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Abstract

To address energy shortages and environmental issues, prioritizing renewable energy development and usage is
crucial. Employing renewable sources for water electrolysis offers a sustainable method for hydrogen generation.
Reducing the water electrolysis potential is vital for efficient clean energy conversion and storage. Substituting the
anodic oxygen evolution reaction in conventional hydrogen production from water electrolysis with the more
thermodynamically favorable 5-hydroxymethylfurfural (HMF) oxidation reaction can greatly decrease
overpotential and yield the valuable product 2,5-furan dicarboxylic acid. The key to this process is developing
effective electrocatalysts to minimize the potential of the HMF electrooxidation-hydrogen production system.
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Therefore, this review provides a comprehensive introduction to the modulation strategies that affect the
electronic and geometric structure of electrocatalysts for HMF oxidation-assisted water splitting. The strategies
encompass heteroatom doping, defect projection, interface engineering, structural design, and multi-metal
synergies. The catalysts are assessed from various angles, encompassing structural characterization, reaction
mechanisms, and electrochemical performance. Finally, current challenges in the catalyst design and potential
development of this promising field are proposed.

Keywords: 5-hydroxymethylfurfural, hydrogen evolution reaction, control strategy, electronic structure,
electrocatalysis

INTRODUCTION

The rapid progression of the global economy and society has led to a marked increase in energy demand.
Nonetheless, the finite fossil fuels available on Earth, such as coal and oil, are swiftly depleted. Additionally,
their ongoing emissions of harmful gases such as CO, and SO, contribute to various environmental issues,
posing significant threats to human health and food security"”. This situation necessitates a focus on
developing a safe and sustainable system for energy use. To address the pressing concerns of energy scarcity
and environmental deterioration, people are actively exploring alternative renewable energy sources, such as
wind and solar energy, as substitutes for fossil fuels. Nonetheless, the intermittent and unpredictable nature
of these sources poses a hindrance to their consistent utilization"*'*. Therefore, the urgency lies in the need
for advancing renewable energy storage and conversion technologies""'”. Hydrogen energy has garnered
significant interest for its diverse sources and applications, high energy density and calorific value"**.
Consequently, it is poised to serve as a pivotal green energy carrier in the sustainable energy sector. Utilizing
renewable energy-driven water electrolysis for hydrogen production is a promising energy strategy"*”,
especially when compared to conventional methods such as coal gasification and methane steam reforming
which emit carbon. Water electrolysis offers advantages such as simple equipment and stable processes,
making it economical and scalable for hydrogen production. Consequently, this method has emerged as a

pivotal energy conversion and storage technology.

The electrochemical water electrolysis consists of two reactions: the hydrogen evolution reaction (HER) and
the oxygen evolution reaction (OER)"". Figure 1 illustrates that when an external potential is applied,
electrons reach the cathode through the external circuit; hydrogen protons receive electrons at the cathode
to generate hydrogen gas, and hydroxide ions lose electrons at the anode to generate oxygen. The specific
chemical reaction equations in the electrolytic cell vary slightly depending on the pH of the electrolyte™.
Although acidic conditions facilitate the HER process and alkaline conditions facilitate the OER process,
hydrogen production in industrial settings is mainly carried out under alkaline conditions. This is due to the
susceptibility of acidic conditions to equipment corrosion, resulting in low economic benefits™".
Furthermore, the overall efficiency of water decomposition is significantly influenced by the rate of the OER
reaction, as the OER is more kinetically sluggish than the HER at the cathode.

According to data from the International Energy Agency, it is projected that the market share of hydrogen
production from electrolysis of water will reach approximately 22% by 2050. Although over two centuries
have passed since Deiman discovered water electrolysis in 1789"*"), the majority of hydrogen gas is currently
generated through coal gasification and fossil fuel reforming. The contribution of hydrogen produced by
electrolytic water is less than 4% of the global hydrogen production”**”, indicating significant potential for
improvement in practical applications. The main factors limiting the widespread application of water
electrolysis for hydrogen production include the following aspects:
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Figure 1. Diagram of water splitting device.

(1) The thermodynamic potential of OER is high as 1.23 V;
(2) OER involves the four electrons coupled protons transfer process, and its kinetic reaction rate is slow;

(3) The amount of oxygen produced through natural photosynthesis is sufficient to fulfill the demands of
the global chemical industry, and the added value of anodic reaction is relatively low;

(4) To prevent the explosion of H, and O, gas mixtures generated during the electrolysis process, a separate
compartment must be designed, which results in high costs”**.. Moreover, even proton exchange
membranes (PEM) still cannot completely avoid the explosive formation.

These limitations significantly hinder the overall efficiency of energy conversion and the potential
applications of water decomposition. In recent years, researchers have shifted their focus to a novel hybrid
water electrolysis method that combines HER with electrooxidation reactions of organic small molecules.
Currently, the anodic OER is primarily substituted by thermodynamically more favorable oxidation of
organic molecules such as urea”, hydrazine®”, alcohol®, and (5-hydroxymethyl) furfural®’. The bond
dissociation energy of the “C-H” and “O-H” bonds in these organic substrates is considerably lower than
that of the “O-H” bond in water”", which can reduce the water decomposition potential and produce high
value-added products or degrade pollutants at the anode. It is an effective way to reduce consumption and

32]

enhance economic value!

Among the numerous replaceable organic molecules, biomass, as the most abundant carbon-containing
renewable resource on Earth, offers several advantages such as affordability, minimal pollution, and broad
application scope. Biomass predominantly forms through the natural conversion of CO, and H,O into
carbohydrates via photosynthesis® . By utilizing efficient conversion methods, non-grain carbon
resources can be transformed into high-value chemicals, meeting the growing demand of the chemical
industry and addressing environmental pollution and energy shortages. 5-Hydroxymethylfurfural (HMF) is
derived from biomass through acid-catalyzed dehydration of Cé carbohydrates. It is affordable and widely
found in various sugar-containing natural substances such as honey, milk, and raisins. Additionally, HMF is
a compound formed by the Maillard reaction in most carbohydrates. This compound is considered the
most important among the numerous platform compounds obtained from biomass energy conversion and
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is widely regarded as a crucial link between biomass energy and the fossil energy industry, as well as other
fine chemical industries. It possesses a furan ring, hydroxyl (OH), and aldehyde group (C=0)"". Due to its
unique chemical structure, HMF enables various reactions such as oxidation, hydrogenation, condensation,
hydrolysis, and halogenation, thereby producing a series of chemically valuable fine products. Among them,
the economic value of its oxidation product 2,5-furan dicarboxylic acid (FDCA) is particularly outstanding.
Following two oxidation processes, HMF can be further upgraded to FDCA. The electrode reaction and
total reaction equation are as follows:

Anode: HMF + 6OH —-FDCA + 4H,0 + 6¢e” (1)
Cathode: 6H,0 + 6e —3H, + sOH (2)
Overall: HMF + 2H,O—FDCA + 3H, (3)

There are two conversion paths from HMF to FDCA [Figure 2]:

The hydroxyl group of HMF in route 1 is first oxidized to DFF (2,5-diformylfuran), and the aldehyde group
of HMF in route 2 is initially oxidized to HMFCA (5-hydroxymethyl-2-furancarboxylic acid). Both DFF
and HMFCA will be upgraded to FFCA (5-formyl-2-furancarboxylic acid) and then converted to FDCA™.
FDCA is a highly promising chemical regarded as one of the most promising chemicals among the 12
biomass-derived value-added chemicals announced by the US Department of Energy in 2004\, It has a
melting point of 342 °C, good stability, and insolubility in common organic and inorganic solvents“*?. As a
key compound in the field of bio-based platform chemicals, FDCA finds extensive applications in various
industries, including pharmaceuticals, dyes, and molecular recognition>*. In addition, FDCA can be
polymerized to form polyglycol furan diformate (PEF). PEF is easier to degrade compared to traditional
petroleum-derived polyethylene terephthalate (PET). PEF also shows significant improvements in key
properties such as CO, barrier, O, barrier, and tensile strength. Therefore, FDCA, as a substitute for
traditional petroleum-derived products, has strong prospects for development. According to statistics from
the US Department of Energy, there is a market demand of at least nine billion annually for FDCA-derived
products, which is much larger than the four billion market size for PET. In conclusion, the controlled and
efficient conversion of HMF into FDCA has significant commercial value.

HMF electrooxidation reaction (HMFOR) offers several advantages over traditional HMF oxidation
methods. It operates under mild reaction conditions at room temperature and atmospheric pressure,
eliminating the need for additional additives or oxidants**!. Moreover, it yields a high FDCA output.
Another benefit is that the standard electrooxidation potential of HMF (0.30 V) is significantly lower than
that of OER (1.23 V)", making HMF electrochemical selective oxidative coupling for hydrogen
production an efficient means of improving energy utilization efficiency”'. Overall, this sustainable strategy
promises both effectiveness and economic benefits for production.

Despite the early report by Grabowski et al.”” in 1991 on the electrochemical oxidation of HMF to FDCA,
significant advancements in HMFOR research have only emerged recently. Although HMFOR coupled with
HER for FDCA and H, production can achieve a combined theoretical Faraday efficiency (FE) of nearly
200%*°, malignant competition of OER is inevitable in aqueous solutions™. Despite its ability to
accelerate the electrochemical oxidation reaction of HMF under high pH conditions, Vuyyuru et al.
observed that HMF is prone to degradation into humic products in highly alkaline solutions, which is not
conducive to the occurrence of the reaction”. To mitigate excessive degradation of HMF, it is crucial to
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Figure 2. Schematic diagram of HMF oxidation.

enhance the activity of HMFOR through improved electrocatalysts, thereby reducing the electrolysis time.
Cha et al. utilized costly electrodes, Au and Pt, to facilitate the oxidation of HMF in a redox medium
(2,2,6,6-tetramethylpiperidine 1-oxyl, TEMPO), resulting in high FDCA vyield and FE"". However, the high
cost associated with these electrodes is undesirable. Therefore, the development of efficient non-precious
metal catalysts for this electrochemical coupling system is imperative in addressing the comprehensive cost
and benefit concerns.

Extensive research has been conducted on the use of non-precious metal-based electrocatalysts, such as
oxide, hydroxide, nitride, phosphide, and sulfide, to reduce the initial potential of HMFOR®*. Barwe et al.
used nickel foam (NF) modified by nickel boride (Ni,B) with high surface area as an electrode for HMFOR
and achieved FE close to 1. You et al. reported the use of a Ni,P nanoparticle array (Ni,P NPA/NF) grown
on NF as a bifunctional electrocatalyst for HMF oxidation and hydrogen evolution in an alkaline
medium'™. In an electrolytic cell using Ni,P NPA/NF as a dual electrode, the potential required at the same
current density was at least 200 mV lower compared to pure water splitting. Despite the promising activity
exhibited by these transition metal compounds, their high intrinsic redox potential or slow kinetics limit
their performance in meeting the actual requirements of hydrogen production'”. The performance of
HMFOR-assisted hydrogen production systems still needs to be optimized. Research has indicated that
modifying the geometric features and electronic structure of catalysts can enhance their conductivity,
increase the number of effective active sites, optimize the adsorption of intermediates and desorption of
products, and further improve the electrocatalytic performance of materials. Various modulation strategies
can be employed to achieve alterations in the geometric characteristics and electronic structure of catalysts
for HMF oxidation-assisted water splitting systems toward high-value-added chemical production and
energy-efficient H, generation. Considering the rapid development of this field, a timely systematic review
paper is urgently needed.

However, the reported reviews of HMF electrooxidation mainly focused on alloy catalyst regulation, various
types of catalysts, and reaction pathways and mechanisms****”; there is currently a lack of comprehensive
and in-depth summary on the latest design and synthesis strategies of electrocatalyst in HMF oxidation-
assisted water splitting. It is crucial to timely review the progress in this research field in order to
significantly inspire future studies. In this review, we systematically categorize strategies the modulation
strategies that affect the HMF electrooxidation-coupled hydrogen production system through heteroatom
doping, defect projection, interface engineering, structural design, and multi-metal synergies. Subsequently,
the progress in various regulatory approaches within the HMFOR and HER coupled systems was discussed,
evaluating catalyst performance using metrics such as overpotential, HMF conversion rate, FDCA yield, and
FE. Finally, the optimization strategy of HMFOR-assisted hydrogen production systems is prospected.
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CATALYST MODULATION STRATEGIES

Heteroatom doping

Heteroatom doping is recognized as an effective approach to enhance the intrinsic activity of catalysts while
keeping the crystal phase of the original material unchanged, with only slight modifications in the lattice. By
introducing doping agents, the charge distribution and coordination environment of the catalyst can be
altered, leading to an improvement in the electronic structure of the material. This increases the number of
active sites and optimizes the adsorption of intermediates and desorption of products”™”*. Doping can be
categorized into cation doping, anion doping, and cation/anion co-doping, depending on the type of dopant
used. Currently, cation doping is the predominant method employed in reported HMFOR-OER systems,
while transition metals with empty d orbitals are often used as cation dopants. For instance, doping metal
elements, such as Fe, Co, and Cu, close to Ni into Ni-based compounds proves to be an effective strategy as
it enhances the electrochemically active surface area and facilitates electron transfer”””.

Sun et al. conducted a study in which they synthesized Co-doped Ni,S, (expressed as Co NiS@NF) and
utilized it as an electrocatalyst for HMFOR under alkaline conditions™. X-ray diffractometer (XRD)
analysis reveals that the introduction of Co doping led to lattice distortion and reduced crystallinity of Ni,S,
[Figure 3A and BJ, resulting in Co NiS@NF possessing a higher number of active sites. X-ray photoelectron
spectroscopy (XPS) analysis demonstrates that compared to undoped Ni,S,, Co, NiS@NF exhibited a 0.4 eV
increase in the binding energy of the Ni 2p peak [Figure 3C], indicating that Co doping may influence the
electronic structure of the Ni center. Furthermore, in situ Raman studies in Figure 3D-F indicate that
Co, NiS@NF is rapidly reconstructed as NiCo (oxy)hydroxide, which reduces the potential threshold and
serves as the actual active site for OER and HMFOR. The optimized Co, NiS@NF catalyst displays an
exceptionally low starting potential (0.9 V vs. RHE) and a high current density (497 mA cm?) at 1.45 V
[Figure 3G]. The electrooxidation kinetics show that Co doping reduced the Tafel slope and the charge
transfer resistance [Figure 3H and I], indicating enhanced electron transfer rates achievable through Co
doping.

Cai et al. successfully synthesized nanosheets of 2D metal-organic frameworks (MOFs) through the
coordination of Ni*" ions and terephthalic acid (BDC) ligands and further improved the FE oxidation of
HMF by stabilizing high valent nickel ions with metal doping (Co, Fe, Mn)". The resulting NiBDC
nanosheets can be observed in Figure 4 to grow uniformly and vertically on NF, exposing a large number of
surface active sites and pores. The introduction of metal doping does not significantly alter the initial 2D
nanosheets morphology of NiBDC, and the doped metals can be uniformly dispersed along with Ni and O.
Research has shown that the appropriate doping of metals and ligands can promote the formation of high
valent Ni species. Among the doped samples, Co-doped NiCoBDC NF exhibits the highest activity for HMF
electrooxidation. Thanks to the presence of abundant exposed active sites and the synergistic effect between
Ni and Co atoms, the 2D NiCoMOFs demonstrate both high catalytic activity and excellent electrochemical
durability.

In addition to Ni-based compounds, doping heteroatoms in other transition metal catalysts has also been
proven to be an effective method for regulating electronic structure and improving their intrinsic activity
for HMFOR and/or HER. For instance, Xie et al. developed and optimized a Ce-doped Co,P nanoparticle
array anchored in nitrogen carbon nanoarrays using a straightforward MOF template strategy (represented
as Ce-Co,P@NC)"™. This array served as a dual-functional electrocatalyst for HMFOR coupled with HER
systems. The addition of Ce allows for the optimization of the electronic structure of Co-based catalysts and
substantially improves their electrocatalytic activity. Theoretical calculations further indicate that Ce doping
facilitates electron transfer between the active phase and the reaction substrate HMF and decreases the free
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Figure 3. (A) XRD of the as-synthesized Ni;S,@NF, Co,NiS@NF, and NF. (B) Corresponding enlarged XRD patterns. (C) XPS spectra of
Ni 2p for Co, ,NiS@NF and Ni;S,@NF. In situ Raman spectra of Co, ,NiS@NF electrodes during (D) OER (1.0 M KOH) and (E) HMFOR
(1.0 M KOH with 50 x 10 M HMF) under increasing potential from OCP to 1.6 V. (F) In situ Raman spectra of Co, ,NiS@NF electrodes
during OER (1.0 M KOH) and half-way injected HMF (10 x 10° M HMF) under 1.45 V. (G) Linear sweep voltammetry (LSV) curve. (H)
Tafel plots. (1) Nyquist. Reproduced with permission’%’. Copyright 2022, Wiley.

energy barrier for dehydrogenation of the intermediate (*HMFCA) (from Co,P@NC 0.58 eV to
Ce-Co,P@NC 0.36 eV), demonstrating the important role of Ce doping in this process.

Li et al. used electrodeposition and phosphating strategies to prepare nickel-doped Co,P (Ni-Co,P)
nanoflake catalysts using Ni species released in situ from defective NF as a metal source [Figure 5A]"*". The
initial precursor Ni-Co(OH), consists of smooth and interconnected nanosheets measuring several hundred
nanometers. The surface of the product becomes rough and curly after being transformed into Ni-Co,O,.
The phosphating treatment does not significantly alter the structure, but it creates numerous voids on the
surface of nanosheets [Figure 5B-D], resulting in a larger surface area and improving mass transfer for
electrochemical reactions. The high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) image reveals a lattice spacing of 2.21 A, corresponding to the (111) plane of Co,P
[Figure 5E], indirectly confirming the presence of doped Ni as a single atom. Density functional theory
(DFT) calculations indicate that the doping of Ni can improve the adsorption of reactants and reduce the
reaction energy barrier [Figure sF and GJ]. The optimized Ni-Co,P catalyst exhibits remarkable
electrocatalytic activity and stability in HMFOR at an ultra-low potential of 1.29 V, with FDCA yield (99%)
and FE (97%) [Figure sH and I].
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Figure 4. Scanning electron microscope (SEM), transmission electron microscope (TEM), and elemental mapping images of (A-C)
NiBDC-NF, (D-F) NiCoBDC-NF, (G-I) NiFeBDC-NF and (J-L) NiMnBDC-NF. (M and N) FDCA vyield rate and FE of NiBDC, NiCoBDC,
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NiCoBDC-NF during four successive electrolysis. Reproduced with permissionm].Copyright 2020, Royal Society of Chemistry.
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Defect projection

Defect engineering serves as a highly effective approach for modulating the electronic structure of materials.
Introducing defects in the lattice structure can achieve the adjustment of the electronic structure of catalysts
at the atomic level. The generation of defects frequently results in alterations in the coordination
environment surrounding metal atomic sites, thereby optimizing the binding energy with reaction
intermediates, facilitating charge transfer of materials, and subsequently enhancing electrochemical
capabilities®™. The techniques employed for introducing defects mainly encompass alkali etching, element
doping, chemical reduction and laser treatment'®*”. Surface electronic structure adjustment through defect
engineering primarily revolves around the introduction of anion and cation vacancies.

Oxygen vacancies have gained significant attention as the most extensively examined anion vacancies in
transition metal oxides. The incorporation of oxygen vacancies has been experimentally demonstrated as a
successful approach for enhancing electrochemical performance, achieved by altering electrochemically
active surfaces and the coordination environment of metal sites®*). Huang et al. introduced abundant
oxygen vacancies on the surface of CoO by introducing Se'*”. The resulting optimized CoO/CoSe, (23:1)
catalyst demonstrates significantly enhanced catalytic activity for the electrooxidation of HMF to FDCA
compared to the original CoO and CoSe,. Specifically, at a potential of 1.43 V vs. RHE, the FDCA yield
could reach 99%, and the FE is 97.9%. This research indicates that introducing abundant oxygen vacancies
on CoO can enhance the activity and selectivity of the catalyst for electrocatalytic oxidation of HMF to
FDCA by increasing the electrochemical surface area and reducing the charge transfer resistance. In a
separate study, Wang et al. prepared NiO catalysts with varying oxygen vacancy contents (V -NiO) using a
laser ablation strategy for HMFOR, as shown in Figure 6A"". The surface adsorption infrared spectrum
shows that V_-NiO exhibits strong adsorption capabilities for C=0 and C-OH [Figure 6B], which facilitates
the adsorption of HMF. By combining theoretical calculations with in situ Raman spectroscopy
[Figure 6C-E], the authors proposed a possible mechanism under alkaline conditions: the oxygen vacancies
in the catalyst can be first filled by -OH in the solution, promoting the pre-oxidation of low valent Ni at low
oxidation potential, which was beneficial for catalyst surface reconstruction. Additionally, the oxygen
vacancies increased the density of states near the Fermi level of V,-NiO and enhanced the electron
conduction rate. Therefore, V,-NiO demonstrates the most superior performance in terms of HMFOR
[Figure 6F].

Zhang et al. conducted a two-step process involving the hydrothermal method and electrochemical cycle
voltammetry to create ultra-thin wrinkled NiVW LMH (LMH is an ultra-thin two-dimensional metal
hydroxide) with abundant lattice vacancies. Compared with the original Ni(OH),, the NiV LMH introduced
with a small amount of vanadium maintains the same crystal structure and phase while exhibiting a
relatively flat nanosheet structure [Figure 7A and B]"'. The addition of tungsten induces lattice distortion
and gives the catalyst a unique folded structure. During the subsequent electrochemical treatment process,
the morphology of the nanosheets does not change [Figure 7C and D]. The dissolution of vanadium and
tungsten atoms facilitates the formation of lattice vacancies [Figure 7E and F], altering the local
coordination environment of Ni cations and exposing more unsaturated Ni active sites, thereby enhancing
the production of Ni(OH)O reaction species. Atomic force microscopy (AFM) confirms the ultra-thin
structure of the nanosheets, measuring 1.6 nm in height [Figure 7G and H]. This thin structure reduces the
diffusion energy of H' from Ni*"-OH, leading to an increased dehydrogenation rate and improving the
oxidation activity of HMF. The current density of HMFOR on NiVW LMH with abundant lattice vacancies
electrocatalyst can reach 193 mA cm? at 1.43 V vs. RHE, which is 5.37 times higher than that of Ni(OH),
electrode [Figure 7I]. Additionally, Figure 7] displays a high conversion rate of HMF (close to 100%) and a
high selectivity of FDCA (> 99%).
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Furthermore, apart from anion vacancies, the augmentation of catalyst activity for HMF to FDCA
conversion has been demonstrated through the presence of metal vacancies (cation vacancies). Qi et al.
conducted a hydrothermal method and alkaline etching treatment to fabricate carbon paper loaded with
nickel-iron layered double hydroxides (LDH) that possessed cation-rich defects (d-NiFe-LDH/CP)*?. The
successful introduction of cationic vacancies is confirmed by electron paramagnetic resonance
spectroscopy, and XPS testing indicates that the effective introduction of cationic vacancies could enhance
the electronic density of NiFe-LDH and adjust the electronic structure of metal sites. Consequently, this
resulted in a significant increase in the number of active sites and a decrease in charge transfer resistance,
thus leading to the exceptional catalytic performance of d-NiFe-LDH/CP. At 1.48 V vs. RHE, it has an
almost complete conversion rate of HMF (97.35%) and a yield of FDCA (96.8%), with an FE of 84.47%. In
addition, the catalyst displays outstanding stability over ten cycles.

Interface engineering
Extensive research has been conducted on the interface effect between the carrier and the active catalyst.
This effect plays a crucial role in controlling electron distribution and regulating intermediate
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adsorption*”. Constructing the metal carrier interface in a well-thought-out manner is highly important
for enhancing the intrinsic activity and stability of the catalyst during HMF oxidation.

Zhang et al. successfully synthesized Ni,N/carbon nanosheets (Ni,N@C) using hydrothermal and nitriding
processes'”. Ni,N particles adhere to the carbon film to form a sheet-like structure. The carbon film acts as
a supportive material, preventing the accumulation of Ni,N nanoparticles and maintaining the structure of
the precursor. The strong interface effect leads to changes in the electronic structure of Ni* and enhances
the charge transfer rate. Ni, N@C demonstrates remarkable electrocatalytic performance for both HMFOR
and HER. At a current density of 50 mA cm?, the potential for HMFOR is 1.38 V vs. RHE. Pang et al.
introduced an electrochemical reconstruction strategy to activate the interface of Ni-MOF/Ag". This
strategy forms a double-site active interface consisting of Ni** and Ag" species. A series of characterization
tests confirm the successful generation of high-valence active species and the stable anchoring of Ag species
on the catalyst surface through the formation of NiOOH. The electrochemical treatment induces a change
in the morphology of Ag nanoparticles on the Ni film. The activated Ni-MOF/Ag catalyst exhibits
exceptional electrocatalytic performance for HMF oxidation, achieving nearly 100% HMF conversion and
98.6% FE at 1.623 V vs. RHE.
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Furthermore, the implementation of heterogeneous interfaces featuring dual active components is a highly
efficient approach in the field of interface engineering. Unlike using a single component, the interface
formed by different active components allows for the creation of robust built-in fields through bonding or
electronic interactions"'*”. By designing a heterogeneous structure where two components mutually
enhance each other, novel active sites can be generated at the interface, promote electron transfer, and
accelerate HMFOR and HER kinetics. Xie et al. created a composite catalyst consisting of cobalt hydroxide
and cerium dioxide Co(OH),-CeO, through electrodeposition"*. This catalyst was used for the selective
electrocatalytic conversion of HMF under neutral conditions. The induction of CeO, greatly promotes the
transformation of the main element Co into high-valent active substances, increasing HMFCA products.
Under neutral conditions of pH = 7, a mild conversion of HMF to HMFCA is achieved at 1.4 V vs. RHE
through double electron oxidation of aldehyde groups, with a selectivity of 89.4% and a yield of 85.8%,
demonstrating its potential in clean energy.

Wang et al. constructed a porous CoP-CoOOH heterojunction electrocatalyst for enhancing HMFOR by
adjusting the electron density between interfaces"*”. The synthesis scheme is shown in Figure 8A, where
CoOOH is in close contact with CoP to form nanosheets on the nanoneedle structure. Such a three-
dimensional network structure can increase the probability of contact with reactants. Theoretical
calculations presented in Figure 8B and C reveal that CoP-CoOOH exhibits the highest density of states
near the Fermi level, suggesting a greater number of effective electron transfers. Additionally, the adsorption
energy calculation of HMF on various catalyst samples demonstrates that CoP-CoOOH enhances the
kinetics of HMFOR. XPS tests depicted in Figure 8D-F indicate that electron transfer occurring on the
heterojunction surface leads to the accumulation of electrons on CoP, while holes accumulate on CoOOH.
This hole accumulation on CoOOH promotes HMF adsorption, while electron transfer to the CoP surface
favors the occurrence of HER; the electrochemical performance tests are shown in Figure 8G and H.
Furthermore, when combined with a continuous flow reactor, diffusion and reaction rates are accelerated,
resulting in improved HMFOR efficiency [Figure 8I].

Guo et al. successfully constructed an heterogeneous interface (Cu-Co,O,/CuQ) between Cu-doped Co,O,
and CuO"*”. The presence of mismatched lattice fringes between Co,0, and CuO, along with a clearly
defined interface between Cu-Co,O, and CuO in the element mapping image, confirms the formation of the
Cu-Co,0,/CuO heterogeneous interface [Figure 9A-F]. XPS tests depicted in Figure 9G and H reveal that
the peak binding energy of Cu 2p,, in Cu-Co,0,/CuO is lower compared to pure CuO, indicating a decrease
in Cu valence state and an increase in the Co*"/Co*" ratio (from 1.20 to 1.51), indicating that Co atoms can
provide electrons to Cu atoms and there is a strong electronic interaction. Electrochemical studies
demonstrate that Cu-Co,O,/CuO exhibits higher catalytic activity for the HMFOR reaction compared to
Cu-Co,0, and pure Co,O, [Figure 9I]. Meanwhile, the catalytic activity of Cu-Co,0,/CuO is superior to that
of a product obtained by physically mixing Cu-Co,0, and CuO, highlighting the unique contribution of
heterogeneous interfaces to the electrocatalytic ability. Theoretical calculations also indicate that the
formation of heterogeneous interfaces enhances the interaction between the electrocatalyst and aldehydes
and hydroxymethyl groups, thereby improving the adsorption of HMF by active sites [Figure 9]].

Structural design

Conducting additional research into the structure, distribution of active sites, and kinetics has the potential
to facilitate the development of more efficient catalysts in the future. By implementing a reasonable
structural design, it becomes possible to increase the exposure of active sites on the catalyst, thereby
enhancing surface adsorption and mass transfer capabilities"*'"”. For example, Zhao et al. conducted a
study on the impact of graded NiCo-S catalysts on the electrooxidation of HMF"*. SEM images reveal that
the surface of NiCo-S nanosheets exhibits a graded and fluffy structure with edge curls [Figure 10A and B].
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This unique structure creates a highly open channel for reactant transport and electrolyte permeation,
which ultimately enhances catalytic performance. Kang et al. investigated the catalytic activity of Co,O, and
NiCo,0, with a spinel structure for HMFOR"". The synthesized catalysts are all filamentous nanostructures
composed of one-dimensional arranged nanoparticles [Figure 10C and D]. Among them, the NiCo,O,
filamentous structure demonstrates excellent HMF conversion rate (99.6%), successful recovery within three
cycles of HMFOR, and over 80% FDCA conversion efficiency. Yan et al. synthesized a nano band array of
vanadium oxide graded microspheres (VO,-ms) [Figure 10E-J], which served as a catalyst for the selective
oxidation of HMF to DFF with conversion and selectivity of 93.7% and 95.4%, respectively"”. The
exceptional performance is attributed to the exposure of the (010) surface, the vanadium-based (V=0) site
with the highest hydrogen adsorption capacity, and the controlled highly oriented morphology that
facilitates reactant contact.

Generally speaking, thinner sheets can expose more metal active sites. Zhang et al. synthesized ultra-thin
NiCoFe-LDHs nanosheets (1.36 nm) using an improved co-precipitation method. Research has shown that
introducing Fe into NiCo-LDHs can reduce the stacking effect of metal layers and reduce the thickness of
nanosheets [Figure 10K-P]"".. The increased exposure of active sites promotes better contact between
metals and oxygen or HMF, resulting in HMF oxidation occurring at lower potential regions.
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Recently, there has been growing interest in core-shell structures due to their unique structural
characteristics. This design is believed to effectively utilize the advantages of both the core and shell
materials, optimize the geometric and electronic properties of the surface shell metal, and enable the shell to
exhibit enhanced electrochemical activity and stability during interface reactions. Gao et al. discovered that
the high HMF conversion energy of NiSe@NiO, electrocatalysts is attributed to the distinct core-shell
structure, which consists of a conductive NiSe framework and an active NiO, surface layer!"". Similarly,
Deng et al. prepared Cu,S@NiCo-LDHs nanosheet core-shell array serves as an efficient electrocatalyst for
both HMF oxidation and H, release"'?. The metal properties of the Cu,S core provide enough conductivity
for the electrodeposition of active material NiCo-LDH, ensuring rapid charge transfer from the conductive
substrate (Cu foam) to the catalytic layer on the shell surface. The combination of Co/Ni interactions in
LDH shell with open nanostructures results in Cu,S@NiCo-LDHs demonstrating excellent electrocatalytic
activity and durability. The FE for both FDCA and H, production is close to one. As a bifunctional catalyst,
H, and FDCA can be simultaneously produced at a current density of 10 mA cm™ with a potential of only
1.34 V vs. RHE in a dual electrode electrolytic cell.

Multi-metal synergies

Due to enhanced conductivity or alternating chemical states of metal ions, the catalytic activity of multi-
metal compounds is generally higher than that of single metal compounds'®>'***"”. Therefore, constructing
synergistic multi-metal active sites to optimize the electronic structure of catalysts and thereby enhance the
electrocatalytic performance for HMFOR is considered an effective strategy.
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Zhao et al. reported the effects of bimetallic coordination and coordination effects on the electrooxidation
of HMF on NiCo-S catalysts"™. The electrochemical tests reveal that the Co-S catalyst exhibits a lower
initial potential, and the Ni-S catalyst shows a higher current density. The bimetallic sulfide NiCo-S
demonstrates superior performance, with a higher current density of 23 mA cm™ at 1.45 V vs. RHE, a lower
initial potential of approximately 1.20 V vs. RHE, and a faster reaction rate [Figure 11A and B]. The analysis
of products at different potentials demonstrates that Co-S displays significant selectivity towards HMFCA,
regardless of the potential, while Ni-S exhibits high selectivity towards FDCA at high potentials (1.45 V vs.
RHE) and no product formation at low potentials (1.3 V vs. RHE) [Figure 11C and D]. Based on
experimental and theoretical calculations, the authors propose that both Co and Ni act as bimetallic active
sites, synergistically promoting the oxidation of HMF. The strong double atom (O and C atoms) adsorption
of the metal active sites on the aldehyde group and the S coordination facilitate the conversion of the
aldehyde group to the carboxyl group, reducing the initial potential generated by HMFCA, while the latter
further accelerates the reaction rate of FDCA generation. Additionally, the formation of bimetallic
complexes alters the morphology and increases the number of exposed sites, leading to improved
electrocatalytic performance.

Le et al. showcased the viability of utilizing amorphous cobalt cerium binary metal oxide Co,Ce,O, as an
effective electrocatalyst for the selective conversion of HMF into valuable DFF products™®. The presence of
Ce element allows the electronic structure of the original metal oxide to be regulated; the positive shift of Co
2p and O 1s peaks indicates that electron transfer between Co and Ce through an O bridge
[Figure 12A and B]. The Raman spectra shown in Figure 12C and D indicate that Co,Ce,O, exhibits a faster
phase transition compared to CoO,. Further analysis of the Raman spectra at 60 minutes using Lorentz
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fitting explains the transformation of the initial structure of the catalyst to the active phases of
CoOOH/CoO, [Figure 12E and F]. The faster transformation rate of Co,Ce,O, accelerates the generation of
a significant number of active species, thereby enhancing the kinetics of HMF oxidation.

Various binary LDHs are also regarded as promising electrocatalysts. In a study conducted by Liu et al.,
NiFe-LDHs nanosheets were prepared on carbon fiber paper using a hydrothermal method"”. These
nanosheets prove to be efficient and durable catalysts for the direct electrochemical oxidation of HMF to
FDCA. The addition of Fe increases the number of active sites and improves the catalytic activity of HMF
electrochemical oxidation. In comparison to Ni(OH), (1.28 V vs. RHE) nanosheets, NiFe-LDHs (1.25 V vs.
RHE) exhibit a lower initial potential for HMF oxidation.

Furthermore, research has indicated that the integration of the three metal NiCoFe-LDHs brings together
the advantages of both bimetallic NiCo- and NiFe-LDHs while also mitigating the drawbacks associated
with the two parent materials. Zhang et al. prepared three metal NiCoFe-LDHs nanosheets by the method
shown in Figure 13A and discovered that the inclusion of the third element Fe’* alters the electronic
environment of Ni** and Co*, and the peak position of the Ni 2p spectrum shifts towards a lower value,
while the peak position of the Co 2p spectrum shifts towards a higher value [Figure 13B-D]"*\. The
presence of electronic synergies in NiCoFe-LDHs nanosheets enhances performance, as demonstrated by
the lower overpotential (288 mV) for the OER reaction in comparison to bimetallic LDHs. Furthermore, the
overpotential is further decreased with the addition of HMF [Figure 13E and F].

The above discussion has revealed that different modulation strategies can, to some extent, alter the
geometric characteristics and electronic structure of catalysts, thereby optimizing intermediate adsorption,
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increasing active sites, and affecting the HMFOR performance****". In order to facilitate readers and
beginners in this field to compare their results and draw conclusions about the activity of their materials, we
summarize the performance data of typical catalysts mentioned above in Table 1.

CONCLUSIONS AND PROSPECT

The development of water splitting devices comprising anode HMF oxidation with cathode hydrogen
production presents multiple benefits. This system can surpass the technical challenges associated with
hydrogen production through water electrolysis, lower energy consumption, and avert the risk of H,/O, gas
mixture explosions. Furthermore, the exploration and development of high-value-added products derived
from HMF, a compound widely produced through biomass conversion, holds immense economic potential
and societal benefits [Figure 14]. Therefore, the preparation of reliable HMFOR electrocatalysts and the
investigation of mechanistic issues in the catalytic process will bring breakthroughs to biomass processing
and hydrogen production through water electrolysis. Various regulation strategies, such as heteroatom
doping, defect project, interface engineering, structural design, and multi-metal synergies, are being
explored to enhance the performance of HMFOR catalysts, aiming to optimize intermediate adsorption,
increase surface area and active sites by regulating the electronic or geometric structure of the catalyst.
While progress has been made in this area, there remain limitations that need to be addressed. Future
research work needs to further study the improvement of the catalytic performance and FDCA selectivity of
electrocatalysts from the following aspects to achieve large-scale applications.



Page 18 of 25 Zhang et al. Microstructures 2024;4:2024043 | https://dx.doi.org/10.20517/microstructures.2023.93

Table 1. Electrocatalytic HMFOR activities of different catalysts

1y Oxidation .o . o o

Catalyst Electrolyte Tafel (mV dec™) voltage (V vs. RHE) HMF conversion (%) FDCA yield (%) FE (%) Reference

Coy 4NiS@NF 1M KOH + 94 1.45 ~100 >99 >99 [70]
50 mM HMF

NiCoBDC NF 01MKOH+ 60.8 1.55 - 99 78.8 [78]
10 mM HMF

Ce-Co,P@NC  TMKOH + 163 1.43 99.5 - 98.5 [79]
10 MM HMF

Ni-Co,P 1M KOH + - 1.29 - >99 >97 [801]
10 MM HMF

CoO/CoSe, TMKOH + 89.2 1.43 - 99 979 [50]
10 MM HMF

V,-NiO TMKOH + 473 1.42 99.7 99.2 85.7 [90]
100 mM HMF

NiVW, LMH 1M KOH + 12.8 1.43 ~100 99.2 - [91]
10 MM HMF

d-NiFe-LDH/CP 1M KOH + 1021 1.48 97.35 96.8 84.47 [92]
10 mM HMF

Ni;N@C 1M KOH + 489 1.45 - 98 99 [63]
10 mM HMF

Ni-MOF/Ag 1M KOH + - 1.62 ~100 - 98.6 [96]
10 mM HMF

CoP-CoOOH 1M KOH + 58 1.42 98.3 96.3 96.3 [104]
150 mM HMF

Cu-Co030,/Cu0 TMKOH + 98.58 1.45 - 93 96 [105]
10 MM HMF

NiCo-S 1M KOH + - 1.45 99.1 971 96.4 [108]
10 MM HMF

NiCo,0, 1M KOH + 135.7 1.5 90.4 90.8 87.5 [61]
5mM HMF

NiSe@NiO, 1M KOH + 23 1.42 ~100 99 99 111
10 mM HMF

Modulation strategies

The heteroatom doping strategy in HMFOR-HER systems primarily relies on cation doping, and there is a
need for more research on the impact and mechanism of anion doping. Furthermore, multi-atom doping
may offer more promising prospects compared to single-atom doping due to the synergistic effects between
different elements, although there are limited reports on this. In terms of defect projection strategies, the
focus has mainly been on studying oxygen vacancies in the HMFOR-HER system, but catalysts with other
anion vacancies, such as sulfur vacancies, selenium vacancies, or multiple vacancies, may hold significant
potential. Interface engineering strategies commonly concentrate on electron rearrangement at the
interface, with little attention given to amorphous and crystalline heterostructures. For structural design
strategies, accurately synthesizing specific structures and achieving large-scale production is a huge
challenge. Lastly, further research is needed on the synergistic strategy of multiple metals, particularly in
constructing multiple metal active sites and accurately analyzing the effects of different active sites.

Decomposing problems

The conversion pathway of HMF to FDCA is influenced by the pH of the electrolyte. At pH > 13, the
aldehyde group undergoes oxidation to form HMFCA intermediates, with OH" indirectly providing oxygen
atoms. At pH < 13, the hydroxyl group is first oxidized to produce DFF intermediates. A higher pH leads to
increased adsorption of hydroxyl groups on the catalyst surface, which enhances the activation of C-H/O-H
bonds. In summary, OH plays a crucial role and accelerates the electrochemical oxidation reaction of HMF
under high pH conditions. However, HMF tends to degrade into humic products in highly alkaline
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Figure 13. (A) Schematic illustration of NiCoFe-LDHs materials (left side) and the electrochemical system of HMFOR (right side). XPS
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solutions, which is detrimental to the reaction. How to balance the electrolytic conditions, HMF self-
degradation and the electrolytic time remains a critical issue for future research.

Dual function issues

In general, acidic conditions are favorable for HER processes, while alkaline conditions are more conducive
to HMFOR. However, the drawback of acidic conditions is their tendency to cause corrosion in equipment,
which hinders large-scale industrial applications. Therefore, it is of great significance to reasonably design
and develop catalysts with excellent HER and HMFOR performance in alkaline electrolytes and to try to
reduce the overpotential of both reactions simultaneously. This places higher demands on material design.
Future research should focus on integrating active components and constructing dual functional catalysts
for HER and HMFOR to enhance the electrocatalytic performance of the overall system.
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Competition between OER and HMFOR

The utilization of HMFOR instead of OER leads to the inevitable occurrence of OER side reactions due to
the overlapping potential range of the two reactions. Additionally, most catalysts that demonstrate
remarkable performance for HMFOR in alkaline electrolytes also exhibit high activity for OER. This
intrinsic excellent OER activity of the catalyst significantly restricts the activity and potential range of
HMFOR, resulting in low FE. Consequently, it is imperative to conduct comprehensive research on the
active components of catalysts for HMFOR and competitive OER. Exploring ways to enhance the kinetics of
HMFOR, extending the Faradaic window for HMFOR, and minimizing the competitive OER process are
crucial steps in this direction.

Stability issues

At present, the majority of catalysts that have been examined demonstrate the ability to sustain high levels
of catalytic activity at low current densities. However, they fail to maintain stability over extended periods of
time when subjected to demanding conditions, such as industrial-scale high current densities.
Consequently, it is necessary to design catalysts reasonably and pay attention to stability while further
improving catalytic activity, to achieve efficient hydrogen production and conversion of HMF under high
current density conditions.

In-depth investigation into the reaction mechanism

Currently, the primary emphasis in HMF electrocatalysis research lies in the development and adjustment
of catalysts. However, there is a limited focus on understanding the specific mechanism behind the
electrocatalytic reaction of HMF. Developing additional characterization techniques to explore the
mechanism of HMFOR is crucial. As mentioned above, research on the HMFOR mechanism is still in its
early stages, requiring more precise evidence to explain the exact mechanism of HMFOR. Comprehensively
understanding the mechanism is fundamental for guiding the development of next-generation HMFOR
catalysts.
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