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As the sole renewable source of organic carbon, biomass is indispensable to the green transition, offering both abundance

and carbon neutrality. The biomass-derived platform molecule, 5-hydroxymethylfurfural (HMF), can be valorized into

various high-value chemicals via oxidation. Most notably, 2,5-furandicarboxylic acid (FDCA) has emerged as a crucial

sustainable alternative to fossil-based terephthalic acid for polyester production. This review provides a comprehensive

analysis of the electrocatalytic oxidation of HMF to FDCA. We begin by dissecting the reaction pathways and mechanisms to

clarify key kinetic steps and current bottlenecks. To establish benchmarks for the field, we summarize standard evaluation

metrics that enable rigorous comparison among disparate studies. The review then systematically categorizes diverse

catalyst systems and engineering strategies, with a specific focus on how reaction parameters (pH, electrolyte composition,

and applied potential) dictate product selectivity. Concluding with a forward-looking perspective, we propose future

directions to accelerate the development of efficient, controllable, and low-cost technologies for FDCA production.

Keywords: Biomass; electrocatalytic oxidation; 5-hydroxymethylfurfural; 2,5-furandicarboxylic acid; catalysts.

1. Introduction

The
environmental

imperative to mitigate fossil fuel dependence and

degradation has catalyzed the search for
sustainable chemical feedstocks.!:? As the sole renewable source
of organic carbon, biomass offers a pivotal pathway toward
carbon neutrality.>®* Among biomass-derived platform
(HMF) is
versatile, possessing a furan-rich architecture amenable to
upgrading Notably, 2,5-

furandicarboxylic acid (FDCA) has emerged as a paramount bio-

molecules, 5-hydroxymethylfurfural particularly

into high-value derivatives.””

based alternative to petroleum-derived terephthalic acid,
underpinning the production of sustainable polyesters.'% ! While
traditional thermocatalytic and biocatalytic routes are often

hampered by harsh conditions or kinetic limitations,

1l

electrocatalytic oxidation presents a compelling “green’

alternative.'> '3 This approach leverages mild conditions and
renewable electricity to drive valorization, yet developing
systems that simultaneously achieve high current density and

rigorous selectivity for FDCA remains a formidable challenge.!™
14
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The complexity of the electrocatalytic HMF oxidation
reaction (HMFOR) arises from its multi-electron, proton-
coupled nature, which spawns a branched reaction network
yielding intermediates, such as 2,5-diformylfuran (DFF), 5-
hydroxymethyl-2-furancarboxylic acid (HMFCA), and 5-
(FFCA).  Consequently,
suppressing byproducts requires precise modulation of the

formyl-2-furancarboxylic  acid
reaction kinetics. Extensive efforts have focused on tailoring
catalyst intrinsic activity through doping, defect engineering, and
heterostructure design across diverse material classes, from
noble metals to transition metal-based, even metal-free
electrocatalysts.!>?! However, catalyst design cannot be viewed
in isolation. The local reaction microenvironment, dictated by
electrolyte pH, composition, and applied potential, exerts a
profound, often governing influence on adsorption energies and
reaction pathways.??> Thus, a holistic strategy that synergizes
rational electrode design with electrolyte engineering is
indispensable for achieving efficient and selective FDCA
electrosynthesis.?

This review distinguishes itself by bridging the gap between
material synthesis and reaction condition optimization in
HMFOR. Moving beyond a mere catalog of catalyst
performance, we aim to elucidate the interplay between surface
chemistry and the reaction environment. As shown in Fig. 1, we
begin by dissecting reaction mechanisms and kinetic bottlenecks
to establish a fundamental framework. Subsequently, we define
standardized evaluation metrics to facilitate rigorous
benchmarking across the field. The core of this review

systematically analyzes how catalyst architecture and operating

This journal is © The Royal Society of Chemistry 20xx
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parameters (pH, potential) jointly determine product selectivity.
Finally, we provide a forward-looking perspective on emerging
trends, offering a roadmap for the development of controllable,
cost-effective, and scalable FDCA production technologies.
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Fig. 1 Schematic diagram of mechanism, catalyst design, microenvironmental
regulation, and performance evaluation in the electrosynthesis oxidation of HMF
to FDCA.

2. Reaction Pathway and Mechanism of HMFOR

2.1 Reaction Pathway

HMFOR in alkaline media is a 6-electron transfer process
yielding FDCA.>* This transformation proceeds via intricate
intermediate steps regulated by catalyst surface kinetics and
reaction conditions. As illustrated in Fig. 2, the reaction
bifurcates into two primary routes.?> 2° Path 1 involves the
preferential oxidation of the hydroxymethyl group (—CH20H) to
generate DFF, which is subsequently oxidized to FFCA and then
FDCA. Path 2 proceeds via the preferential oxidation of the
aldehyde group (—CHO) to form HMFCA, followed by oxidation
of the remaining hydroxyl group to FFCA and finally FDCA.
The reaction selectivity is highly sensitive to operating
parameters; for instance, mild alkalinity (pH<I13) typically
favors the DFF pathway, whereas strong alkalinity (pH>13)
promotes the HMFCA pathway.?” 28

9 20H O+

ol )\g*\

HiE FFCA

Fig. 2 Reaction pathway for the electrocatalytic conversion of HMF to FDCA.

Currently, HMFOR pathway analysis relies heavily on
offline high-performance liquid chromatography (HPLC).?’
However, this method is limited by long detection cycles and an
inability to capture real-time dynamics. In contrast, in situ
characterization techniques offer superior advantages for
mechanistic studies. For instance, in situ sum frequency
generation (SFG) and infrared (IR) spectroscopies have been
employed to monitor HMFOR, enabling the real-time tracking
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of key intermediate evolution.’® 3! Looking forward,othe
integration of in situ techniques with Righ&? 18patRahporat
resolution will be essential to provide direct, precise evidence for
a comprehensive understanding of the reaction mechanism.

2.2 Reaction Mechanism

The HMFOR mechanism is generally categorized into direct and
indirect oxidation. The direct pathway, often termed the OH*
mechanism, is characterized by the co-adsorption of HMF and
OH™ on the catalyst surface, where oxidation proceeds via direct
electron transfer without altering the catalyst's oxidation state.3?
33 In this process, the adsorption energy of HMF plays a crucial
role in the reaction activity.3* Insufficient adsorption leads to low
activation and cleavage efficiency of C—H and O—H bonds, while
excessive adsorption inhibits the formation of surface OH
species. In Pathway 1, surface-adsorbed OH™ generates OH*
species that activate the -CH20H group of HMF, cleaving O—H
and C—H bonds to form DFF. Subsequently, the aldehyde group
in DFF undergoes nucleophilic attack by water to form a gem-
diol intermediate, which is further oxidized via OH *-assisted
dehydrogenation to FFCA and finally FDCA. Conversely,
Pathway 2 initiates with water attacking the -CHO group of HMF.
The resulting diol intermediate is converted to HMFCA via
OH*-assisted bond cleavage. The -CH20H group of HMFCA is
then activated by OH*, leading to FFCA, which transforms into
FDCA through analogous addition—deprotonation steps.

Complementary to direct oxidation, HMFOR may also
proceed via an indirect “electrochemical-chemical (E-C)”
mechanism.?® This pathway is characterized by the initial
electrochemical generation of strongly oxidizing species, which
subsequently oxidize HMF via chemical steps rather than direct
electron transfer.36-3® Indirect oxidation is generally categorized
into heterogeneous and homogeneous modes.? In heterogeneous
systems, applied potentials drive the transformation of low-
valent metal centers into high-valent active species (e.g., Ni*"
Co3") with potent oxidative capabilities. The formation of these
species is critically dependent on the potential and surface OH™
concentration. Consequently, facilitating the onset of high-valent
states is a key strategy for enhancing activity. For instance, Liu
et al. demonstrated that incorporating Pd nanoparticles into NiFe
layered double hydroxide (NiFe-LDH) creates abundant Ni
vacancies, which lowers the oxidation potential of Ni sites and
significantly boosts catalytic performance.?® Beyond their
formation, the kinetics of the subsequent reduction of high-
valent species back to lower oxidation states (e.g., the reduction
of Ni** to Ni?") constitute a critical determinant of the attainable
current density, as a rapid redox cycle enables the sustained
generation of reactive oxidizing centers during operation.* In
homogeneous systems, soluble redox mediators such as 2,2,6,6-
tetramethylpiperidinyloxyl (TEMPO) and 4-acetamido-TEMPO
(ACT) are employed.*' Here, the mediator is electrochemically
oxidized to its active form (e.g., TEMPO®), which then
chemically oxidizes HMF before regenerating the resting state.
Notably, unlike heterogeneous pathways, this cycle typically
proceeds independently of surface OH™.4?

Crucially, direct and indirect mechanisms often coexist,
with their relative dominance dictated by the catalyst identity and
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reaction conditions. Disentangling these competitive pathways
requires a combination of in situ characterization to identify key
oxidizing species and Density Functional Theory (DFT)
calculations to probe their specific interactions with HMF
molecules.*> 44

3. Evaluation Criteria and Methods

In HMFOR research, the rigorous evaluation of catalyst
performance is fundamental for both screening high-efficiency
materials and elucidating reaction mechanisms. Standard
assessment protocols encompass three critical dimensions:
catalytic activity, conversion efficiency, and stability. The
following section outlines the significance of these metrics,
along with the respective testing methodologies and calculation
procedures employed to quantify them.

3.1 Onset Potential

The onset potential defines the voltage threshold at which the
anodic current first deviates significantly from the baseline,
marking the initiation of the electrochemical reaction. In
HMFOR studies, this parameter is typically determined via
linear sweep voltammetry (LSV). A lower onset potential
indicates that the catalyst can drive the reaction with a lower
energy input, reflecting superior intrinsic activity.** Practically,
this metric is directly correlated with the system’s energy
consumption, making it a critical indicator of energy
efficiency.*® Crucially, to ensure valid comparability across
different studies, onset potentials must be measured under
standardized conditions, HMF
concentration, electrolyte composition, pH, scan rate, and

strictly controlling for

electrode geometric area.
3.2 Tafel Slope

The Tafel slope is a fundamental kinetic parameter that
quantifies the dependence of the density on
overpotential.*” It is typically derived from the linear region of
an LSV or steady-state polarization curve using the Tafel
equation:

current

n=a+blogj

Where 7 represents the overpotential, j is the current density,
and b denotes the Tafel slope (mV dec™!). This parameter reflects
the sensitivity of the reaction rate to potential changes. A smaller
slope indicates faster kinetics, implying that a smaller increase in
overpotential is required to significantly boost the current.*®
Experimentally, the slope must be calculated from the steady-
state region where mass transport limitations are negligible. The
magnitude of the Tafel slope is governed by the catalyst’s surface
properties and charge transfer efficiency, and it provides insight
into the rate-determining step (RDS) of the mechanism, such as
the first electron transfer or chemical adsorption steps.®
Consequently, the Tafel slope is often analyzed in conjunction
with the onset potential to provide a comprehensive evaluation
of intrinsic catalytic activity.

3.3 Turnover Frequency (TOF)

TOF is the definitive metric for evaluating intrinsic catalytic
activity, defined as the number of catalytic turnovers per active

3| J. Name., 2012, 00, 1-3
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site per unit time.** By normalizing activity to the number,af
active centers, TOF decouples intrinsic effielechyoRyRPexfansie
factors such as surface area and conductivity.’® A higher TOF
signifies superior site-specific kinetics and atomic utilization,
which is essential for the design of high-performance, low-
loading catalysts. TOF is calculated using the following equation:

I JA
TOF (s7') = Z}’I_F

Where j represents the current density, A is the geometric
electrode area, z is the electron transfer number (e.g., 6 for
HMF—FDCA), F is the Faraday constant (96,485 C mol '), and
n denotes the molar quantity of active sites. Since directly
measuring # is difficult, it is often estimated electrochemically,
for instance, by integrating the redox peak area (e.g., Ni**/Ni*")
in cyclic voltammetry (CV). For reliability, TOF measurements
should be conducted at low HMF conversion levels (<10%) to
avoid interference from mass transport constraints or product
accumulation.

3.4 Electrochemically Active Surface Area (ECSA)

ECSA is a critical parameter quantifying the electrode surface
accessible for electrochemical reactions, serving as a direct
proxy for the effective catalytic interface. Unlike the geometric
area, ECSA provides a more accurate representation of the
number of active sites, making it particularly valuable for
evaluating complex, porous, or nanostructured materials.>!
Generally, a larger ECSA implies a greater abundance of
exposed active sites per unit mass or area, which correlates with
enhanced electrocatalytic performance. The most prevalent
method for determining ECSA relies on measuring the
electrochemical double-layer capacitance (Cal) via CV curves.*?
Measurements are conducted within a non-Faradaic potential
window. By recording CV curves at different scan rates, the
capacitive current density is plotted as a function of scan rate,
and a linear relationship is obtained. The slope of this linear fit
corresponds to Ca. Consequently, ECSA is estimated by
normalizing this value against the specific capacitance of a
standard flat surface (Cs) using the following formula:
ECSA = %
Cs

3.5 Electrochemical Impedance Spectroscopy (EIS)

EIS is widely employed as an auxiliary electrochemical method
to elucidate interfacial electron-transfer dynamics and transport
Through the
application of a small-amplitude alternating potential over a

phenomena in electrocatalytic systems.>?
frequency range spanning from high to low values, EIS enables
quantitative analysis of key interfacial parameters, including
charge-transfer resistance (Rct), interfacial capacitance, and
diffusion-controlled processes at the electrode—electrolyte
boundary.®* In HMFOR, EIS is typically performed at
catalytically relevant potentials, and the resulting spectra are
analyzed using equivalent circuit models to extract the Rct.>> A
lower Ret generally indicates faster interfacial electron transfer
and more efficient charge transport. Accordingly, EIS offers
important insights into the relationship between catalytic activity
and interfacial properties, and its combination with activity and

This journal is © The Royal Society of Chemistry 20xx
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selectivity metrics improves the reliability and comparability of
electrocatalyst evaluation.

3.6 Conversion
Monitoring the depletion of HMF is essential for tracking the

progress HMF
quantifies the fraction of the initial reactant consumed, thereby

of electrocatalytic oxidation. conversion
serving as a primary metric for the catalyst’s overall oxidative
efficiency. This value is typically determined via HPLC by
analyzing the change in HMF concentration before and after
electrolysis.’® The conversion is calculated using the following

equation:

NHMF initial = 7?HMF instant
x 100%

Conversion (%) =

MHMF initial
Where nuMF initial and AHMF instant TEpresent the amount of
HMF at the beginning of the reaction and at a specific time point,

respectively.
3.7 Faraday Efficiency (FE)

FE is a critical metric for evaluating electron utilization in
electrocatalytic reactions, representing the percentage of the total
charge passed that is utilized to generate the desired product.®’
In HMFOR, FE reflects the catalyst’s selectivity and its capacity
to direct electron flux toward the synthesis of target products
rather than side reactions. Quantitatively, it is determined by
comparing the theoretical charge required for the measured
product yield against the total experimental charge passed
through the electrode. The calculation is performed using the
following equation:

FE (%) = —

x Mproduct xF
Q
Where z is the number of electrons transferred per molecule

of product formed, nproduct is the molar amount of the product

determined by quantitative analysis (e.g., HPLC), F is the

Faraday constant, and Q is the total charge passed during

electrolysis, obtained by integrating the current—time (I-t) curve.

3.8 Yield

x 100%

Yield quantifies the fraction of the initial HMF load that is
successfully converted into the target product, making it a
definitive parameter for evaluating catalyst effectiveness. Unlike
conversion, which tracks only substrate consumption, yield
accounts for the actual generation of the desired species.
Consequently, it offers a more accurate reflection of the
catalyst’s capacity to selectively drive the reaction toward the
target pathway. In practice, the product yield is typically
determined by quantitative analysis of liquid-phase products
using HPLC. The calculation is performed as follows:

Yield (%) = % 100%

Nproduct
MHMEF initial
3.9 Selectivity

Selectivity characterizes the propensity of a catalyst to generate
a specific target product (e.g., FDCA, HMFCA, or DFF) amidst
a complex network of competing oxidation pathways. This
parameter reflects the catalyst's capacity to direct the reaction
mechanism, making it a critical indicator for evaluating
performance, controlling product distribution, and suppressing
side reactions. Selectivity is typically calculated as the ratio of

4| J. Name., 2012, 00, 1-3

the molar quantity of the specific product formed tg.the ameunt
of HMF consumed, as expressed below: DOI: 10.1039/D55C09723A

n
Selectivity (%) = —22M x 100%
NHMF consumed

3.10 Stability

High stability is a prerequisite for industrial viability, ensuring
that a catalyst maintains both activity and structural integrity
during prolonged operation.>® Stability is typically assessed via
chronoamperometry (CA) or chronopotentiometry (CP), which
monitors the evolution of current density or potential over time.
However, a critical challenge in these measurements is the
continuous consumption of HMF; as the substrate concentration
decreases, the current may drop, creating a false impression of
catalyst deactivation. To decouple substrate depletion from
intrinsic  catalyst degradation, HMF must be regularly
replenished, or the catalyst should be subjected to multi-cycle
recycling tests.’® Furthermore, post-reaction characterization is
essential. Techniques such as scanning electron microscopy
(SEM) and X-ray photoelectron spectroscopy (XPS) should be
employed to compare the catalyst before and after testing,
providing insight into structural evolution and phase stability.
Finally, monitoring the retention of product yield and selectivity
over time is crucial for a comprehensive evaluation of the
catalyst's practical durability and application potential.

4. Electrocatalysts

Since the catalyst serves as the active site for the reaction, the
rational design and development of electrode materials are of
have
witnessed significant advancements in this field, with a diverse

paramount importance for HMFOR. Recent years
array of materials developed to enhance performance. These
catalysts encompass a broad spectrum, ranging from metals and
alloys to various compounds, including oxides, hydroxides,
sulfides, and phosphides, as well as metal-free systems.®
Notably, transition metal-based catalysts (particularly Ni, Co,
and Fe) have garnered the most interest. This preference stems
from their versatile redox chemistry, superior electronic
conductivity, and the high tunability of their surface-active sites.
The following sections provide a systematic review of recent
breakthroughs across these various categories.

4.1 Metals/Alloys

Pure metal electrocatalysts are susceptible to corrosion in acidic
and alkaline electrolytes. Therefore, introducing stable structures
(such as carbon materials) to enhance their durability in harsh
electrolytes has become a common strategy. Lu et al. prepared
an efficient HMFOR catalyst (Ni/CP) by electrodepositing Ni
nanosheet (NS) forests onto carbon paper.®! As shown in Fig. 3a,
the catalyst exhibited excellent stability and a high FDCA
selectivity of 99.4% at 1.36 V vs. RHE (reversible hydrogen
electrode). Unless otherwise specified, all potential values
reported below are referred to RHE. In addition, Li er al
constructed Ni@C composite structure by employing a citric
acid-assisted sol-gel method followed by high-temperature
carbonization, in which metallic nickel
encapsulated within a carbon layer.%?

was uniformly

The carbon coating

This journal is © The Royal Society of Chemistry 20xx
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facilitated the in situ redistribution of Ni nanoparticles into
smaller-sized NiOOHx (x < 1), thereby
electrochemically active surface area and promoting the

increasing the

formation of active Ni sites. Further experimental results and
DFT calculations revealed that NiOOHx exhibited more
favorable thermodynamic driving force for the oxidation of the
formyl and hydroxymethyl groups in HMF, thus significantly
enhancing the overall performance of the HMFOR process.
Compared to pure metals, alloy systems with more complex
structures and compositions can significantly enhance catalytic
activity by leveraging synergistic effects.®> For example, to
suppress this competing oxygen evolution reaction (OER)
process in HMFOR, Chen et al. reported a bimetallic NiCu
catalyst supported on Ni foam (Ni—Cu/NF).!3 Operando EIS
(Electrochemical Impedance Spectroscopy) analysis reveals
distinct kinetic behaviors between OER and HMFOR on Ni—
Cu/NF. Under OER conditions, the emergence of low-frequency
signals above 1.55 V indicates sluggish Oz evolution Kinetics

ARTICLE

(Fig. 3b). In contrast, HMFOR exhibits charactegistic. aids
frequency responses concurrent with Ni* etration, Saggestias
that highly oxidized Ni species preferentially facilitate HMFOR
rather than OER (Fig. 3c). Fig. 3d shows that Ni-Cu/NF exhibits
excellent HMFOR activity and poor OER performance,
indicating that the introduction of Cu effectively suppresses the
competing OER reaction. Fig. 3e shows the excellent
performance and stability of Ni-Cu/NF toward HMFOR.
Throughout 70 consecutive electrolysis cycles, both the FE and
the yield of FDCA remain above 95%. Moreover, Wu et al.
synthesized PtNi alloy catalyst, which exhibited significantly
enhanced performance compared to pure Pt and NiO (Fig. 31).%*
The enhanced performance is attributed to the introduction of Pt,
which accelerates the oxidation of Ni>**~OH to Ni**-O.
Additionally, the PtNi bimetallic catalyst facilitates the
formation of stable active oxygen species (Pt—O—Ni), effectively
regulating the adsorption behavior of HMF and OH.d, thereby
improving the HMFOR activity (Fig. 3g).

Bl FocA Yicid [l HMF Conversion b
00 Bl Faradaic Efficiency

=Y

75

Yield or Conversion or FE (%)

Ni-CWNF (1 M KOH) Ni-CWNF (50 miM HMF)

— 80 80

50 8604 124 g 60 1.2;;&\

- & 0] 13 o gm i . -ig,-
2 20] 4 f
@ 204 IS @ 20 5

5 & L — 16 & o £

1 i 3 0 100 100 10 100 10t € 100 100 100 102 100 100 ¢
yeles Frequency (Hz) Frequency (Hz)

d e = Ni-Cu/NF (50 mM HMF) H e 100 T T T L * * L1 = 100
N -~ Ni-CuNF (1 M KOH) ' .
£ 800 — Ni-Fe/NF (50 mM HMF), ; 80 80 &
< == Ni-Fe/NF (1 M KOH) : g

A ¥ Cr] [ =
£ £ 60 60 &
z g &
a 400 [ g
_s § 40 40 -_g
= 200+ " e
o 2 20 20 §
| R (e .. - - -

3 M . ' r L]
1.2 13 1.4 15 16 o - — el LLLE LU LU L] D)
Potential (V vs. RHE) 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Cycle Number

f 80 {60 g Step 1 (RDS): Electrogenerated Step 2:Spontaneous HMF

i catalyst dehydrogenation reaction Pt accelerate dehydrogenation reaction
— e e et
o 604, i i o OH
£ Ni2*-OH i o
S ol Step 1: Ni?OH + OH-= Ni*.0 + H,0 + &= ; K L)

i L}
K i : HMF
= 50 PN s Step 2: Ni*-0 + RH = N**-OH +R * i Cycle A .. o
1 0,
R-H L R* ! N0 : L
0 I H
- . - e e S ! FDCA
1.2 1.3 1.4 1.5 1.6

Potential (V vs.RHE)

Fig. 3 (a) Conversion of HMF, yields of FDCA and H, FE for consecutive applications of Ni(NS)/CP electrode (1.36 V).6! Copyright 2021, Wiley-VCH GmbH. (b—c) Operando EIS spectra
of NiCu/NF under different potentials in the absence/presence of 50 mM HMF. (d) LSV curves of NiCu/NF and NiFe/NF with and without 50 mM HMF in 1 M KOH solution with 100%
iR compensation. (e) Stability evaluation, yield, and FE of FDCA for NiCu/NF with 50 mM HMF over 70 successive cycles at 1.45 V, 60 min for each cycle.'® Copyright 2021, Wiley-VCH
GmbH. (f) LSV curves of PtysNiz;z NWs, bulk Pt, and NiO in 1 M KOH without/with HMF. (g) Schematic diagram of the HMFOR mechanism, including electrocatalyst function and

nonelectrochemical step on PtsNizs NWs.8 Copyright 2022, American Chemical Society.

4.2 Metal Oxides

Metal oxides have attracted widespread attention in the field of
electrocatalysis due to their tunable oxidation states, diverse
crystal structures, high catalytic activity,
stability.®> % In recent years, researchers have developed a

and excellent

5| J. Name., 2012, 00, 1-3

variety of highly efficient metal oxide catalysts and significantly
improved their electrocatalytic performance by controlling their
through defect
engineering, doping, and interface engineering. Notably, cobalt-
based spinel oxides have been widely used in the study of
HMFOR due to their high structural tunability and abundant

electronic structure and surface activity

This journal is © The Royal Society of Chemistry 20xx
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active sites. Lu er al. synthesized Co030s4 nanosheets via
electrodeposition and applied them to HMFOR, demonstrating
an FDCA vyield of 86.7% at 1.44 V.22 Subsequently, oxygen
vacancies (Ov) were introduced via Ar plasma treatment to
modulate the electronic structure and enhance the intrinsic
catalytic activity of Co3Oa4. To elucidate the role of oxygen
vacancies in the HMFOR process, DFT calculations were
performed by comparing the reaction free energy profiles on
pristine Co304 and oxygen-deficient Co304 surfaces (Fig. 4a).
The results show that the introduction of Ov significantly lowers
the Gibbs free energy barrier of the HMFCA dehydrogenation
step from 1.67 eV to 1.17 eV, thereby promoting the overall
HMFOR kinetics. Combined experimental and theoretical
analyses further reveal that nucleophilic OH™~ preferentially
occupies the oxygen vacancy sites in Ov—Co0304, forming lattice
OH species that directly participate in the dehydrogenation and
coupling processes of HMF intermediates. Consequently, Ov—
Co304 exhibits an enhanced catalytic performance with an
FDCA yield of up to 91.9% (Fig. 4b). In addition to modifying

Journal Name

the electronic structure of Co3O04 itself thrgugh, defect
engineering, Lu et al. also introduced a singf: 0017 ts 70k
to construct Ir-C0304.%7 This structure enhances its adsorption
capacity for C=C bonds in HMF, thereby significantly improving
catalytic performance, with FDCA yield reaching as high as 98%.
To further improve catalytic performance and FDCA selectivity,
Jiang et al. synthesized a Pd-NiCo204 catalyst by doping Ni into
the Co304 lattice to form NiCo204 and subsequently integrating
Pd clusters on the NiC0204 surface.®® The Ni doping promoted
the generation of active Co®*—O species and the oxidation of OH~
to electron-deficient OH*,
oxidation process (Fig. 4c). Meanwhile, the introduction of Pd

thereby facilitating the direct

optimized the adsorption behavior of HMF and OH™ species.
These synergistic effects enhanced the electron/charge transfer
activity in HMFOR and promoted the key deprotonation step of
HMFCA (Fig. 4d). Pd—NiCo204 exhibits excellent FDCA
selectivity (99.2%) and FE (99.6%) at 1.5 V (Fig. 4¢). Besides
metal doping
heterojunctions to further enhance catalytic activity and product

and noble metal loading, constructing
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Fig. 4 (a) Free energies of HMFOR step on Ov -Co30,4 and Co030,. (b) The LSV curves of Ov -Co30, and Co30,4 in 1 M PBS with 50 X 10~3 M HMF.22 Copyright 2021, Wiley-VCH GmbH.
(c) CV curves of Co304, NiC0,04, and Pd-NiCo,04 in 1 M KOH. (d) Corresponding Free energy diagram on NiCo,0,4 and Pd-NiCo,0,. Copyright 2024, Springer Nature. Distributed under
the terms of the Creative Commons CC BY license (http://creativecommons.org/licenses/by/4.0/). (e) FE, selectivity of FDCA, and the conversion of HMF obtained by the Pd-NiCo,0,4
over ten consecutive cycles of HMFOR.%8 (f) HMF and OH* adsorption free energy of Co304 and Co30,/Ce0,. (g) Free energies of HMFOR step on Co30,4 and Co30,/Ce0,, and adsorption
configurations of HMFOR intermediates on Co304/Ce0,. (h) The HMF conversion, FDCA yield, and FE at different potentials for NF@Co30,/Ce0,.%° Copyright 2023, Wiley-VCH GmbH.

selectivity is also an effective regulatory strategy. For example,
Zhao et al. successfully synthesized NF@Co0304/CeO2
electrocatalyst with Co3O4 nanowires as the “core” and CeO:2
nanoparticle layer as the “shell”.%® The CeO2 modification on the
Co0304 surface constructs Co304/CeO:2 heterointerfaces whose

6 | J. Name., 2012, 00, 1-3

interfacial active centers effectively regulate the adsorption
behavior of key intermediates and facilitate electron transfer. As
shown in Fig. 4f, the heterointerface moderates the adsorption
strengths of HMF and OH* compared with pristine Co30a4, which
is beneficial for both reactant activation and subsequent product

This journal is © The Royal Society of Chemistry 20xx
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desorption. In addition, the reaction free energy profiles (Fig. 4g)
show that the rate-determining step for CosOa shifts from
FFCA—FDCA, with a maximum energy change of 1.96 eV, to
HMF—HMFCA in the C0304/CeO2 heterostructure, where the
energy barrier is reduced to 1.46 eV, thereby significantly
improving the overall HMFOR kinetics. Consequently, the
catalyst exhibited 94.5% FDCA vyield and 97.5% FE at 1.40 V
(Fig. 4h). Furthermore, Zhou et al. constructed a CuO-PdO
heterojunction. The intrinsically low OER activity of CuO
effectively suppresses competitive reactions.”® The presence of
PdO significantly enhances the adsorption and conversion of
HMF and OH" species, particularly facilitating dehydrogenation
and electron transfer during the conversion of FFCA to FDCA,
improving the HMFOR performance.

4.3 Metal hydroxides

As early as 1991, studies had reported the use of metal-based
hydroxides to catalyze HMFOR.”! As a class of catalysts with
great application potential,
attracted increasing attention in recent years.”?> Early studies

metal-based hydroxides have

explored the use of single metal hydroxides for HMFOR.

Percentage (%)

mical Sciencer- -l
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However, their low conductivity, limited active sjtg, eXPOsiig,
and unbalanced adsorption behaviorDOHfieAO3TE3uIE®723h
unsatisfactory catalytic activity. To address these intrinsic
limitations, it has been recognized that orbital-level electronic
structure regulation of transition-metal active sites can improve
substrate adsorption and reaction kinetics. Chen et al. reported a
Mn-modified Ni(OH)2 catalyst supported on a porous metallic
skeleton, in which gradient d—d orbital occupancy was
engineered via the incorporation of Mn3*"4* species with low 3d
electron filling and high spin states.”® The resulting d—d orbital
hybridization between Mn and Ni redistributes 3d electrons,
increases unoccupied antibonding states, and strengthens d—p
hybridization, thereby optimizing HMF adsorption and
facilitating electron transfer during HMFOR. Consequently, the
Mn—Ni(OH):z catalyst delivered a current density exceeding 1.2
A cm? at 1.42 V, while maintaining excellent FDCA yield and
FE over multiple cycles. Beyond intrinsic electronic structure
regulation, researchers further began developing composite
hydroxides that combine complementary components to enhance
both activity and selectivity. For instance, Dai ef al. synthesized
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Fig. 5 (a) Schematic diagram of Al(OH)s/Co(OH), synthesis and electrochemical system of HMFOR. (b) HMF conversion, FDCA yield, and FE over-activated Al(OH)s/Co(OH), during
twenty-four successive HMF oxidations (1.5 V, 10 mM HMF,1 M KOH).”* Copyright 2024, Wiley-VCH GmbH. (c) The diagram of the catalytic enhancement mechanism of S—Ov—LDH.
(d) EPR spectrum of the LDH, Ov—LDH, and S—Ov—-LDH samples. (e) FE and FDCA yield of S—Ov—LDH under five successive electrolysis cycles.'® Copyright 2024, Wiley-VCH GmbH.
Distributed under the terms of the Creative Commons CC BY license (http://creativecommons.org/licenses/by/4.0/). (f) The Co-doping and Pd loading strategy for promoting two
key steps of proton deintercalation and spontaneous HMF dehydrogenation by using Pd/NiCo. (g) LSV curves of Ni(OH),, NiCo, and Pd/NiCo at 1 M KOH and 50 mM HMF solution at

5mV s~1. (h) The FDCA yield and FE on Pd/NiCo.”> Copyright 2023, Wiley-VCH GmbH.

AI(OH)3/Co(OH)2 catalyst by electrodeposition followed by
electrochemical activation.” In this system, Co®" serves as the
primary active site for electrocatalytic HMFOR, while AI®*
functions as an adsorption site that facilitates substrate

7| J. Name., 2012, 00, 1-3

enrichment (Fig. 5a). Benefiting from the synergistic interplay
between these active and adsorption sites, the catalyst exhibited
significantly higher HMFOR activity than either A1(OH); or
Co(OH):2 alone, achieving nearly 100% HMF conversion and FE

This journal is © The Royal Society of Chemistry 20xx
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(Fig. 5b). Building on the advantages of composite hydroxides,
subsequent studies have advanced toward bimetallic hydroxides,
which offer additional flexibility in tuning electronic structures
and redox properties. Among them, LDHs have emerged as
particularly promising candidates due to their well-defined
layered architecture and tunable metal composition. 3% 7 Yang et
al. synthesized ultrathin NiFe-LDH and NiMn-LDH catalysts
using a formamide-assisted coprecipitation method.”” In situ
characterizations and theoretical calculations revealed that the
intrinsic defect structure of the ultrathin LDHs enhances the
deprotonation ability of M—OH sites, weakens the O—H bond
covalency, and promotes the formation of high-valent metal
species, thereby significantly improving catalytic activity. This
finding highlights that rational regulation of the deprotonation
ability is an effective strategy to boost HMFOR performance.
Expanding on defect and composition regulation in LDHs,
Cheng et al. designed a defect-site filling strategy to optimize the
surface chemistry of CoFe-LDH catalysts.'® They first
synthesized CoFe-LDH rich in Ov by the hydrothermal method
and alkaline etching, and then introduced S atoms to fill these
vacancies. The introduction of S reduces the number of Ov and
effectively alleviates the strong adsorption effect caused by
excess Ov, thereby optimizing and balancing the adsorption
behavior of HMF and OH species (Fig. Sc—d). Thanks to this
defect-filling strategy, the optimized S—Ov—LDH catalyst
maintained approximately 97% FDCA yield and a high Faraday
efficiency of approximately 94% after five cycles (Fig. 5e). This
strategy provides a new design approach for the structural
regulation and performance improvement of electrocatalysts. To
further enhance the catalytic activity and durability, researchers
have also introduced noble metals onto bimetallic hydroxides,
leveraging their strong adsorption capability and high intrinsic
activity. For example, Liu et al. synthesized NiCo hydroxides by
co-precipitation method, followed by loading Pd nanoclusters to
obtain Pd/NiCo.”> The incorporation of Co modulated the d-
orbital structure of Ni, thereby lowering the onset potential for
HMFOR, while Pd exhibited strong adsorption affinity toward
HMF molecules, facilitating the interaction between Ni active
sites and HMF (Fig. 5f). Benefiting from the synergistic effects
of Co and Pd, Pd/NiCo exhibited markedly enhanced catalytic
performance, maintaining high yield and FE even after five
electrochemical cycles, indicative of its excellent stability (Fig.
S5g-h).

4.4 Metal Chalcogenides

Metal chalcogenides (mainly sulfides and selenides) have
received widespread attention in HMFOR research in recent
years.”® Among them, metal sulfides, represented by nickel
sulfide, are considered potential high-efficiency catalysts in
HMFOR due to their abundant active sites and excellent
conductivity.” 8 However, the activity and selectivity of Ni3S2-
based catalysts in HMFOR are still far from satisfactory.?!
Therefore, it is necessary to introduce strategies such as
electrochemical reconstruction, heteroatom doping, and
synergistic regulation of both from the perspective of electronic
structure and interfacial environment control to further improve
their catalytic performance. Among these strategies,

8 | J. Name., 2012, 00, 1-3

electrochemical reconstruction, as a dynamig,, structiral
evolution mechanism in the reaction proce$y; EarRIdRERP7sith
gradual oxidation of the sulfide surface to form oxide species
such as NiOOH, thereby significantly altering its interfacial
electronic structure and adsorption properties. Xiao et al
achieved the electrochemical activation reconstruction of NizSz2
by controlling the concentration of HMF in KOH solution,
resulting in a series of Ni3S2/NiOx-n catalysts with continuously
tunable compositions (Fig. 6a).8? By adjusting the ratio of NizS:z
to NiOx, the competitive adsorption between HMF and OH~
could be effectively balanced and optimized. Among them, the
Ni3S2/NiOx reconstructed under 15 mM HMF exhibited the
highest catalytic activity. Moreover, the Ni3S2/NiOx-15 catalyst
exhibits an FDCA FE of up to 98% and maintains excellent
stability during continuous electrolysis for over 100 hours (Fig.
6b). Unlike in-situ reconstruction, heteroatom doping optimizes
catalytic performance by altering the electronic structure and
local coordination environment of NizS2. Sun et al. reported the
synthesis of Co-doped Ni3S: on NF, yielding a porous
CoxNiS@NF catalyst.?! The porous architecture offers abundant
active sites and promotes efficient mass transport. Coo.4NiS@NF
delivers outstanding HMFOR performance, reaching 497
mA-cm~2 at 1.45 V vs. RHE, highlighting its promising potential
Further
research shows that introducing Mn can also effectively

for large-scale electrolytic hydrogen production.
modulate the electronic environment of Ni-based sulfides. The
Mn-doped NiS nanosheets prepared by Li e al. maintain over 98%
FDCA selectivity and high FE even at an industrial-grade current
density of 500 mA-cm™2 by providing additional Mn—O/Mn—
HMF adsorption sites and promoting Ni**/Ni** conversion. In
addition, synergistic
strategy combines the advantages of both, achieving multi-

the doping-reconstruction regulation
dimensional performance enhancements by simultaneously
regulating the local electronic environment and constructing the
active phase in situ. For example, Xu et al. doped Ni3S2 with Cu,
V, Zn, and Fe elements, respectively, and then restructured the
material by electrochemical oxidation (Fig. 6¢).83 Among them,
the constructed Cu/NizS2-R exhibited the best catalytic
performance (Fig. 6d). The introduction of Cu modulates the
electronic structure of Ni sites, generating more Lewis acid sites,
adsorption of HMF. The
subsequent electrochemical surface reconstruction generates
highly active NiOOH and expands the ECSA, enabling the
catalyst to have faster charge transport capabilities and better
reaction kinetics in HMFOR. Ultimately, the Cu/NiszS2-R
catalyst achieved nearly 100% FDCA yield and nearly 100% FE
(Fig. 6e). Beyond sulfides, selenide systems are also attracting
Liu et al reported a
heterostructure  constructed

thereby promoting the initial

increasing attention. Recently,
CoSe2@NiSe—CoSe/NF
hydrothermal synthesis and a post-selenization step (Fig. 6f).2!
The resulting CoSe2@NiSe—CoSe2/NF heterostructure exhibits
superior HMFOR performance compared with CoSez and NiSe,
requiring only 1.29 V and 1.36 V to achieve 10 and 50 mA c¢cm™2,
respectively (Fig. 6g). Moreover, over ten consecutive cycles,
the total FE and FDCA yield reached 98.1% and 98.6%,
respectively (Fig. 6h).

via

This journal is © The Royal Society of Chemistry 20xx

Page 8 of 21


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc09723a

Open Access Article. Published on 12 January 2026. Downloaded on 1/13/2026 11:31:23 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

== -Chemical Science = {11

Journal Name

View Article Online

o o—o—o—o—o_oDQLIOI0B3D5SC09723A

0—0—0—0—0—0—0—0—0—0—0—0—0—0—C—0—0C 0—O0—0=0

ARTICLE
°
a gl e, OO b__ 400
DOEDOBEDOS suiscareceramusen  MARRAARAER %
LS, = NS, ]
o Low HIMF concentration Limited HME sdsorption E 360
8" <L Y ®é &
a £ ® F
: I 66066 sutcarmarannen DY BREBH 8 32
M8, NS, o NS E
Moderate HMF concentration Balanced adsorption for HMF and OH E
° 4 O z80
\Q‘% . 'ﬁ‘ ‘/\ 50
D i 0o SO, - o 0
L = N,
High HIMF concentration Limited OH adsorption
Y d
\iﬁD}‘ Hydrothermal Ec oxidation &E"
:} )‘c 150°CSh Rmnsuuc :
AR <
Ni foam MINIS, MINLS R

0 £
oy
]
60 T
£
o
4w #
B
H
NiS MO =15, ~O—FE of FOCA e
Initial Cyppe: 20mM  E = 1.6V vs. RHE —@~—FE of total organic
0 20 40 80 80 100
Time (h)
e Cv. (%) cums#

125 130 135
Potential (V vs.RHE)

1.40

300 T Tawon h o B Conversion B FF i Vield

g & | NiSe 1 KOH+ 10 a HMF —

f lonFxchangs B |0 s rcivsaiio =
a((]}l)z COSC, <99 MM"W‘. 1M KOH el

She& E 8 CoSey@NiSeCoSeyNF | s KOH+10 msa A ;"
Jam\ Ostwald Ripening z B
NF NaOH ‘Ni&{cis‘ﬁ! P §m R
0O § §:m
ot Co(OH)/NF  CoSe,@NiSe-CoSe/NF ot 5 L

sb&ll.'-.N.iSe-C_..;D_Sﬁg 09 10 11 12 13 14 1S 16 17 18 1 2 3 4 8 6 7 8 9 10

Cycles of HMF electro-oxidation

Potential (V vs. RHE)
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NisS, surface. The blue, red, and white balls represent carbon, oxygen, and hydrogen atoms, respectively. (b) Current density of Ni3S,;/NiO,-15 and FE of the products during
chronoamperometry measurements for over 100 h.#2 Copyright 2023, Wiley-VCH GmbH. (c) Schematic illustration for the synthesis of M/NisS,-R electrocatalysts (M = Fe, Zn, V, and
Cu). (d) ECSA-normalized LSV curves for HMFOR. (e) Performance comparison of M/Ni3S,-R.83 Copyright 2023, Wiley-VCH GmbH. (f) Schematic of the preparation method of
CoSe,@NiSe-CoSe,/NF. (g) LSV curves of NiSe, CoSe,, and CoSe,@NiSe-CoSe,/NF in 1 M KOH with and without 10 mM HMF. (h) Yield, HMF conversion rate, and FE of the CoSe,@NiSe-

CoSe,/NF during ten electrolysis cycles.?! Copyright 2025, Wiley-VCH GmbH.

4.5 Metal Phosphides

Metal phosphides exhibit unique advantages in HMFOR due to
their high electrical conductivity and metal-phosphorus
synergistic effects.’* However, pristine metal phosphides often
suffer from limited active sites and poor structural stability,
making it difficult to achieve ideal catalytic performance. To
challenges, employed
strategies such as heterostructure construction and metal doping

overcome these researchers have
to optimize their electronic structure and interfacial properties,
thereby significantly enhancing catalytic activity and selectivity.
The following section highlights recent advances in
representative metal phosphide catalysts and their mechanistic
roles in HMFOR. Fu et al. successfully constructed a NisP—CusP
heterostructure on a copper foam (CF) substrate.?’ XPS analysis
revealed that the Cu 2p peak of NisP—CusP/CF shifted by
approximately 0.3 eV toward lower binding energy compared
with CusP/CF, while the Ni 2p peak exhibited a positive shift of
about 0.5 eV relative to NizP /CF (Fig. 7a-b). These energy shifts
indicate an interfacial electron redistribution, in which electrons
transfer from NisP to CusP, thereby inducing the formation of
high-valence Ni active species. Meanwhile, the electron-
enriched CusP domains effectively suppressed the competing
OER process, resulting in a remarkable improvement in both the
conversion efficiency and product selectivity of HMFOR. The
NizP—CusP/CF catalyst achieved HMF conversion of 100%,
FDCA selectivity of 99.4%, and FE of 99.2%, significantly
outperforming single NizP and CusP catalysts (Fig. 7c¢).
Following a similar interfacial modulation principle, Wang et al.
designed a CoP—-CoOOH heterojunction catalyst.®> The strong

9| J. Name., 2012, 00, 1-3

coupling at the CoP/CoOOH interface facilitated directional
electron transfer and strengthened reactant adsorption, together
resulting in markedly enhanced HMFOR activity. These studies
highlight that rational heterostructure
simultaneously promote charge optimize
adsorption energetics, and suppress side reactions. In addition to

construction can

redistribution,

heterostructure engineering, metal doping provides another
powerful approach to modulate electronic structure in phosphide
catalysts. Min et al. successfully synthesized Mn-doped CoP
catalysts on carbon cloth (Mnx—CoP/CC) by the hydrothermal
method followed by phosphorization.®® The incorporation of Mn
facilitated electron transfer from Co to P, resulting in Co electron
depletion and P electron enrichment, while simultaneously
accelerating the formation of MnCoOOH. Benefiting from this
electronic modulation and surface reconstruction behavior, the
catalyst exhibited multifunctional properties, enabling efficient
catalysis of the hydrogen evolution reaction (HER) and HMFOR.
In summary, heterostructure construction and metal doping
synergistically modulate the electronic and surface properties of
metal phosphides, greatly enhancing their performance in
selective HMFOR.

4.6 Other Metal Compounds

In addition to the common metal-based catalysts mentioned
above, other types of metal-based compounds also show
potential for application in HMFOR.%” For example, metal
nitrides and metal-organic frameworks (MOF) have all
demonstrated excellent catalytic performance.®® % Although
research on these materials is still in the exploratory stage, they

This journal is © The Royal Society of Chemistry 20xx
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offer new insights and research directions for HMFOR catalyst
successfully constructed CosN@CeO2
heterostructure on NF by the hydrothermal impregnation

design. Zhou et al.

method.”® In this system, CeO2 extracts electrons from Co4N,
the the
heterointerface and optimizing the electronic structure of the

thereby modulating electronic  distribution at

Journal Name

active sites. The CosN@CeO2/NF exhibits \, Qutstanding
multifunctional catalytic performance, déiRbrStRENE kMt
activity in HER, OER, and HMFOR. Besides, Zhou et al
introduced V doping into NisN, which effectively promoted
surface reconstruction and generated highly active hydroxide
species, thereby markedly enhancing FDCA yield.* In addition
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Fig. 7 (a) Cu 2p XPS spectra of NisP-CusP/CF and CusP/CF. (b) Ni 2p XPS spectra of NisP-CusP/CF and NisP/CF. (c) HMF conversion, FDCA selectivity, and FE of NisP-CusP/CF, NisP/CF,
CusP/CF, and CF.2° Copyright 2024, Elsevier. (d-e) In situ Raman spectra of Cu-NiFe PBA and NiFe PBA at different potentials. (f) Comparison of HMF conversion, FDCA selectivity, and

FE for NiFe PBA and Cu-NiFe PBA.! Copyright 2025, Elsevier. (g) LSV curves in 1 M KOH with
Wiley-VCH GmbH.

and without 10 mM HMF. (h) Catalyst recyclability test of GNPCH-900.%2 Copyright 2025,

to metal nitrides, Liu et al. synthesized NiFe Prussian blue
analogue (PBA) and Cu-NiFe PBA using a hydrothermal
method.”' In-situ Raman spectroscopy showed that, compared
with NiFe PBA, Cu-NiFe PBA exhibited a significant Ni>*~O
vibrational peak at a lower potential (1.35 V), which gradually
increased with increasing potential, while its cyano group signal
showed a significant attenuation (Fig. 7d—e). Furthermore, Cu?*
causes the d-band center of adjacent Ni atoms to shift upward to
the Fermi level, thereby enhancing their adsorption capacity for
—OH and —CHO in HMF molecules, and thus accelerating the
oxidation of HMF to FDCA. Under the combined effects of the
Cu—NiFe PBA still maintains
excellent catalytic performance even under high-concentration

above electronic regulations,
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HMF conditions. It achieves nearly 100% HMF conversion, 99.8%
FDCA selectivity, and 99.7% FE, demonstrating its strong
potential for industrial application (Fig. 7f). These findings
indicate that many more metal-based materials with unique
structures and electronic properties remain to be discovered,
offering broad opportunities for future advancements in HMFOR
catalysis.

4.7 Metal-Free Catalysts

Metal-free materials featuring low cost, high conductivity,
tunable physicochemical properties, and excellent stability are

potential catalysts for various electrochemical

93-95

transformations. In recent years, research on metal-
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freecatalysts for HMFOR has gradually become an important
direction in the field of biomass conversion. Current research
focuses on solving the problems of high cost, resource scarcity,
and environmental burden of traditional precious metal or
transition metal catalysts, and improving catalytic efficiency and
stability through innovative design. Although the research on
metal-free catalytic systems directly targeting HMFOR is still
relatively limited, the progress in related fields has provided
potential paths and inspiration for this direction. In 2019, Qin et
al. prepared N and B co-doped porous carbon materials.’® The
metal-free electrocatalyst was used for HMFOR, and the HMF
conversion rate reached 71% and the FDCA yield was 57%. This
work provides new and in-depth insights into the rational design
and activity origin of metal-free electrocatalysts, and also makes
it possible to explore further applications of HMFOR metal-free
catalysts. Moreover, the establishment of structure-function

Chemical Science

relationships also provides a theoretical basis for the, design,of
metal-free catalysts for HMFOR. Wan2Oadd 1838/ RellOsgaes
reported that graphene-like nitrogen-doped porous carbon sheets
(GNPCH) derived from biomass molecules HMF, are a highly
efficient metal-free electrocatalyst for biomass valuation.”?> As
illustrated in Fig. 7g-h, the GNPCH pyrolyzed at 900°C
(GNPCH-900) shows a substantially lower onset potential for
HMFOR than the other catalysts, accompanied by a markedly
enhanced current density. More importantly, the reaction can
proceed continuously for over 400 hours, during which both the
final FDCA yield and the Faradaic efficiency remain above 90%.
These findings not only elucidate the structure—activity
relationship between the catalyst’s microstructure and its
performance but also offer valuable insights for the future

development and design of metal-free HMFOR catalysts.

Table 1. Summary of the performance of different electrocatalysts for the conversion of HMF to FDCA.

Electrolyte/HMF

Categories Catalysts concentration E (V vs. RHE) Yied/Selectivity (%) FE(%) Ref.
Ni(NS)/CP 0.1 M KOH/5 mM 1.36 99.4/- - 61
Ni@C 1 M KOH/10 mM 1.45 98.2/- 98.5 62

Metals/Alloys
Pt1Ni3 1 M KOH/50 mM 1.45 98/- 98 64
Ni-Cu 1 M KOH/50 mM 1.45 99.5/100 99.7 15
Ov-Co304 1 M KOH/10 mM 1.47 91.9/- 88.1 22
Pd-NiC0204 1 M KOH/50 mM 15 -/99.2 99.6 68

Metal Oxides
NF@Co0304/Ce0> 1 M KOH/10 mM 1.40 94.5/- 97.5 69
CuO-PdO 1 M KOH/50 mM - 96.2/- 93.7 70
S-Vo—CoFe LDH 1 M KOH/50 mM - 98.4/- 94.9 18
. Mn-Ni(OH)2/PMS 1 M KOH/50 mM 1.4 99.6/- 98.5 73

Metal hydroxides

Al(OH)s/Co(OH) 1 M KOH/10 mM 15 99.1/- 99.4 74
Pd/NiCo hydroxides 1 M KOH/50 mM - 96.5/- 95.9 75
COCS;SZS /hll\"ie' 1 M KOH/10 mM 1.4 98.6/- 98.1 21
NisS2/NF 1 M KOH/50 mM 14 98.8/ 97.6 79
Metal Chalcogenides Mno.NiS/GF 1 M KOH/100 mM - 97.6/98.3 94.2 80
Coo4NiIS@NF 1 M KOH/10 mM 1.45 >99.0/>99.0 99.1 81
Cu/NisS2-R 1 M KOH/20 mM 1.4 100/100 100 83
NisP-CusP/CF 1 M KOH/10 mM 1.44 -/99.4 99.2 20
Metal Phosphides CoP-CoOOH 1 M KOH/150 mM 1.42 -/96.3 96.3 85
NiFeP 1 M KOH/10 mM 1.435 99.4/99.4 94.6 97
NiBx 1 M KOH/10 mM 14 98.8/99.0 99.5 42
Other Metal Compounds V-NizN 1 M KOH/10 mM 1.475 >95.4/98.2 98.2 50
Cu-NiFe PBA 1 M KOH/100 mM - -/99.8 99.7 91
Metal-Free Catalysts GNPCH-900 1 M KOH/10 mM 1.446 >90.0/>90.0 >90.0 92

In summary, diverse classes of electrocatalysts have been
developed for HMFOR, each presenting distinct advantages and
limitations. Table 1 provides a comparative overview of the
catalytic performance of representative electrocatalysts. Metals
and alloys possess high intrinsic activity but are often limited by
corrosion and instability in oxidative environments, requiring
conductive supports and structural modulation. Conversely,
metal oxides and hydroxides (e.g., Co, Ni, Fe-based) feature
tunable redox chemistry and abundant active sites but suffer from

11 | J. Name., 2012, 00, 1-3

low conductivity, often necessitating defect engineering or
doping. Chalcogenides and phosphides benefit from high
conductivity and synergistic effects, delivering excellent FDCA
yields and FE, typically after in situ surface reconstruction.
Emerging candidates like nitrides, MOFs, and metal-free
catalysts expand design possibilities yet face hurdles regarding
activity, durability, and mechanistic clarity. Despite progress,
common challenges persist, including managing
adsorption/desorption energies, suppressing competitive OER,

This journal is © The Royal Society of Chemistry 20xx


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc09723a

Open Access Article. Published on 12 January 2026. Downloaded on 1/13/2026 11:31:23 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

(ec)

Chemical Science

and ensuring stability at industrial current densities. Overall,
integrating compositional regulation, electronic structure tuning,
and interfacial engineering is essential to bridge the gap between
fundamental studies and practical HMFOR applications.

5. Reaction Conditions

The electrochemical conversion of HMF is subject to several
sources of uncertainty, including the intrinsic instability of the
substrate, the presence of impurities in the electrolyte, and the
analytical challenges associated with product quantification.?®- %8
Rigorous accounting for these factors is essential to ensure the
reliability and accuracy of electrochemical evaluations.
Crucially, these uncertainties are not isolated; they are
inextricably coupled with the fundamental parameters of the
electrolyte system—specifically pH, composition, and applied
potential >7- 3899

Electrolyte pH governs the reaction pathway by modulating
the adsorption behavior and dissociation states of both HMF and
its intermediates.'®® Simultaneously, the applied potential
establishes the thermodynamic driving force for electron transfer,
directly dictating product distribution and selectivity.
Furthermore, the electrolyte composition, particularly the
identity of supporting ions, introduces specific interactions that
can alter interfacial properties and reaction kinetics.
Consequently, the systematic and synergistic control of pH,
composition, and potential is imperative for achieving
reproducible, accurate, and comparable assessments of HMF
electroconversion processes.

5.1 Electrolyte pH

The electrolyte pH serves as a determining factor in the
thermodynamics and kinetics of the HMFOR electrocatalytic
reaction.!?!. 192 The HMFOR reaction pathway involves multiple
intermediates, and under different pH conditions, the reaction
follows distinct pathways. This is due to the different adsorption
properties and reactivity of the aldehyde and hydroxyl groups at
varying pH levels.?® Under mild alkaline or neutral conditions
(pH < 13), the oxidation of the hydroxymethyl (—CH20H) group
is favored, leading to the DFF pathway. In contrast, under strong
alkaline conditions (pH > 13), the oxidation of the aldehyde
(—CHO) group predominates, promoting the HMFCA pathway.
The pH of the electrolyte modulates the selectivity of the reaction
pathway and the formation of intermediates, thereby influencing
the distribution of the final products.®®> In general, the
electrooxidation of HMF to FDCA can proceed under acidic,
neutral, and alkaline conditions. However, acidic and neutral
environments often lead to limited catalytic activity and lower
product selectivity due to sluggish reaction kinetics and
instability of the catalyst. In contrast, under alkaline conditions,
most reported electrocatalysts can readily achieve high FDCA
yields and FE. Therefore, the current research on HMFOR
mainly focuses on the electrooxidation of HMF under alkaline
conditions. Alkaline electrolytes have become the main reaction
medium for the electrocatalytic HMFOR due to their unique
catalytic advantages.?> ' Zeng and co-workers designed and
prepared nanoporous mesh-type NiFe layered double hydroxides
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(Rh-SA/NiFe NMLDH) as a highly active and stable, alkaline
HMFOR catalyst.'” 1t is worth notiR@!: tRdO3SRR-SAINZEL
NMLDH has top catalytic activity for HMFOR, with an onset
potential of 1.2 V vs. RHE, an extremely low potential of 1.3 V
vs. RHE at 50 mA ¢cm ™2, an FE close to 100%, and excellent long-
term stability. Prajapati et al. studied the effect of electrolyte pH
on HMFOR by varying the pH of the electrolyte.!% As shown in
Fig. 8a, HMFOR showed different activity and selectivity trends
between high alkaline and low alkaline environments, with high
activity for HMFOR and high selectivity for FDCA at pH = 13,
and low HMFOR activity and high selectivity for DFF at pH =
11. These pH-dependent variations in product selectivity
highlight the dynamic interplay between competing reaction
pathways, emphasizing the critical role of electrolyte pH in
determining reaction outcomes. However, it has been reported
that under alkaline conditions, the formation of aldehyde
intermediates can be suppressed due to the facile hydration of
aldehydes into geminal diols, which are less reactive.!%% 197 So
some researchers have explored the use of neutral electrolytes to
modulate the reaction pathway. In fact, in neutral media, the
oxidation of the aldehyde group in HMF can be significantly
inhibited, thereby favoring the accumulation of intermediate
products such as DFF.!® This highlights that a neutral pH
the
stabilization of aldehyde-containing

environment may facilitate selective synthesis and

intermediates during
HMFOR.!'® Ge and co-workers reported using single-atom
ruthenium on nickel oxide (Rui-NiO) as a catalyst to selectively
produce aldehydes in the neutral medium.'® As illustrated in Fig.
8b, DFF emerges as the predominant product within the
investigated potential range, suggesting that the oxidation of
hydroxyl groups constitutes the most favorable reaction pathway
for HMFOR under neutral pH conditions. Rui-NiO also
exhibited a low potential of 1.283 V vs. RHE at 10 mA cm2, and
the DFF selectivity of 90%. It reveals that the neutral electrolyte
plays an important role in achieving high aldehyde selectivity. In
addition, He et al. designed and synthesized an S-Ru/MnO:
amorphous structure catalyst and combined it with an
electrochemical pulse method to promote the electroconversion
of HMF to FDCA in a neutral electrolyte, achieving a 100%
HMF conversion rate and a 98.7% FDCA yield at a current
density of 47 mA cm2.19 Alkaline electrolytes have been widely
employed in HMFOR due to their ability to significantly enhance
the efficiency of FDCA production. However, at the industrial
scale, large quantities of acid and base are required to adjust the
pH for FDCA precipitation and recovery, which substantially
increases production costs. In contrast, performing HMFOR in
acidic electrolytes allows for efficient separation of FDCA via in
situ crystallization or solvent extraction, without the need for pH
adjustment. Zhang et al. prepared MnO:z-modified carbon
electrodes via an electrodeposition process, resulting in a carbon
electrode hereafter referred to as €-MnO2.'"" The &-MnO:-
modified carbon electrode was subsequently subjected to
thermal treatment, and the resulting electrode was designated as
€-MnO2/b. Thereafter, e-MnO2/b was employed as the working
electrode and underwent chronopotentiometric pretreatment,
yielding the final electrode, referred to as e-MnO2/bp, then their
electrocatalytic activities for HMFOR were evaluated. Fig. 8c
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illustrates the changes in product selectivity as the voltage varies.
It was found that the e-MnO2/bp catalyst exhibited the best
electrocatalytic oxidation performance, with a conversion rate of
92.95% and a yield of FDCA of 23.03% under the conditions of
60 °C, 0.5 M H2SO4, and 1.6 V vs. RHE. This strategy offers a
promising approach for establishing a sustainable, low-carbon,
and energy-efficient process for the continuous production of
FDCA."'"" In summary, the electrolyte pH critically influences
both the activity and selectivity of the HMFOR process. The
HMF conversion, FDCA yield, and FE during the HMFOR
process can be effectively regulated by tuning the electrolyte’s
pH.

5.2 Electrolyte Composition

The selection of electrolyte plays a pivotal role in governing the
performance of HMFOR, including activity, selectivity, and
stability, by modulating the interfacial reaction environment,
dictating the reaction pathway, and affecting the state of the
catalyst.!'> The most commonly used electrolyte is KOH, with a
concentration of wusually 1 M, which provides a high
concentration of OH™ and usually has a high reaction activity.
Choi et al. synthesized a NiP/Ni(PO3)2/NiMoOs hybrid (SR_P-
NMO) containing Ov by the double ion leaching method and
carried out the HMFOR process in a 1.0 M KOH electrolyte
solution.!’® The results showed that it had significant catalytic
efficiency at a low potential of 1.37 V and obtained a FDCA
yield of up to 97.4% in a short reaction time. Some researchers
also used weak acid salts as electrolytes. Compared with strong
bases, it has better buffering properties and can reduce the

114 it has lower corrosiveness; and

influence of local pH changes;
it may slightly improve selectivity or stability in some systems.
Lei et al. synthesized a pCoHA-Ru catalyst consisting of ultra-
dense RuOx clusters supported on a cobalt hydroxide-based
support.''* Anodic oxidation of the HMF-containing electrolyte
under two distinct pH conditions results in a marked difference
in solution color, with absorbance varying by 1.0 to 2.0 orders of
magnitude, and the solution is almost clear under the KHCOs3
electrolyte with 0.1 M HMF (Fig. 8d). Without undergoing a
large amount of polymerization, pCoHA-Ru exhibited superior
performance in a 1 M KHCOs electrolyte solution (pH = 8.31),
effectively converting HMF into FFCA and FDCA with a yield
of 92.1%, providing a new route for the two-step conversion of
HMF while greatly reducing polymerization. Lee and colleagues
proposed the selection of a combination of triethylamine (TEA)
and carbonate as the anolyte to replace the traditional KOH
electrolyte, enabling the HMFOR in the paired electrolysis
system to operate stably for a long time under mild pH
conditions.!'”® The use of TEA provides a suitable pH value,
preventing alkali-induced HMF degradation while maintaining a
stable anolyte pH value, because the protons produced in the
alcohol/aldehyde oxidation reaction are chelated by TEA. The
addition of carbonate to TEA promotes the clectrochemical
oxidation of alcohol to aldehyde by interacting with the hydroxyl
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protons of the alcohol group. These improvements epabled stable
FDCA production for 150 hours durif® HMPS¥REHFEPYSIE)
maintaining initial performance without electrolyte replacement.
These results highlight the importance of optimizing anolyte
composition for long-term, reliable electrolysis. In summary, the
choice of electrolyte significantly influences the HMFOR.
Different electrolyte types, due to differences in their acid-base
properties, ionic radius, charge density, and coordination and
adsorption capacity, directly alter the dominant reaction pathway
and influence the state of catalytically active sites, thereby
reaction rate, and overall

regulating product selectivity,

efficiency.

5.3 Potential

Potential has a significant effect on the HMFOR process. In
general, high potential will trigger the OER, reducing the yield
and FE of FDCA. At a lower potential, the HMFOR process
mainly produces DFF and HMFCA intermediates, while the
production of FDCA requires a higher potential.!'? Therefore,
how to achieve high current density in a limited potential range
is the key to the success of HMFOR.* Moreover, by precisely
tuning the applied potential to influence the pathway selectivity
of HMFOR, selective generation of diverse products can be
achieved under different potential conditions. Zhou and his
colleagues constructed Ag-Co(OH)2 heterogeneous catalysts and
used the tandem synergistic catalytic effect of the composite
catalysts to electrocatalyze the HMF oxidation reaction in an
alkaline electrolyte solution, greatly reducing the reaction
potential of HMFOR (1.03 V vs. RHE).!!¢ Furthermore, as
shown in Fig. 8e, the combined FE of HMFCA and FDCA at
potentials below 1.3 V vs. RHE exceeded 100%, indicating that
the non-Faradaic reaction was a Cannizzaro reaction catalyzed
by Ag. At the same time, the reaction was carried out at different
potentials. The HMFCA yield was 91.3% at 1.1 V vs. RHE, and
the FDCA yield was 92.8% at 1.4 V vs. RHE. The highly
efficient and selective synthesis of HMFCA and FDCA across
different potential ranges was achieved. This work demonstrates
the selective synthesis of two high-value-added chemicals using
a tandem catalyst, providing powerful guidance for the design
and development of efficient multi-component catalysts. Tong et
al. reported the growth of CuOxHy on Cu foam as a model
electrocatalyst to investigate the active phases of the Cu-based
catalyst in the HMFOR.'!” Fig. 8f shows that for HMF and
HMFCA, the indirect oxidation current (/ind) dominates at 1.4 V
vs. RHE, while the contribution of the direct oxidation current
({9) increases significantly at 1.5 V vs. RHE. Conversely, DFF
and FFCA display a consistently dominant /ind at both 1.4 and 1.5
V vs. RHE. All results show that at potentials below 1.4 V vs.
RHE, CuO exhibits a relatively low HMFOR activity, with the
reaction primarily proceeding through the Cu?*-mediated direct
oxidation process (DOP). When the potential is increased to
approximately 1.5 V vs. RHE, the Cu’'-mediated direct
oxidation process becomes activated, where the high surface

This journal is © The Royal Society of Chemistry 20xx
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Fig. 8 (a) Product distribution at different pH levels of HMFOR on a thin-film nickel catalyst.1> Copyright 2024, American Chemical Society. (b) Product distribution at different
potentials over Ru;-NiO in 1.0 M PBS after passing 10 C charge.® Copyright 2022, Wiley-VCH GmbH. (c) The different product selectivities of ¢ -MnO,/bp in 0.5 M H,SO, with 50 mM
HMF.'10 Copyright 2025, The Royal Society of Chemistry. (d) Ultraviolet-visible spectroscopy spectra of anodized HMF electrolytes in 1 M KHCO3; and 1 M KOH, respectively.114
Copyright 2024, Wiley-VCH GmbH. (e) FE of FDCA and HMFCA of the Ag-Co(OH), sample at different potentials.''® Copyright 2024, Wiley-VCH GmbH. (f) Current component due to
Cu?*-mediated DOP and I0P of HMF, HMFCA, DFF, and FFCA at 1.4 and 1.5 V.1'7 Copyright 2025, Wiley-VCH GmbH.

coverage of the catalyst primarily hinders the adsorption of —
CHO, while the increased potential primarily promotes the
adsorption and subsequent oxidation of —OH, reversing the
selectivity. In a word, the active sites of the catalysts and their
adsorption behavior toward organic substrates can be tuned by
adjusting the applied potential, ultimately achieving selective
product formation. These findings facilitate the rational design
of more efficient electrocatalysts for selective and value-added
conversion of biomass.

6. Summary and Prospects

This review outlines the reaction pathway and mechanism of
HMFOR, elucidating the key steps involved and their inherent
challenges, laying the theoretical foundation for subsequent
content. Recent mechanistic studies have focused on core issues
such as the equilibrium adsorption of HMF and OH™, and the
rapid conversion of high-valence active species (e.g., NiZ*/Ni*).
Standard evaluation methods are then summarized to provide a
reference for benchmarking and the rational optimization of
catalyst performance. Next, various catalyst systems are
systematically discussed, with a focus on strategies and
mechanisms for improving activity and selectivity. Overall,
catalyst development has primarily focused on Ni, Co, and Fe-
based systems, with defect engineering, heteroatom doping,
heterostructure construction, and dynamic surface reconstruction
becoming widely effective and transferable design strategies
applicable to different catalyst types. Furthermore, there is a
growing recognition that reaction conditions (including pH,
electrolyte composition, and potential) play a crucial role in
determining reaction pathways and product selectivity, reflecting

14 | J. Name., 2012, 00, 1-3

a shift from materials-centric design to holistic reaction system
regulation. Given the significant gap between current laboratory
research findings and industrial application needs, this review
concludes by summarizing the key issues that urgently need to
be addressed and proposing possible future development
directions, aiming to promote efficient and scalable FDCA
electrosynthesis.

6.1 Standardized Evaluation Protocols

Currently, significant discrepancies exist across research groups
regarding electrolyte composition, catalyst loading, operating
parameters, and performance metrics.!'® This lack of unified
standards hinders the rigorous comparative benchmarking of
catalyst performance. Consequently, there is an urgent need to
establish a standardized and universal testing protocol. For
instance, under alkaline conditions, a consensus standard could
be adopted: a three-electrode system using 1 M KOH containing
10 mM HMF, a scan rate of 5 mV s~!, and 90% iR compensation,
with performance normalized to mass activity. Such a
standardized framework would not only facilitate valid
comparisons among different HMFOR catalysts but also
significantly enhance the reproducibility of research findings.

6.2 In-depth Mechanistic Studies

Despite significant progress in HMFOR research, the complete
catalytic mechanism remains to be fully elucidated. Specifically,
there is limited understanding regarding the dynamic surface
reconstruction of catalysts and the evolution of active sites under
operating conditions, which obscures the identity of the true
catalytic centers. Furthermore, a systematic correlation linking
catalyst composition, geometric structure, and electronic

configuration to activity has yet to be fully established.
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Consequently, future research must integrate advanced in
situ/operando characterization with theoretical simulations. This
approach is essential for tracking the evolution of key
intermediates and revealing intrinsic active sites, thereby
providing a profound understanding of the reaction mechanism.
Such efforts will facilitate the development of a comprehensive
structure-activity relationship framework, offering a solid
theoretical basis for the rational design and optimization of
efficient catalytic systems.

6.3 Exploration of Field-Assisted Catalysis

Beyond intrinsic material properties such as composition and
structure, external physical fields (e.g., light, thermal, magnetic,
or strain fields) play a pivotal role in modulating local electronic
structures, intermediate adsorption energies, and reaction
pathways. Leveraging these effects offers additional degrees of
freedom for tuning catalytic selectivity and activity without
altering the bulk composition of the catalyst.!!® 120 While field
effects have been validated in other electrochemical systems,
their application in HMFOR remains nascent and largely
unexplored. Future research in this direction could unveil new
paradigms

valorization.

for controllable and high-efficiency biomass

6.4 Multifunctional Catalysts for Coupled Systems

Coupling HMFOR with reductive half-reactions, such as HER or
CO2RR, enables the concurrent production of high-value
chemicals and clean energy.’% °° However, to overcome the
and high
paired electrolysis,

costs associated with
the

bifunctional or multifunctional catalysts is imperative. This

efficiency bottlenecks
conventional rational design of
strategy enhances overall energy efficiency by integrating anodic
and cathodic functionalities into a single system. Despite the
clear potential of this approach, significant challenges persist
regarding catalyst durability and the kinetic balancing of paired
reactions. Addressing these issues is critical for advancing the
practical application of HMFOR in integrated renewable energy

and chemical synthesis systems.

6.5 Expanding the Electrolyte pH Scope

Alkaline media are preferred in HMFOR due to their superior
reaction kinetics, offering high concentrations of OH™ species
and low reaction barriers. However, alkaline systems suffer from
increased process complexity due to post-reaction acidification
and purification. In contrast, acidic media facilitate product
separation and integration with biomass hydrolysis but suffer
from severe catalyst corrosion and side reactions, leading to
reduced reaction efficiency and selectivity. Consequently,
expanding the applicable electrolyte pH range and identifying
optimal pH windows that balance reaction kinetics and catalyst
stability are essential for improving HMFOR efficiency. Neutral
or mildly acidic environments may represent an effective
compromise, mitigating corrosion and suppressing competing
preserving favorable
Accordingly, the development of acid-stable catalysts, enabled
by strategies such as carbon encapsulation, metal doping, and
surface modification, is critical for achieving pH-flexible
HMFOR operation.

reactions while reaction Kkinetics.
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6.6 Data-Driven Catalyst Discovery and Rational Design,, . ..cic onine

.. . . DOI: 10.1039/D5SC09723A
The multidimensional complexity of HMFOR renders traditional

trial-and-error approaches inefficient. Artificial intelligence (AI)
and machine learning (ML) offer a very promising solution for
catalyst design, capable of unraveling complex structure-activity
relationships. In the synthesis, characterization, and application
of catalytic materials in catalytic processes, ML techniques not
only provide new avenues for catalyst design but also offer
powerful tools for a deeper understanding of the relationship
between material properties and catalytic activity. This
knowledge helps establish principles for designing catalysts and
improving their efficiency. Future research should prioritize
identifying “descriptors” for high-throughput
screening and advancing inverse design to computationally
generate optimal structures based on performance targets.
Ultimately, coupling Al-driven predictions with automated
robotic platforms (i.e., “closed-loop” systems) promises to
dramatically accelerate the catalyst discovery cycle from years
to months.

universal

6.7 Synergistic Reactor Design and Interface Engineering

Transitioning from H-type cells to continuous flow and
membrane electrode assembly (MEA) reactors is essential for
industrial viability.'?'"'?3 The configuration, material choice, and
structural refinement of electrolytic devices are critical in
modulating the electrode-electrolyte interface, a factor that
dictates efficiency, stability, and long-term
sustainability. In continuous flow and MEA systems, the
optimization of cell components has led to substantial
improvements in both stability and current density. Beyond
merely enhancing reaction rates, advancements in reactor

reaction

engineering contribute to extended system lifespans and superior
operational reliability. Advanced reactors not only optimize
reactant-catalyst mass transport but also provide precise control
temperature effectively suppressing
undesirable side the continued

over and pressure,

reactions. Consequently,
evolution of reactor technology plays an indispensable role in the
industrial implementation of HMFOR. To overcome mass
transport limitations and gas accumulation at high currents, a
multi-scale strategy is required: microscopically, by modulating
pH to diffusion;

macroscopically, by refining fluid dynamics to minimize ohmic

wettability and local optimize and
losses. Integrating these interfacial controls with robust reactor
design is key to achieving sustained, ampere-level current

densities.

6.8 Bridging the Gap to Industrial Implementation

Commercialization hinges on bridging the gap between ideal lab
conditions and realistic industrial environments. A critical challenge
is ensuring catalyst robustness against impurities (e.g., humins, lignin)
found in crude hydrolysates, which often poison active sites. Future
work must prioritize materials with intrinsic tolerance to these “dirty”
feedstocks. Furthermore, as techno-economic viability is dictated by
downstream processing, developing integrated “reaction-separation”
technologies is imperative. The ultimate goal is to deliver holistic
solutions that achieve high efficiency, industrial-grade durability
(>1000 hours), and simplified recovery to ensure economic feasibility.

This journal is © The Royal Society of Chemistry 20xx
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