosheet
electrocatalyst Mn(»NiS/GF on a 3D graphite felt (GF) substrate [51]. This catalyst had
excellent HMFOR activity with an HMF conversion of 99.3%, FDCA yield of 97.6%, and
FE of 94.2%. The research shows that both Mn and Ni can be used as adsorption sites for
HMFOR. Mn doping not only provides new adsorption sites for HMEF, but also promotes
the formation of nanosheet arrangement and increases the number of active sites, thus
promoting HMFOR.

Recently, Zheng and co-workers used the strategy of combining surface reconstruction
and heteroatom doping (Cu, Fe, V, and Zn) to modify the Ni3S; precatalyst to prepare a
series of M/Ni3S,-R catalysts (Figure 8) [52]. It was found that Cu?* (3d?) with its unique
electronic structure provided abundant Lewis acid sites for HMF adsorption. Successful
doping and surface reconstruction adjusted the local coordination environment of active
Ni sites and accordingly adjusted the d-band center, improved the electrocatalytic activity,
and thus promoted the reaction kinetics. DFT calculation results showed that the ideal
adsorption of OH and HMF and better conductivity of Cu/NizS,-R were the reasons for
improving the electrocatalytic oxidation activity. Cu/NizS,-R exhibited the best HMFOR
performance with a nearly 100% HMF conversion, nearly 100% FDCA yield, and nearly
100% FE. Yan and co-workers prepared a W-doped Ni3S; nanocatalyst (Wyo-Ni3S,@NF)
by hydrothermal synthesis and low-temperature sulfurization calcination [53]. It is found
that W doping could expose more active sites and improve the conductivity of NisS,. More
importantly, W doping effectively controlled the adsorption of HMF and OH*. In addition,
the addition of high-valence W caused the d-band center of Ni3S; to shift upward, which
was conducive to the adsorption and dissociation of water to produce more OH*. Moreover,
the high-valence W had a strong electron-withdrawing ability and led to the increase in
the Ni valence state by attracting electrons in Ni, which was conducive to optimizing the
adsorption energy of HMF. These factors together accelerated the dynamics of HMFOR and
had excellent HMFOR performance. The results showed that the Wy(-Ni3S,@NF catalyst
had a 100% HMEF conversion, 99.2% FDCA selectivity, and 97.3% FE.

Borides

In 2018, Schuhmann and co-workers reported the use of nickel foam modified with
high-surface-area nickel boride NixB/NF as electrode [54]. HMF was completely converted
with an FDCA yield of 98.5% and an FE close to 100%. The products and intermediates
were analyzed by electrochemical-coupled attenuated total reflection infrared spectroscopy
(EC-ATR-IR) for the first time. It was found that the oxidation of HMF was through HMFCA
intermediates rather than the DFF pathway.

Subsequently, in 2019, Sun and co-workers developed a paired electrolysis system us-
ing NiBy as a catalyst for anodic HMFOR and the cathodic hydrogenation of p-nitrophenol
(p-NP) to produce p-aminophenol (p-AP) [55]. This paired electrolytic cell used electricity
to drive organic oxidation and hydrogenation reactions in aqueous solutions, without the
need to handle hazardous gaseous hydrogen or oxygen or add external oxidants/reducing
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agents. The experimental results indicated that the electrogenerated Ni** was an active
intermediate. Using water as an oxygen and hydrogen source, the conversion, efficiency,
selectivity, and FE on both sides were all >99% (Figure 9).
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Figure 8. (a) Biomass-derived PEF route for the plastic industry. (b) Schematic illustration for the
synthesis of M/Ni3S,-R electrocatalysts (M = Fe, Zn, V, and Cu). (c) Optimized structural models of
NiOOH, oxysulfide-coordinated NiOOH (NiOOH-SOy, termed Ni3S;-R), and oxysulfide-coordinated
transitional metal-doped NiOOH (M/NiOOH-SOy, termed M/Ni3S;-R). Reproduced from Ref. [52].
Copyright 2023, with permission from Wiley.

In 2020, Wang and co-workers synthesized phosphorus-doped nickel boride (NiBx—Py)
and investigated the effect of different phosphorus dosages on the electrocatalytic perfor-
mance of HMFOR [56]. The results showed that with the increase in phosphorus content,
the yield of FDCA on the NiByx—Py catalyst was first increased and then decreased. The
electrocatalytic performance of the NiBy—Py o7 catalyst was the best with the highest FDCA
yield of 90.6% and FE reaching 92.5%, while the FDCA yield and FE of the undoped
NiBy catalyst were 75.5% and 80.1%, respectively. In addition, research has found that
phosphorus doping promotes the electron transfer of nickel and the generation of nickel
hydroxide species (NiOOH), which are the true catalytic active substances for HMFOR,
thereby improving the electrocatalytic performance of HMFOR.

Recently, Xiao and co-workers used initial principle calculations to systematically
study the catalytic performance and reaction mechanism pathways of Mo, B, MBene in
HMEFOR [60]. The results indicated that Mo, B, MBenes could effectively convert HMF into
FDCA with a limit potential of —0.49/eV.
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Figure 9. (a) LSV curves for NiBx@NF in 1M KOH with and without HMF (10 mm); (b) LSV
curves for a glassy carbon plate in 1 M KOH with and without 10 mM HMF (scan rate, 5 mV sfl);
(c) concentration of HMF, FDCA, and intermediates versus electrolysis time; (d) HPLC chromatograms
acquired at various electrolysis times. Reproduced from Ref. [55]. Copyright 2019, with permission
from Wiley.

Nitrides

In 2019, Wang and co-workers first reported the use of non-noble metal nitrides for
HMFOR. They designed and prepared a carbon-coated nickel nitride NisN@C catalyst by a
hydrothermal and nitridation process [57]. The FDCA yield reached a maximum of 98%,
and the FE reached 99%. It was found that the introduction of carbon could enable NisN to
form nanosheets instead of aggregated large particles and effectively regulate the electron
distribution on the surface of NizN, thereby improving the catalytic activity of HMFOR. In
addition, for the first time, in situ sum frequency generation (SFG) technology was used to
investigate the oxidation reaction pathway of HMFOR (Figure 10). It was found that HMF
was first oxidized to the intermediate HMFCA at 1.35 V, and after the potential increased to
145V, the intermediate continued to be oxidized to FDCA. Therefore, the catalytic reaction
pathway of NizN@C is HMFCA.

In 2021, Wang and co-workers further explored the activity sources of NizN catalysts
for HMFOR and the influence of electrolyte alkalinity through various in situ character-
ization techniques [58]. Results showed that the active source of the Ni3N catalyst was
Ni?*®N(OH),4s and a two-step reaction was proposed to explain the HMFOR process.
Firstly, applying an electric potential will cause Ni atoms to lose electrons and adsorb
OH-, binding with electrophilic oxygen to form Ni?*®N(OH),qs. Then, the electrophilic
oxygen in Ni?*®N(OH), 4, takes protons and electrons from HMF and spontaneously trans-
forms into HyO. In addition, a higher electrolyte alkalinity will promote the formation of
Ni?*®N(OH),4s and the adsorption of HMF on the NizN electrode.
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Figure 10. SFG spectra with ssp polarizations recorded at the working electrode/electrolyte interface
(a) after running the cell at various voltages for 90 min and (b) by monitoring the reaction at different
times at 1.45 V vs. RHE in 1 M KOH and 20 mM HME. The “ssp” is the polarization direction of the
light source. Reproduced from Ref. [57]. Copyright 2019, with permission from Wiley.

The synthesis of metal nitrides usually involves multi-step reactions and requires calci-
nation under NH3 atmosphere. Recently, Wang and co-workers developed nitrogen-doped
carbon composite CosN ultra-thin nanosheets self-supporting electrodes (CosN/NC@CC)
on carbon cloth by the deep eutectic solvent (DES) method without the use of NHj [59].
This catalyst exhibited good catalytic activity for HMFOR with a conversion rate of 99.2%
for HME, a selectivity of 98.6% for FDCA, and an FE of 97.8%. It was found that the
strong interaction between CosN and NC accelerated electron transfer at the interface. The
ultra-thin nanostructure of Co4sN/NC was beneficial for increasing the catalytic active sites,
thereby effectively improving the catalytic performance.

3.2.2. Non-Noble Metal Hydroxides and Oxides

Numerous investigations have revealed that the non-noble metal hydroxides/oxides
in a high-valence state are likely to be the catalytic active centers in a strong alkaline elec-
trolyte [3,5]. Therefore, the direct design and development of non-noble metal hydroxides
and oxides catalysts will help to understand the intrinsic activity of catalysts for HMFOR
and to develop more efficient catalysts for future applications. Table 3 summarizes recent
advances in the electrocatalytic oxidation of HMF to synthesize FDCA using non-noble
metal hydroxide and oxide catalysts.

Hydroxides

In recent years, the earth-abundant transition metal hydroxides catalysts have been
favored by many scientists, especially bimetallic layered double hydroxides (LDHs), which
are hydrotalcite analogues [3]. Due to the exposed metal centers in their structures playing
a coordinating role, they can reduce the energy barrier of the electrochemical reaction
and improve the conductivity of electrolyte ions, further accelerating the electrochemical
reaction kinetics. Early research found that NiFe LDHs exhibited excellent catalytic activity
in electrocatalytic water oxidation (OER) [31,61,62]. Subsequently, researchers and tried to
apply it to HMFOR [63]. In 2018, Huber and co-workers constructed NiFe LDH nanosheets
grown on carbon fiber paper [64]. This was the first attempt to use bimetallic LDHs as
anode material in the direct electrochemical oxidation of HMF to FDCA. Compared with
other Ni-based catalysts (NiAl LDH, NiGa LDH, and Ni(OH),), NiFe LDH has the best
catalytic activity. The conversion of HMF was 99%, the selectivity of FDCA was 98%, and



Catalysts 2024, 14, 157

17 of 32

the FE was 99.4%. The results showed that the introduction of Fe increased the number of
active sites, which improved the catalytic activity for HMFOR. Subsequently, many metal
LDH electrode materials were developed.

In 2020, Yan and co-workers prepared ternary hydrotalcite ultra-thin NiCoFe-LDH
nanosheets by the coprecipitation method and applied it to HMFOR [65]. It was found that
compared with NiCo-LDHs and NiFe LDHs, the NiCoFe-LDHs nanosheets had ultra-thin
thickness, which was only~1.36 nm. This showed that the introduction of Fe ions could
change the metal layer and reduce the barrier effect of the layer. Therefore, the nanosheets
will not accumulate during the synthesis process, resulting in an ultra-thin structure that
is conducive to improving the ion transport in the electrocatalytic process. In addition,
the NiCoFe-LDHs catalyst showed excellent HMFOR performance. The overpotential of
NiCoFe-LDHs at 10 mA cm~2 was 300 mV, and the Tafel slope was 68 mV dec!. The
HMEF conversion exceeded 95% and a nearly 85% FDCA selectivity was obtained within
one hour.

Although LDHs have attracted extensive attention due to their diverse cationic compo-
sition, adjustable electronic structure, and simple preparation methods, they lack accessible
active sites and have low conductivity. Recent studies have shown that it is helpful to
improve the HMFOR performance by implanting metal vacancies to change the electronic
configuration and metal site coordination environment of LDHs [66]. In 2022, Wang and
co-workers prepared a kind of d-NiFe LDH/CP catalyst with cation rich defects by hy-
drothermal and alkali etching methods [66]. A series of physical characterization studies
confirmed the successful removal of zinc and the introduction of cationic vacancies. The
catalyst showed excellent catalytic activity. At 1.48 vs. RHE potential, HMF was almost
completely converted (97.35%), the yield of FDCA was 96.8% and FE was 84.47%. After
10 cycles, the catalytic performance was still maintained. The results showed that the intro-
duction of abundant cationic vacancies was the main reason for the high catalytic activity,
which significantly adjusted the electronic structure of the NiFe LDH. The electrochemical
active surface area was greatly increased, and the charge transfer resistance was reduced.
In addition, the metal (oxygen) hydroxides formed in situ were active substances. This
work provided ideas for the design of defect-rich catalysts and their application to the
upgrading of biomass derivatives by electrochemical oxidation.

Recent studies have found that coupling LDHs with other conductive nanomaterials
to construct self-supporting electrodes is a simple and effective method, which can improve
the active surface area and conductivity of LDHs. For example, Fan and co-workers
prepared a NixSey-NiFe LDH@NF electrocatalyst with 3D layered core-shell structure and
its application to HMFOR [67]. It was found that the NixSey nanowire core with high
conductivity accelerated charge transfer and had good mechanical strength. The NiFe
LDH nanosheets as the shell with a large specific surface area provided abundant active
sites, and the layered nanoarray structure was conducive to the diffusion of electrolytes.
In addition, NiOOH was the main active site, and Fe could adjust the electronic structure
of Ni to improve the catalytic activity. Thanks to the above advantages, the NixSey-NiFe
LDH@NEF core-shell catalyst showed excellent catalytic performance for HMFOR. The high
yield of FDCA was 99.3%, the FE was as high as 98.9%, and the FE remained at 96.7%
after six consecutive electrolytic cycles. Similarly, Li and co-workers developed an NiFe
LDH/CoCH/NF electrocatalyst by a two-step hydrothermal method [68]. Compared with
NiFe LDH/NF and CoCH/NE, the coupled NiFe LDH/CoCH/NF catalyst had a unique
folded nanosheet structure and a higher electrochemical active surface area, faster electron
transfer kinetics, and more active sites. The oxidation conversion of HMF was 98.8%, the
yield of FDCA was 98.6%, and the FE was 98.1%.
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Table 3. HMFOR catalyzed by non-noble metal hydroxides and oxides 2.
. HMF .
HMF Potential (V vs. . FDCA Yield o
Type Catalyst (mM) RHE) Conz)/eoliswn %) FE (%) Ref.
NiFe LDH 10 1.23 99 98 99.4 [64]
NiCoFe LDHs 10 1.54 95.5° 849" ~90° [65]
d-NiFe LDH/CP 10 1.48 97.35 96.8 84.47 [66]
NixSey-NiFe LDH@NF 10 1.423 99.6 99.3 98.9 [67]
. NiFe LDH/CoCH/NF 5 1.58 98.8 98.6 98.1 [68]
hydroxid
ydroxices Nis3V;-LDHs 100 - 83.5 79.5 - [69]
CF-Cu(OH), 100 0.8 ~100 98.7 ~100 [70]
14%Ce-Ni(OH); 10 0.45 100 - 86.6 [71]
Cr-Ni(OH), /NF 10 147 ~100 >98 - [72]
CoNW/NF 100 1.504 100 96.8 96.6 [73]
mesoporous 5-MnO, 10 1.35 100 98 98 [74]
CuMn,,Oy4 10 1.31 100 - 96 [75]
CuCo,04 50 1.45 ; 93.7 94 [76]
BiCoO-NA/NF 10 1.30 ~100 - 97.7 [77]
oxides Co304-VO 5 1.52 90 61 56 [78]
N-Co30,/NF-2 10 1.423 995 96.4 97.3 [79]
CoOxHy-MA 5 1.52 - 98 83 [80]
NiO-N/C 10 1.473 99 84 96 [81]

2 The electrocatalytic oxidation of HMF was tested in 1.0 M KOH. ® 1.0 M NaOH.

In addition to the widely studied Ni-, Co-, and Fe-based LDHs, V-based LDHs (such as
NiV-LDHs) are composed of lower-cost V elements, which can exhibit excellent intrinsic cat-
alytic activity due to their excellent conductivity, fast electron transfer, and abundant active
sites. Recently, Yan and co-workers developed ultra-thin NiV layered double metal hy-
droxide films (NiV-LDHs) for the efficient electrocatalytic oxidation of a variety of biomass
aldehyde platform molecules [69]. The results showed that the Ni3V1-LDHs film with the
thinnest thickness (2.6 nm) had rich active sites, which was conducive to the adsorption of
aldehydes and the generation of hydroxyl radicals to oxidize a variety of biomass aldehyde
platform molecules such as benzaldehyde, multi-site methoxybenzaldehyde, furfural, and
HME. The experimental results and theoretical calculations showed that NiV-LDHs could
produce abundant hydroxyl radicals on the surface and promote the formation of FDCA.
The oxidation conversion of HMF was 83.5%, and the yield of FDCA was 79.5%.

Fan and co-workers prepared a CF-Cu(OH);, catalyst by growing Cu(OH); in situ on
foam copper for HMFOR [70]. It was found that CF-Cu(OH); electroactivation produced
CuOOH active substances, which were the main catalytic sites for HMFOR. In addition,
electrochemical performance tests showed that the current density of CF-Cu(OH); reached
198.2 mA cm~2 (100 mM HMEF, 1.0 M KOH, 0.8 V vs. Ag/AgCl). The HMF oxidation
conversion and FE were close to 100%, and FDCA yield was 98.7%. In addition, it was
demonstrated that the oxidation of HMF was achieved through a two-step oxygen transfer
mechanism. Firstly, Cu(OH); was electrochemically oxidized into highly oxidized CuOOH
in alkaline solution, and then the active substance CuOOH further oxidized HMF into the
corresponding products, as well as regenerating into Cu(OH);.

Recent studies have shown that the mismatched crystal structures of M(OH), and
MOOH can cause phase transitions during the catalytic process, which may result in the
instability of M(OH), catalysts and reducing their adsorption and activation ability for
HMF molecules. Therefore, the HMFOR activity of a single hydroxide system is still
insufficient at present [71]. The doping of guest ions is considered an effective method for
buffering lattice transition. Meanwhile, the doped phase further endows new active sites.
For example, recently, Fan and co-workers prepared a novel Ce-doped Ce-Ni(OH); catalyst,
which could be further oxidized and activated to Ce-NiOOH through electrochemical
reconstruction strategy [71]. It was found that the introduction of Ce not only solved the
problem of Ni(OH), matrix collapse during the phase transition from Ni(OH), to NiOOH,
but also improved the reaction activity. The experimental results showed that the optimal
current density for 14% Ce-Ni(OH), was 27 mA cm ™2 (0.45 V vs. Ag/AgCl), and it could
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still maintain excellent activity after the 50th cyclic voltammetry (CV) test. In addition,
the catalyst significantly improved the reaction kinetics for HMFOR, which was beneficial
for increasing the yield and Faradaic efficiency of FDCA. Similarly, Mou and co-workers
compared the performance of nickel hydroxide modified with different metal elements (Co,
Mn, Fe, Cr, Mo, and Ga) and focused on revealing the decisive role of the proton-coupled
electron transfer (PCET) process in affecting the anode peak current [72]. The results
showed that the HMF conversion current density of 230 mA cm 2 could be achieved at
1.47 V vs. RHE potential by growing the appropriate Cr-doped Cr-Ni(OH), /NF catalyst on
the nickel foam substrate. Within 32 min, the HMF conversion was nearly 100% and the
FDCA selectivity was more than 98%, and it remained stable after six cycles.

Oxides

In 2019, Zhang and co-workers developed hydrothermal and low-temperature py-
rolysis methods to grow pine-needle-like Co304 nanowires (CoNW /NF) in situ on nickel
foam [73]. The nanowire array has the defect characteristics of rich crystals and intercon-
nected pores, making CoNW /NF show excellent HMFOR performance. It was found
that the required potential was only 1.269 V at a current density of 10 mA cm~2 and the
corresponding Tafel slope was 125 mV dec ™!, indicating that the synthesized CONW /NF
catalyst had high thermodynamic and kinetic activity. Importantly, the HMF oxidation
conversion was 100%, the FDCA yield was 96.8%, and the FE was 96.6%. It had strong
electrochemical durability for up to 30 h over five consecutive chronoamperometry experi-
ments. Wu and co-workers prepared pure-phase mesoporous nanostructure 5-MnO; with
a high surface area through a simple nanocasting method [74]. The catalyst can serve as an
efficient selective catalyst for HMFOR under both alkaline and acidic conditions. Among
them, under alkaline conditions, the mesoporous 8-MnO; catalyst had high activity and
stability for HMFOR, and HMF could be completely converted. The yield of FDCA was as
high as 98%, and the FE was as high as 98%.

In recent years, spinel type bimetallic oxides have received widespread attention due
to their excellent catalytic performance, high stability, and unique crystal structure (coexis-
tence of tetrahedral and octahedral sites) [76,82]. For example, in 2021, Lei and co-workers
synthesized spinel CuMn,Oy4 with sea-urchin-like nanostructures using a hydrothermal
method and then immersed it in ammonia to generate oxygen vacancies [75]. The results
indicated that the ammonia-etched CuMn, Oy exhibited excellent HMFOR performance.
At a current density of 20 mA /cm?, the oxidation potential of HMF was 1.31 V vs. RHE
in a 1.0 M KOH solution. The conversion of HMF was 100%, and the FE of FDCA was
96%. Similarly, Wang and co-workers investigated the influence of geometric sites on
the performance of HMFOR on cobalt spinel oxides (Co304, ZnCo,04, and CoAl,Oy4) by
constructing specific blocks on tetrahedral sites (Co?*1q) and octahedral sites (Co**op,), and
discovered the importance of geometric sites [76]. The electrochemical performance was as
follows: CoAl,O4 < ZnCoy04 < Co30y4, indicating that octahedral CoO4 had high catalytic
activity. Based on the geometric position dependence found above, Cu?* was introduced to
cooperate the occupation of octahedral Co®* in spinel oxides, significantly improving the
oxidation activity of HMF. The FDCA yield was 93.7%, and the FE was 94%. Recently, Liu
and co-workers synthesized a Bi-doped CozO4 nanosheet (BiCoO-NA /NF) on nickel foam
and investigated its performance for HMFOR [77]. Due to the synergistic effect between
the layered structure and Bi doping, BiCoO-NA /NF could achieve approximately full
conversion of HMF at a voltage of 1.3 V vs. RHE potential, with an FE of up to 97.7%. After
10 consecutive cycles, BiCoO-NA /NF showed good stability.

Controlling the electronic structure of materials through defect engineering is also
an effective way to improve the performance of HMFOR [10,31]. In 2022, Huang and
co-workers proposed a simple topological chemical transformation method to synthesize
enriched oxygen vacancies in Co304-VO nanosheets [78]. Compared to CoOxHy nanosheets
and conventionally roasted CozO4 nanosheets, the Co3O04-VO nanosheets exhibited higher
HMFOR catalytic performance. The conversion of HMF was 90%, the yield of FDCA
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was 61%, and the FE was 56%. The surface without surfactants and the well-preserved
two-dimensional structure made it easier to obtain Co active sites. The abundant oxygen
vacancies were conducive to the transfer of mass and charge. However, there is still
room for improvement in the catalytic performance of Co304-VO for HMFOR. Zhang and
co-workers employed a controllable nitrogen-doping strategy to prepare N-Co3Oy4/NF-2
catalysts [79]. N doping can induce the formation of oxygen vacancies, jointly regulate
the electronic structure of the Co element, and improve the conductivity of Co3O4. The
obtained N-Co30,/NF-2 exhibited excellent catalytic activity for HMF oxidation. At a
voltage of 1.423 V vs. RHE potential, the HMF conversion was 99.5%, the FDCA yield was
96.4%, and FE was 97.3%. N-Co304/NF-2 also exhibited excellent catalytic durability and
structural stability in HMFOR. Wang and co-workers prepared a nitrogen-modified nickel
oxide catalyst NiO-N/C for HMFOR [81]. The HMF conversion of was 99%, the FDCA
yield was 84%, and the FE was 96%. This catalyst had good stability and remained active
even after six consecutive reactions. Recently, Huang and co-workers prepared a series of
defective hydrated cobalt oxide nanosheets (CoOxHy) by using methylamine (MA) and/or
NaBH, (BH) via room-temperature reduction methods [80]. These CoOxHy nanosheets
with defect structures had abundant oxygen vacancies, high Co?* /Co%**ratios, and high
porosity. The ultra-thin layered framework significantly improved the catalytic activity
and selectivity for HMFOR. In addition, the DFT theoretical calculation results indicated
that the oxygen vacancies had a promoting effect on the adsorption and activation of HMF,
especially through the aldehyde groups of HMF. With the optimal CoOxHy-MA catalyst,
the FDCA yield reached 98% and the FE reached 83% within 200 min at a constant potential
of 1.52 V vs. RHE.

3.2.3. Heterostructures

In recent years, interface engineering has been considered as an effective method
for designing efficient electrocatalysts since electrocatalytic reactions typically occur at
interfaces [10]. Heterostructures can promote electron transfer and influence the adsorp-
tion/desorption energies of active species in electrocatalytic reactions, thereby modulating
the catalytic capabilities. Moreover, the synergistic effects between heterogeneous com-
ponents may also contribute to further enhancing the catalytic activity and stability of
heterostructures [8]. Table 4 summarizes recent advances in the electrocatalytic oxidation
of HMF to synthesize FDCA using heterostructures catalysts.

In 2020, Fu and co-workers reported the synthesis of porous carbon-coated MoO,-
FeP@C heterostructures through a synthetic strategy inspired by polyoxometalate-based
metal-organic frameworks (POMOFs), using nano-spindle-shaped hydroxylated iron ox-
ide (FeOOH) as a sacrificial substrate [83]. By introducing heteropolyacid (PMo1;) and
organic ligands to the in situ formation of Mo-Fe organic complexes on FeOOH followed
by controlled phosphorization, the synthesized MoO,-FeP@C exhibited abundant active in-
terfaces. The results demonstrated electron redistribution at the interfaces of MoO,-FeP@C,
with electron accumulation on FeP facilitating the optimized absorption of H,O and H¥,
thereby enhancing HER activity. Meanwhile, hole accumulation on MoO, favors the absorp-
tion of biomass-derived organic compounds. The catalyst showed outstanding HMFOR
performance with an HMF conversion of 99.4%, FDCA yield of 98.6%, and FE of 97.8%.
Additionally, various biomass derivatives, including benzyl alcohol (BA), furfural (FF),
furfuryl alcohol (FFA), 4-nitrobenzyl alcohol (NBA), and 4-methoxybenzyl alcohol (MBA),
were used as substitutes for HMFE, and MoO;-FeP@C also exhibited excellent catalytic
performances. Similarly, Zou and co-workers constructed a three-dimensional layered
nanostructure of the NiO-Co3O; electrocatalyst with abundant interfaces [84]. It was found
that due to the different crystal structures of Co3O4 (spinel) and NiO (face-centered cubic),
the atomic arrangement at the interfaces was not one-to-one, resulting in a large number of
defects and vacancies. The interface effect produced abundant cation vacancies, altering
the electronic properties of Co and Ni atoms and enhancing the oxidation state of Ni. The
NiO-Co30; catalyst exhibited excellent HMFOR activity with an HMF conversion close
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to 100%, FDCA yield up to 98%, and FE of 96% at 1.45 V vs. RHE potential. Han and
co-workers reported a core—shell NiSe@NiOy electrocatalyst for the conversion of HMF to
FDCA [85]. It was found that NiSe@NiOy consisted of conductive NiSe nanowires as the
core, while the surface NiOx shell played the role of the active sites. At 1.423 V vs. RHE
potential, the HMF conversion was 98%, the FDCA yield was 96%, and the FE was 97%.
In addition, X-ray photoelectron spectroscopy revealed that high-valence Ni species may
serve as the active sites in the NiOy shell.

Table 4. HMFOR catalyzed by heterostructures 2.

Potential HMF .
Catalyst (I;IHI\I:I/IF) (Vvs. Conversion FDC(A% :{1eld FE (%) Ref.
RHE) (%)

MoO,-FeP@C 10 1.424 99.4 98.6 97.8 [83]
NiO-Cos04 10 1.45 ~100 98 9% [84]
NiSe@NiOy 10 1.423 98 9% 97 [85]
NisN-V,05 10 1.40 97.4 9.1 - [86]

CoP-CoOOH 150 1.42 98.3 9.3 9.3 [871

Y-Co-CoS,@CN 5 1.29 100 96 b 9350 [88]
CoP /Ni,P-NiCoP@NC-600 5 1.32 - 98.1P 97.6b [89]
Ni(OH),-NiOOH/NiFeP 10 1.435 99.4 99.4 94.62 [90]
NizN—NiMoN/CC 10 1.40 100 98 ~100 [91]
t-Ni-P@POC 10 1.42 100 99.9 99.7 [92]
Co-Ni,P@C 10 1.38 ~100 ~100 98.9 [93]
NF@Co0304/CeO, 50 1.40 98 945 975 [94]
NF/CosN@CeO, 10 1.425 91.1 93.6 84.5 [95]
CuyPy-CoP 10 1.43 100 98.8 98 [96]

NiS, /Ni,P 10 1.46 ~100 98.5 95.1 [97]
NiFeP@NiFe(OH)x 10 1.45 - - 94.42 [98]
a-Ni(OH),—Cu,O/NF-6 50 1.424 - 91 98 [99]
Ni/Nig>MogsN/NF 50 1.423 ~100 985 ~100 [100]
Ni-VN/NF 10 1.402 >99 99 >98 [101]
NiCo,@Mo00,-NF 10 1.40 ~100 99.6 99.4 [102]
NiOOH-coated Cu(OH), 5 1.40 100 ¢ 98.3¢ 98.3¢ [103]

2 The electrocatalytic oxidation of HMF was tested in 1.0 M KOH. b 0.1 M KOH. € 0.1 M NaOH.

In 2021, Yang and co-workers constructed a NizN-V,03 heterostructure catalyst and
found that the interaction between NizN and V,0j3 resulted in electron transfer from NizN
to V203 [86]. The catalyst exhibited excellent catalytic performance for HMFOR, with
an HMF conversion of 97.4% and FDCA yield of 96.1% at 1.40 V vs. RHE potential. In
2022, Tao and co-workers developed a porous CoP-CoOOH heterostructure electrocatalyst
to enhance HMFOR [87]. DFT theoretical calculations and experimental characterization
revealed that electron transfer occurred at the heterostructure surface (from CoOOH to
CoP), enhancing its conductivity and adjusting the adsorption energy of HMF. At 1.42 V
vs. RHE potential, HMF oxidation with a concentration of 150 mM was achieved, with
an HMF conversion of 98.3% and an FDCA yield and FE of 96.3%. Li and co-workers
utilized a controlled pyrolysis strategy to construct a Y-Co-CoSx@CN heterostructure [88].
The catalyst demonstrated excellent HMFOR performance at a low potential (1.29 V vs.
RHE), achieving full HMF conversion with an FDCA yield of 96% and FE of 93.5%. DFT
calculations indicated that the construction of the Co-CoSx heterostructure induced asym-
metric arrangement of d-orbital electrons in the spin channel, resulting in strong spin
polarization. This pushed the electronic states towards the Fermi level, enhancing the
adsorption capability of the reactants/intermediates. The effective d-p coupling between
the catalyst and reactants/intermediates accounted for the lower activation energy in the
rate-determining step, providing favorable energy input for the overall HMFOR process.
Similarly, Li and co-workers developed a CoP/NiP-NiCoP@NC heterostructure material,
which exhibited strong electronic coupling between the abundant heterogeneous interfaces
(i.e., CoP, NiyP, and NiCoP) [89]. Further DFT theoretical calculations revealed that the
heterogeneous interfaces in CoP /Ni; P-NiCoP@NC could adjust the d-band center of Co
and Ni close to the Fermi level, thereby enhancing the electron interaction on the reaction
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interface and minimizing the energy barrier of the HMFOR rate-determining step. The
optimized CoP/Ni,P -NiCoP@NC-600 catalyst showed excellent HMF oxidation activ-
ity with an FDCA yield of 98.1% and FE of 97.6% at 1.32 V vs. RHE low potential. Du
and co-workers developed Ni(OH),-NiOOH/NiFeP heterostructures, which exhibited
outstanding catalytic activity for HMFOR with an FDCA yield exceeding 99% and an
FE exceeding 94% [90]. More notably, the dynamic surface transformation process of the
heterostructure catalyst for HMFOR was studied. It was found that during the HMFOR
anodic process, NiFeP inevitably oxidized and generated Ni(OH),. With an increase in
electrode potential, Ni(OH), was further oxidized to form NiOOH, which acted as the
true active site for HMFOR. This process was likely a chemical oxidation process rather
than an electrochemical oxidation. After HMFOR, NiOOH was chemically reduced back
to Ni(OH),, and the applied anodic potential continued to oxidize Ni(OH), to NiOOH,
cyclically driving the continuous progression of HMFOR. Similarly, Qiu and co-workers
developed an NisN—NiMoN/CC heterostructure catalyst and achieved complete HMF
conversion with an FDCA yield of 98% and an FE close to 100% at 1.40 V vs. RHE poten-
tial [91]. Mu and co-workers developed a P and O co-doped Ni,P-Nij;P5 heterostructure
catalyst (t-Ni-P@POC), achieving complete HMF conversion with an FDCA yield of 99.9%
and an FE of 99.7% at 1.42 V vs. RHE potential [92].

Recently, Wang and co-workers synthesized Co-NixP@C heterostructure catalysts on
Ni-Co metal foam. The results showed that CoNi,P@C had a layered structure with a
nanowire-like network, providing sufficient exposed active sites to enhance HMF molecule
adsorption and activation, as well as optimizing the free energy of H* adsorption [93].
The thin outer layer of graphite-like carbon enhanced the conductivity and stability of
the catalyst. Furthermore, the cobalt-doped Nij»P5/NisP heterostructures exhibited ev-
ident interface lattice mismatch and abundant defects, which effectively regulated the
electronic structure and active sites. The catalyst achieved an HMF conversion and FDCA
yield both close to 100%, with an FE of 99.7% at 1.38 V vs. RHE potential. Wang and
co-workers constructed Co3O,/CeO, heterostructures on nickel foam [94]. The synthe-
sized NF@Co304/CeO; heterostructure catalyst achieved 98% HMF conversion with an
FDCA yield of 94.5% and FE of 97.5% at 1.40 V vs. RHE potential. The results indicated
that the establishment of heterostructure interfaces effectively regulated intermediate ad-
sorption and promoted electron transfer (from Co3Oy4 to CeO,), significantly reducing
the activation energy of FFCA dehydrogenation and facilitated the further oxidation of
FFCA to FDCA, and thereby improving the performance of HMFOR. Similarly, Wang and
co-workers synthesized NF/CosN@CeO, heterostructures supported by nickel foam [95].
The results demonstrated that CeO,, acting as an “electron pump”, facilitated electron
transfer from CosN to CeO,, leading to charge redistribution at the heterostructure in-
terface. NF/CosN@CeO; exhibited excellent HMFOR activity in alkaline media, with
an HMF conversion of 91.1%, FDCA vyield of 93.6%, and FE of 84.5% at a potential of
1.425 V vs. RHE. Li and co-workers developed Cu,P7-CoP heterostructure nanosheets
as electrocatalysts for HMFOR, which could achieve the complete conversion of 10 mM
HMF at a potential of 1.43 V vs. RHE [96]. The FDCA yield was 98.8% and the FE was
98%. Mou and co-workers reported a successful synthesis of a series of metal sulfide/metal
phosphide (MSx/MPy, M = Co, Fe, Nj, etc.) heterojunctions using a sequential electrodepo-
sition interface engineering strategy. Among them, the NiS, /Ni,P heterojunction had the
optimal HMFOR catalytic activity [97]. At a potential of 1.425 V vs. RHE, HMF was almost
completely converted with an FDCA yield of 98.5% and FE of 95.1%. The results showed
that enrichment in heterogeneous interfaces promoted electron transfer between NiSy and
Ni, P, synergistically increasing the oxidation valence state of Ni and further enhancing the
catalytic performance of HMFOR. Ye and co-workers synthesized an NiFeP@NiFe(OH)x
heterojunction catalyst by using a two-step electrodeposition method [98]. As a nuclear,
NiFeP has been found to have higher conductivity and promote charge transfer. On the
other hand, the outer layer of NiFe(OH)y could effectively protect the NiFeP core from fur-
ther oxidation and reconstruction. At a potential of 1.45 V vs. RHE, an FE of 94.42% could
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be achieved. Similarly, Zhang and co-workers developed a simple one-pot hydrothermal
method and a two-step sequential deposition process to prepare a Ni(OH),—Cu,O/NF-6
heterojunction catalyst [99]. At a potential of 1.424 V vs. RHE, the conversion of 50 mM
HMF was achieved, with an FDCA yield of 91% and FE of 98%. Zhang and co-workers
reported a Ni/Nip,Mog gN/NF heterojunction deposited on nickel foam and found that
NiOOH was the real active site [100]. At a potential of 1.423 V vs. RHE, this heterojunc-
tion could achieve the nearly complete conversion of HMF, with an FDCA yield of 98.5%
and FE close to 100%. Chen and co-workers constructed porous Ni-VN heterostructure
nanosheets (Ni-VN/NF) on nickel foam [101]. Thanks to the surface reconstruction of
the Ni-VN heterostructures in the oxidation process, the derived NiOOH-VN/NF had
good HMFOR catalytic performance. At a lower oxidation potential (1.402 V vs. RHE),
a higher HMF conversion rate (>99%) was achieved, with an FDCA yield of 99%, an FE
>98%, and good cycling stability. The results indicated that the high activity of Ni-VN/NF
mainly came from the local electron redistribution at the heterojunction interface, which
accelerated charge transfer by adjusting the d-band center and optimized the adsorption of
reactants/intermediates.

Recently, Yin and co-workers synthesized NiCo,@MoO, /NF heterojunction materials via
a simple hydrothermal and calcination method [102]. The experimental and DFT theoretical
calculation results showed that introducing MoO, on the surface of NiCo, could regulate
the electronic structure of NiCo,@Mo0O, /NF, optimized the adsorption behavior of HMFOR
intermediates, and promoted the dehydrogenation of key intermediate HMFCA to FFCA by
weakening the C-H/O-H bond (Figure 11). The deuterium isotope kinetic effects and proton
transfer experiments indicated that the interaction between MoO, and NiCo, promoted proton
transfer and the cleavage of C-H/O-H bonds in the HMFOR process. In addition, the catalyst
exhibited excellent HMFOR catalytic performance, achieving the almost complete conversion
of HMF at a potential of 1.40 V vs. RHE. The FDCA yield was 99.6%, and the FE was close to
99.4%. Lee and co-workers compared and analyzed the different reactivities of NiOOH and
Cu(OH); in the electrochemical oxidation of alcohols and aldehydes on the furan ring and
utilized their synergistic effect to improve the catalytic performance of HMFOR [103]. The
results showed that the oxidation of alcohol in HMF was initiated by NiOOH, and Cu(OH),
could quickly convert the remaining aldehydes into carboxylic acids at the NiOOH/Cu(OH),
interface. Compared with individual NiOOH and Cu(OH), electrodes, the NiOOH-Cu(OH),
mixed electrode had a higher catalytic activity and faster conversion rate. At a potential of 1.40
V vs. RHE, NiOOH-Cu(OH); could achieve the almost complete conversion of HMFE, with an
FDCA yield of 98.3% and FE of 98.3%.

3.2.4. Other Catalysts

Table 5 summarizes recent advances in the electrocatalytic oxidation of HMF to syn-
thesize FDCA using other catalysts, such as MOFs, COFs, and non-metal catalysts.

MOFs

Metal-organic frameworks (MOFs) have received widespread attention in the fields
of gas separation, adsorption, and catalysis due to their definite structure and excellent
structural performance [104,105]. Although there have been many reports on the use of
MOF-based catalysts to catalyze the conversion of biomass into value-added products
such as biofuels, fine chemicals, and functional materials, there are still fewer reports on
the production of renewable plastic-related materials and precursors, especially in the
applications of HMFOR, which are rarely reported [106,107].
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Figure 11. (a) Electron density difference of NiCo,@MoO,; (b) TDOS of NiCo, and NiCo,@Mo0O,;
(c) PDOS of NiCo,@Mo0; (d) free-energy profiles of HMFOR on NiCo, and NiCop@MoO,; —COHP
of the (e) C-H and (f) O-H bonds of HMFCA on NiCo; and NiCo,@Mo0,; (g) H,O and (h) H*
adsorption energy on NiCo, and NiCo,@MoO;; (i) TPD spectra of NiCo, /NF and NiCo,@MoO,
under an Hj atmosphere. Reproduced from Ref. [102]. Copyright 2023, with permission from

American Chemical Society.

Table 5. HMFOR over other catalysts

a

Potential HMF FDCA
Type Catalyst (I;Inl\:; (Vvs. Conver-  Yield (IZ/E) Ref.
RHE) sion (%) (%) °

NiCoBDC-NF 10 1.55 - 99b  788P [108]
Co(OH),@ZIF-67 10 1.42 90.9 81.8 836  [109]
CoNiFe-MOFs/NF 10 1.40 100 99.76 100  [110]
Rbf-Ni-MOF 10 0.8 - - 95  [111]
MOFs Co-CAT 10 1.42 - 993 976 [112]
Ni-CAT 10 1.42 - 98.7 868 [112]
CF-Ni-MOF/Ag 10 1.623 ~100 - 98.6 [113]
CF-CuO/Ni-BTC MOF 10 0.55 ~100 99.9 91 [114]
NiCoFeS-MOF 50 1.39 100 99 99  [115]
COFs TpBpy-Ni@FTO 0.5 1.55 9 ¢ 58 ¢ - [116]
non-metal D\ codoped porous 5 1.90 71b 57b - [117]

carbons (BNC-2)

2 The electrocatalytic oxidation of HMF was tested in 1.0 M KOH. P 0.1 M KOH. € 0.1 M LiClOy.

In 2020, Li and co-workers synthesized a series of metal-doped (Co, Fe, and Mn) two-
dimensional Ni-MOFs through the solvothermal method, and MOFs were used as electrocata-
lysts for HMFOR for the first time. It was found that co-doped NiCoBDC-NF exhibited good
activity, selectivity, and stability towards HMFOR [108]. In an electrolyte with a pH of 13, the
FDCA yield was as high as 20.1 p mol cm~2 h™! at a potential of 1.55 V vs. RHE, with a yield
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of up to 99% and an FE of 78.8%. It could catalyze continuously for four cycles. The results
indicated that the coupling effect between co-doped Ni and Co atoms optimized the electronic
structure and made it easy to form high-valence Ni species in two-dimensional MOFs, which
were considered active sites for aldehyde and alcohol oxidation. This work provided a reference
and important basis for exploring the application of two-dimensional MOF electrocatalytic
materials in HMFOR in the future. In 2021, Kongpathanich and co-workers prepared ultra-thin
Co(OH); layers on ZIF-67 thin films by using electrochemical treatment [109]. The prepared
composite film Co(OH),@ZIF-67 served as an HMFOR electrocatalyst and exhibited excellent
catalytic performance. At a potential of 1.42 V vs. RHE, the conversion of HMF was 90.9%,
the yield of FDCA was 81.8%, and the FE was 83.6%. The results indicated that the porous
structure in the MOFs promoted mass transfer and the ultra-thin Co(OH), layers were electro-
chemical active sites. Qi and co-workers developed a simple solvothermal synthesis method
to prepare ternary (Co, Ni, and Fe) MOF nanoarrays CoNiFe MOFs/NF on Ni foam [110].
CoNiFe MOFs/NF had a compact array nanostructure of vertically grown nanosheets and had
remarkable HMFOR performance. Under 1.4 V vs. RHE potential, the HMF conversion rate
was 100%, the FDCA yield was up to 99.76%, and the FE was close to 100%. In addition, the
catalyst also showed high stability, and the yield of FDCA remained basically above 96% over
15 consecutive cycles of HMFOR. The results indicated that the high activity of the catalyst was
due to the synergistic effect among the unique two-dimensional microporous MOF structure,
the in situ growth method, and the effective control of electronic structure by mixed metals.

In 2022, Karvembu and co-workers incorporated redox-active riboflavin (Rbf) into an Ni-
MOF by using a green and convenient mechanochemical method [111]. The conductivity of the
Rbf-doped Ni-MOF (Rbf-Ni-MOF) was four-fold higher than the original Ni-MOE In addition,
the Rbf-Ni-MOF could achieve efficient HMFOR to generate FDCA with an FE exceeding 95%.
DFT analysis showed that the addition of Rbf changed the band structure of the Ni-MOF and
induced a certain conductivity, which helped the Rbf-Ni-MOF exhibit enhanced electrocatalytic
activity. Zhang and co-workers developed an electrocatalytic model system (M-CATs, M = Co,
Ni, Cu, etc.) based on conductive MOFs, which had well-defined M-O, active sites and exhibited
excellent catalytic activity for HMFOR [112]. For example, at a potential of 1.42 V vs. RHE,
the Co-CAT catalyst could achieve an FDCA yield up to 99.3% and FE of 97.6%. When the
Ni-CAT catalyst was used, the FDCA yield was 98.7% and the FE was 86.8%. Meanwhile, the
infrared spectroscopy (IR) results found that HMFOR was caused by the generation of M™ and
subsequent aldehyde adsorption of HMFE The adsorption of the reactant was the rate-limiting
step of Co-CAT, while the rate-limiting step of Ni-CAT was intermediate desorption.

Recently, Fan and co-workers induced the interface activation of Ni-MOF/Ag through in
situ electrochemical reconstruction strategy [113]. The activated CF-Ni-MOF/Ag (CF, Cu foam)
showed good electrocatalytic performance for HMFOR. At 1.625 V vs. RHE potential, HMF
was almost completely converted, and the FE was close to 98.6%. The results indicated that
the synergistic effect of Ni** / Ag* was the main source of the high activity of CF-Ni-MOF/Ag,
and the high-valence Ni**/Ag* generated by oxidation activation was the main active site.
Using a similar electrochemical reconstruction strategy, Fan and co-workers reconstructed
CuO/Ni-MOF to synthesize a CF-CuO/Ni-BTC MOF electrocatalyst and applied it to HMFOR
(Figure 12) [114]. The results indicated that CuOOH/NiOOH was the main active site for
HMFOR, which simultaneously exhibited excellent self-healing ability, and contributed to the
regeneration and long-term stability of the catalyst. In addition, a dual-chamber electrocatalytic
system combining HMFOR with 4-nitrophenol hydrogenation was established. The results
showed that under the condition of 0.55 V vs. Ag/AgCl (3.0 h), the current density of the
entire reaction reached 47.6 mA/cm?, and the corresponding conversion and FE were both
close to 100%. Recently, Qi and co-workers employed a simple solvothermal method to embed
Ni/Co/Fe sulfide nanoclusters into MOF nanoarrays [115]. The prepared NiCoFeS-MOF
catalyst had a staggered structure, and the combination of metal sulfide nanoclusters with
two-dimensional MOF nanoarrays greatly expanded the electrochemical active surface area,
increased the number of active catalytic sites, and improved electron transfer. HMF achieved
complete conversion at 1.39 V vs. RHE with an FDCA yield and FE that both reached 99%.
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COFs

Covalent organic frameworks (COFs) are novel organic porous polymer materials
formed by covalent bonds (such as B-O, C-N, or C-C) between organic monomers in the
two-dimensional or three-dimensional direction. In recent years, due to its advantages
such as low skeleton density, large specific surface area, uniform pore size distribution,
high porosity, high crystallinity, high stability, and designable structural units, it has
become a research frontier and hotspot in the field of materials science. It has shown good
application prospects in gas adsorption and separation, catalysis, optoelectronics, drug
delivery, chemical sensing, energy storage, and chromatographic separation [118,119].

In 2020, Cai and co-workers prepared a nickel (II)-modified covalent organic frame-
work (COF) membrane TpBpy-Ni@FTO and applied it to HMFOR [116]. The results
indicated that the conversion of HMF was as high as 96% while the selectivity of FDCA
was poor with an FDCA yield of 58%. This was the first example of COFs being applied
to HMFOR, but the catalytic performance was still not ideal. This work provided a cer-
tain reference and optimization basis for biomass electrocatalysis with a COF structure in
the future.

Non-Metal Catalysts

So far, developing non-metal catalysts for HMFOR still remains a huge challenge.
In 2019, Qin and co-workers constructed N and B co-doped porous carbon BNC-2 with
enrich point defects and polar pore wall structures [117]. This was the first non-metal
electrocatalyst used for HMFOR. The results showed that the HMF conversion was 71%
and the FDCA yield was 57% at a reaction potential of 1.9 V and a reaction time of 6 h.
Although its catalytic performance was not as good as that of metal-based catalysts, it
also provided valuable experience for the development and design of non-metal material
electrocatalysts.
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4. Conclusions and Prospects

Biomass-derived HMF is an important building block and one of the most versatile
bio-based platform molecules. Its oxidation product FDCA is regarded as a substitute for
the petroleum derivative terephthalic acid (TPA), and the bio-based plastic polyethylene-
2,5-furandicarboxylate (PEF) polymerized with FDCA monomer is expected to replace the
petroleum-based plastic polyethylene terephthalate (PET) in industry. Therefore, based on
the huge economic and sustainable benefits, the preparation of FDCA by the electrochemical
oxidation of HMF has received extensive attention in recent years.

In this review, we summarized the latest progress of heterogeneous catalysts in the
synthesis of FDCA by HMFOR. First, we introduced the reaction path of HMFOR and
the calculation method of electrocatalytic activity. Second, in order to gain a deeper
understanding of the reaction, we summarize the currently accepted reaction mechanisms
(i.e., direct oxidation and indirect oxidation), which can also provide theoretical guidance
for understanding the electrochemical oxidation of other small organic molecules containing
alcohols or aldehydes. In addition, we summarized and compared the research progress of
various heterogeneous catalysts applied to the electrochemical oxidation of HMF to FDCA
in chronological order, focusing on the research progress of non-noble metal catalysts, such
as (1) non-noble metal phosphides, sulfides, borides, and nitrides; (2) non-noble metal
hydroxides and oxides; (3) heterojunctions; (4) and other catalysts such as MOFs, COFs,
and non-metallic catalysts.

Despite the rapid development of the HMF electrochemical oxidation synthesis of
FDCA with reported high HMF conversion rates and high FDCA yields and FEs, there still
remain scientific challenges and technological gaps. It is worth noting that most laboratory-
scale investigations fall short of meeting the demands of industrial production, often being
limited to relatively low current densities and mM-level HMF additions. Therefore, in order
to further enhance catalytic activity, reduce costs, and promote the practical application of
HMEF electro-oxidation technology, future research should focus on the following aspects:

1. Strengthening the understanding of reaction mechanisms, pathways, and the true
catalytic active sites through the utilization of in situ characterization techniques.

2. Combining experimental studies with machine-learning algorithm tools to de-
velop and design more catalyst-performance-based descriptors, which can facilitate the
development of more efficient catalysts.

3. The development of large-scale electrocatalysts with high stability and activity
under high current densities (>500 mA cm~2) will be a crucial area of research in the
future.

4. There is a need to develop efficient reactors suitable for electrochemical industrial
production systems, as well as cost-effective separation and purification techniques.
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