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Bimetallic Fe(OH),@Coq gsFeq >-MOF/NF
composites as effective electrocatalysts for the
production of 2,5-furandicarboxylic acid from
5-hydroxymethylfurfuralt

Mehran Nozari-Asbemarz, {22 Simin Arshi,2 Behnam Babaei,? Italo Pisano,?
Edmond Magner (2 ** and James J. Leahy*®

A wide range of catalytic techniques have been explored for the use of biomass components. For
example, the electrocatalytic oxidation of 5-hydroxymethylfurfural (HMF) to 2,5-furandicarboxylic acid
(FDCA) can be performed with excellent energy efficiency under safe operating conditions and with fine
control of the production parameters. Metal-organic framework (MOF) catalysts with active metal centres
have been prepared as electrocatalysts for the oxidation of HMF to FDCA. A Fe(OH),@Cog gFeg-MOF/
nickel foam (NF) was made via two steps: Cog gFeg2-MOF/NF was synthesized by in situ solvothermal
methods followed by the electrodeposition of Fe(OH),. X-ray photoelectron spectroscopy (XPS) analysis
confirmed the successful electrodeposition of Fe(OH), on Cog gFeg >-MOF/Ni. Fe(OH),@Cog gFeg »-MOF/
NF demonstrated enhanced electrocatalytic activity for the oxidation of HMF in 1M KOH, requiring an
overpotential of 236 mV and 263 mV versus RHE to achieve current densities of 50 and 100 mA cm™2,
respectively, with an apparent Tafel slope of 92 mV. The electrochemically active surface area of the cata-
lysts showed that Fe(OH), incorporated samples possessed a higher number of active sites compared to
Cog gFep »-MOF/Ni, enhancing efficiency and improving the yield of 5—Hydroxymethylfurfural oxidation

rsc.li/nanoscale reaction (HMFOR).

Introduction

Utilizing the possibilities offered by renewable energy sources,
such as solar, wind, and other energy sources, is vital for
future energy supply systems. Hydrogen (H,) can be produced
from renewable electricity using electrochemical processes,
such as water electrolysis. This technology not only produces
high-purity H, but also helps to address the temporal and
spatial intermittency issues related to renewable electricity.'™
Water splitting enables efficient storage and conversion of
renewable energy, contributing to the development of carbon-
neutral economies.”® The slow kinetics of the oxygen evolution
reaction (OER) negatively impact the energy efficiency of water
electrocatalytic systems. Biomass electrooxidation has become
increasingly investigated as an emerging technology for effec-
tively transforming HMF into FDCA. This interest is attributed
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to its advantages, including low energy consumption and
environmentally friendly operating conditions. Notably, the
HMFOR can be readily integrated with the hydrogen evolution
reaction (HER), allowing for the simultaneous synthesis of
hydrogen producing value-added products at both electrodes,
enhancing the energy conversion efficiency.®” Upgrading
biomass-derived chemicals'®'' such as HMF'>" to value-
added products such as 2-hydroxymethyl-5-(methylamino
methyl)furan (HMMAMF) and FDCA using renewable
resources is gaining significant attention."*'®

HMF, synthesized by dehydrating hexose-based biomass
such as fructose and glucose, is an important renewable plat-
form chemical.’® It is a versatile substrate with functional
groups that include aldehyde (-CHO), hydroxyl (-OH), and
furan rings that enable conversion into platform chemicals
such as 5-hydroxymethyl-2-furancarboxylic acid (HMFCA), 2,5-
diformylfuran (DFF), 5-formyl-2-furancarboxylic acid (FFCA),
and FDCA. FDCA is a precursor for the synthesis of polyethyl-
ene furan-dicarboxylate (PEF),"”'® a bio-based polymer that
can act as a substitute for petroleum-based plastics such as
polyethylene terephthalate (PET)."*

The incorporation of metal catalysts on MOF supports can
serve as electrocatalysts for the HMFOR reaction.”*® Fine-
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tuning of the energy levels of the highest occupied molecular
orbitals (HOMO) and lowest unoccupied molecular orbitals
(LUMO) at the interface can be accomplished through deliber-
ate adjustments in the electronic structure, composition, and
ligands in MOFs. In ligand field theory, ligands, such as car-
boxylates, which possess both ¢-donor and n-donor/acceptor
properties, can significantly impact the energy levels of the d
orbitals of metals in MOFs.>**® In particular, both the ¢ and n
contributions from the ligands can influence the energy gap
between the T,, and e,* energy levels in an octahedral environ-
ment (Fig. 1).

The pK, value of the linker can be correlated with the elec-
tronic properties of the ligand. A linear association between
the pK, value and the expected band energy in the MOF has
been reported,> indicating that the pK, value can help deter-
mine whether if the linker behaves as a & acceptor or donor.**

The observation that fewer acidic linkers typically exhibit
n-donor behavior suggests that they can raise the energy levels
of the metal’s d orbitals. In metal-organic frameworks
(MOFs), the metal centre’s d orbitals split into different energy
levels due to the coordination environment. In an octahedral
geometry, the d orbitals split into two sets: the lower-energy
T,g orbitals (dyy, d, dy;) and the higher-energy e,* orbitals
(dyey2, ds2). By donating electron density, n-donor ligands raise
the energy of the T,, and ey* orbitals while reducing the
metal’s ability to accept further electron density. The shift in
the d-orbital energy levels directly affects the MOF’s overall
electronic structure, subsequently affecting its conductive and
catalytic characteristics. In contrast, metals with a complete
d'° electron configuration in tetrahedral systems (like Zn or Cu
(1)) do not participate in d-orbital bonding in the same
manner. Instead, they affect the valence band energy levels by
contributing to ligand-to-metal charge transfer processes,
rather than splitting the d orbitals into T,, and eg* levels. The
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electron conduction pathway between the donor (ligand) and
acceptor (metal center) in MOFs is essential for modifying the
energy levels of the HOMO and the LUMO. This process pro-
motes electron transfer and influences the electronic pro-
perties of the MOF, affecting its functioning, including con-
ductivity and electrocatalysis. Understanding and controlling
these electrical interactions in order to create MOFs with
specialized properties for certain applications. For instance, by
adjusting the metal nodes and ligands, MOFs’ electrocatalytic
characteristics can be modified. This will change the electronic
structure by adjusting the interactions between the metal and
the ligand.>*?°728

Nevertheless, growing 2D MOF nanoarrays in situ on con-
ductive scaffolds offers a solution to the issue of poor mass
and electron transport typically observed in 3D MOF struc-
tures. By reducing transport resistance, decreasing diffusion
pathways, and enhancing activity, these 2D nanoarrays
improve the overall performance of the electrocatalyst. Ge
et al.®® reported that the 3D structure of MOFs can hinder
mass and electron transport due to longer diffusion distances
and increased resistance. Additionally, the color change of the
2D MOF-Fe/Co nanosheet from orange to black following
cyclic voltammetry cycling is significant, as it indicates a
change in the material’s oxidation state and electronic pro-
perties—often correlated with enhanced catalytic performance.
X-ray photoelectron spectroscopy (XPS) revealed that the
binding energies of Fe** 2p;,, and Co>" 2pyy, shifted to higher
values, indicating firm contact and partial charge transfer
from Co®* to Fe*" through oxygen ligands. This “firm contact’
refers to the strong electronic interaction between the metal
centers (Co>* and Fe*"), facilitated by oxygen, which stabilizes
the structure and enhances charge transfer efficiency, ulti-
mately improving the catalytic activity of the
electrocatalysts.>***> Enhancing the concentration of active

=1

|l

Fig. 1 The synergistic effect of ligand field on the pseudo-octahedral coordination of transition metal ions in the MOF, illustrating crystal field split-
ting and the stabilisation of T4 orbitals through interaction with the n-manifold of the linker.
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sites and the adsorption capacity in MOFs can be achieved by
adjusting the electron density by adding electron-rich or elec-
tron-poor groups. Charge transfer within the MOF can be
facilitated by forming heterojunctions with materials that
possess different electron densities, thereby increasing cata-
lytic activity. Furthermore, controlled defects can be intro-
duced by creating vacancies or structural distortions within
the MOF, which not only generates more active sites but also
alters their electronic properties to improve overall perform-
ance. Additionally, advancements in synthesis techniques,
such as  thermochemical  processing, heteroatom
incorporation,®**> plasma treatment,*® or doping with noble
metals can boost catalytic activity.>” *° Developing an ultrathin
oxyhydroxide layer with improved durability and catalytic
activity is crucial. Transition metal-based compounds, includ-
ing cobalt (Co), iron (Fe), nickel (Ni), molybdenum (Mo), and
other transition metals, have demonstrated significant effec-
tiveness in both the OER and HMFOR.>*'"** Oxyhydroxides,
particularly those derived from transition metals, are pivotal in
electrocatalysis as active species. Achieving precise control over
the thickness of the oxyhydroxide layer is essential for maxi-
mizing electrocatalytic performance.**™*’

This study describes an electrocatalyst prepared by synthe-
sizing Cog gFe,,-MOF on an NF substrate using an in situ
solvothermal method. Subsequently, the CoqgFe,,-MOF/NF
catalyst underwent activation via electrodeposition process of
Fe(OH), at ambient temperature, forming a hybrid crystalline-
amorphous heterostructure, Fe(OH),@Coy gFe,,-MOF/NF. In
an H-type electrochemical cell, Fe(OH),@Co, sFe,,-MOF/NF
was used as the electrocatalyst at the anode for the HMF oxi-
dation reaction. The Co- and Fe-based nanocomposite electro-
catalyst demonstrated excellent stability, an acceptable Tafel
slope, and lower overpotentials during the electrochemical
HMFOR process.

Experimental

Materials

Trimesic acid (C¢H3(CO,H)3), cobalt(u) nitrate hexahydrate (Co
(NO3);3+6 H,0), iron(m) nitrate nonahydrate (Fe(NO3);-9 H,0),
iron(u) sulfate heptahydrate (FeSO,-7H,0), potassium hydrox-
ide (KOH), hydrochloric acid (HCl), ethanol (C,HsOH), metha-
nol (CH3;OH) and N,N-dimethylformamide of analytical
reagent grade were sourced from Merck. HMF, FDCA, DFF,
FFCA, HMFCA, and ammonium formats were purchased from
Sigma-Aldrich. All solutions were prepared using double-dis-
tilled water. NF measuring 1.5 x 1.0 cm” and having a thick-
ness of 0.9 mm, a bulk density of 0.62 g cm™, a porosity of
93%, and an average of 20 pores per centimeter was procured
from Goodfellow (Hamburg, Germany).

Synthesis of Co, sFe, ,-MOF/NF, Co, sFe, 5-MOF/NF, Co-MOF/
NF, and Fe-MOF/NF

The CoggFeo,-MOF/NF composite was synthesized using a
one-step solvothermal approach on an NF substrate. In this
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method, a solution was prepared by mixing (Co(NO;),-6H,0),
Fe(NO;);3-9H,0, and trimesic acid (organic ligand) in a molar
ratio of 8:2:5, along with 35 mL of N,N-dimethylformamide
and 10 mL of methanol. Magnetic stirring (500 rpm) was
employed for 1 hour to ensure the mixture was uniformly
mixed. Subsequently, a pre-cleaned NF substrate measuring 1
x 1.5 em® was introduced into a 50 mL Teflon™-lined stain-
less-steel autoclave containing the prepared solution. Before
this step, the NF substrate was thoroughly cleaned through
sequential 30 minute sonication in 3 M HCI, ethanol, and de-
ionized water solutions.

The solvothermal reaction was initiated by sealing the auto-
clave and heating it at 150 °C for 18 hours. After the desig-
nated reaction time, the autoclave was allowed to cool to room
temperature, and the solid was then carefully retrieved. The
material was washed thoroughly with deionized water to
remove any remaining impurities and dried overnight in an
oven at 80 °C to remove moisture, resulting in the final
Coy gFey ,-MOF/NF composite.

Syntheses were carried out similarly to produce Co-MOF,
Fe-MOF, and Co, sFe, s-MOF/NF separately. The variations in
Fe and Co were introduced to emphasize their effects on cata-
Iytic activity.

Synthesis of Fe(OH),@Co, gFe, ,-MOF/NF, Fe(OH),/NF

A three-electrode system was employed to prepare the electro-
catalyst, consisting of Cog gFe,,-MOF/NF, Pt, and a saturated
Ag/AgCl electrode as the working, counter, and reference elec-
trodes. The electrodeposition process was initiated by applying
an aqueous solution containing 0.01 M Fe(NO;);-9 H,O and
0.01 M FeSO,4-7H,0 onto the Co, gFe,,-MOF/NF working elec-
trode. During the electrodeposition step, a consistent potential
of 1.2 V versus RHE was applied under continuous stirring at
500 rpm for 600 seconds at room temperature. During the elec-
trodeposition process, Fe(OH), species were formed and de-
posited onto the surface of the CoqgFeq,-MOF/NF electrode.
After the electrodeposition step, the Co, gFeq,-MOF/NF elec-
trode with the deposited Fe(OH), material was carefully rinsed
with deionized water to remove residual impurities. Following
the rinsing step, the electrode was dried at 80 °C overnight to
eliminate any remaining moisture.

Fe(OH),/NF was fabricated independently from Cog, gFe ,-
MOF/NF using a similar method. The synthesis utilized either
Fe(NO3);3-9H,0, FeSO;3-7H,0 or a combination of both exclu-
sively on an NF substrate. As a result, the Fe(OH), species were
electrodeposited onto the NF surface.

Materials characterization

The microstructure morphology of the materials was analyzed
using a ThermoFisher Helios G4 CX dual beam focused ion
beam scanning electron microscope (FIB-SEM). Energy-disper-
sive X-ray (EDX) analysis, with supplementary data collected at
a 20 kv accelerating voltage using an Oxford Instruments
X-Max detector. X-ray diffraction (XRD) patterns were obtained
using a PANalytical Empyrean X-ray diffractometer with Cu K
radiation (4 = 0.15406 nm) and a scanning rate of 0.04° s~

This journal is © The Royal Society of Chemistry 2025
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over a 26 range from 10° to 80°. X-ray photoelectron spec-
troscopy (XPS) was conducted using a Kratos AXIS ULTRA
spectrometer equipped with a monochromatic Al K X-ray gun
(energy of 1486.58 eV). Calibration was performed using the C
1s line at 284.8 eV, and peak fitting and data analysis were
carried out using Casa XPS software. A high-performance
liquid chromatography (HPLC) system was used to evaluate
and identify the products, utilizing an Agilent 1260 Infinity
Series instrument (Agilent Technologies, Palo Alto, USA) with a
Beckman Coulter Ultrasphere C18 (5 m x 4.6 mm x 25 cm)
column.

Electrochemical measurements

The measurements of electrochemical activity were performed
on CHI630A potentiostat (CH Instruments, Austin, Texas) at
ambient temperature. The experimental setup involved a three-
electrode system comprising a self-supporting nickel foam
electrode with an effective geometric area as the working elec-
trode, a platinum (Pt) counter electrode, and a saturated Ag/
AgCl reference electrode. The electrolyte solution used for OER
tests was 1.0 M KOH. For the HMFOR, the electrolyte solution
contained 1.0 M KOH and 10.0 mM HMF (pH 13.76). The KOH
electrolyte underwent a 30 minute N, bubbling treatment
before OER testing. Polarization curves were obtained using
linear sweep voltammetry (LSV) at a scan rate of 10.0 mV s
For HMFOR and OER, measurements were performed in the
potential range of 1.0 to 1.8 V versus RHE. All potentials were
reported versus the reversible hydrogen electrode (RHE):

Erup = Eng/agal + 0.059 PH + Eyy p0cp, With By ) = 0.197V
(1)

The effects of iR drop were addressed using iR compen-
sation (90%), with a resistance (R) value of 1.83 Q, determined
from electrochemical EIS measurements at high frequency.
The overpotential (;) at a particular current density (j) was
calculated using (2):

1j = |E(rHE) — EERHE) (2)

The standard electrode potential E° for the OER is 1.23 V
versus the RHE. Controlled potential electrolysis (CPE) experi-
ments were conducted using an H-type cell, which consists of
two compartments separated by a Nafion™ 117 membrane.
The working electrode, made of modified NF, and the refer-
ence electrode (Ag/AgCl) were immersed in 18 mL of electrolyte
solution, while the counter electrode was placed in a separate
compartment containing another 18 mL of electrolyte solu-
tion. A stirring rate of 500 rpm was maintained throughout the
experiment. Tafel plots were utilized to evaluate the kinetics of
the electrocatalytic process at the electrode surface. In order to
conduct electrochemical impedance spectroscopy (EIS) investi-
gations, an alternating current (AC) voltage amplitude of 5 mV
was applied over a frequency range of 100 kHz to 0.1 Hz. The
acquired Nyquist plots were fitted using a condensed Randles
circuit to analyze the electrochemical system and determine

This journal is © The Royal Society of Chemistry 2025
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the charge transfer resistance (R.). To determine the electro-
chemically active surface area (ECSA), cyclic voltammetry (CV)
was performed in a non-faradaic potential region at scan rates
ranging from 20 to 100 mV s~ . The ECSA was estimated by cal-
culating the double-layer capacitance (Cq4;) using eqn (3):

ECSA = S8 100% (3)
Cs

The Cq4 was calculated by dividing the difference in char-
ging current density (Aj) by v, where Aj = (j, — j.) and v rep-
resents the scanning rate. The specific capacitance (Cs), com-
monly reported as 0.040 mF cm™ (ref. 48 and 49) in 1 M KOH,
was used in estimating the ECSA using eqn (3).

High-performance liquid chromatography (HPLC) analysis

High-performance liquid chromatography (HPLC) was used to
analyze HMF, DFF, FFCA, FDCA, and HMFCA with a C18
column at detection wavelengths of 265 nm and 285 nm. The
mobile phase consisted of methanol (A) and 5 mM ammonium
formate (B). Separation was performed using gradient elution,
involving an increase in mobile phase composition from 25%
A to 30% A and 75% to 70% B during 0 to 4 minutes, followed
by an increase to 35% A and 65% B during 4 to 5 minutes then
kept for 3 minutes constant at a flow rate of 0.7 ml min™". The
column oven temperature was kept at 30 °C. In order to
prepare HPLC samples, 100 pL of the reaction mixture was
diluted with 900 pL of distilled water. Standard calibration
curves were prepared from the stock solution to quantify the
concentration of HMF and FDCA. DFF, FFCA, and HMFCA
were detected on the basis of retention time but not quanti-
fied. Fig. S1t exhibits the standard chromatograms of HMF
and DFF, Fig. S2f displays the standard chromatograms of
FDCA, Fig. S3t illustrates standard chromatograms of FFCA,
and Fig. S47 depicts HMFCA standard chromatograms. The
amount of conversion of HMF, yield of FDCA, and the faradaic
efficiency (FE) were calculated using eqn (4)-(6):

HMF conversion (%) =

no. of moles of HMF consumed (4)
X 100%

initial no. of moles of HMF

FDCAyield (%) =

no. of moles of FDCA formed (5)
X 100%

initial no. of moles of HMF

Faradaic efficiency (%) =
6 x no. of moles of FDCA formed x F (6)
X 100%
total charge passed

where F (96485 C mol ") is the Faraday constant.

Results and discussion
Characterization

The Co, gFe, ,-MOF nanorods exhibited a typical perpendicular
alignment on the NF substrate, demonstrating a highly con-
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Fig. 2 SEM images of (A) Cog gFeo 2-MOF/NF; (B) Fe(OH),@Cog gFeq .-MOF/NF; (C—H) elemental mapping of Cog gFeg ,-MOF/NF.

sistent unidirectional orientation (Fig. 2A). This unique struc-
tural morphology can be attributed to the ordered alignment
of the nanorods on the substrate. The Co,gFe,,-MOF nano-
rods underwent significant transformation following a sub-
sequent electrochemical deposition reaction utilizing a solu-
tion enriched with Fe*" and Fe®" (Fig. 2B). A distinct layer can
be seen adorning the surface of the nanorods, indicating suc-
cessful modification. Energy-dispersive X-ray EDX analysis
(Fig. 2C-F) reveals a consistent and homogeneous distribution
of cobalt (Co), iron (Fe), nickel (Ni), carbon (C), and oxygen (O)
on the surface. The observed dispersion of Co, Fe, Ni, C, and O
throughout the electrode structure via EDX mapping analysis
indicates the successful integration of these elements into the
MOF substrate.

XPS was utilized to examine the chemical composition and
valence state of the surface of the Co, gFe, ,-MOF/NF electrode
before and after deposition of Fe(OH), This investigation
focused on analyzing the Co 2p and O 1s spectra to gain
insight into the electrocatalytic behavior of the material. The
high-resolution Co 2p spectra revealed distinct changes follow-
ing the electrodeposition of Fe(OH),. Specifically, the
Cog gFey,-MOF/NF spectra exhibited two satellite peaks at
788.99 eV and 803.39 eV, accompanied by two broad primary
peaks corresponding to the 2p;/, and 2p4,, spin-orbit lines at
781.89 and 797.74 eV, respectively (Fig. 3A4).>°7*

As shown in Table S1,7 when compared to Co, gFey ,-MOF,
the binding energy peaks associated with the Co 2p levels in
Fe(OH),@Coy sFeo ,-MOF decreased by 0.331 and 0.881 eV for
the 2ps/, 2p1/, levels, respectively.

8828 | Nanoscale, 2025, 17, 8824-8835

This shift in binding energy is attributed to electron
donation from Fe(OH), to the Co 2p orbitals in Fe
(OH),@Cog sFe, ,-MOF.>* This phenomenon can be explained
by the lower electronegativity of Fe (1.83) compared to Co
(1.88), along with the higher electronegativity of O (3.44).
These factors contribute to a decrease in the electron density
of the Fe species, resulting in a shift of the Co 2ps,, peak
toward lower binding energy levels.>®> The O 1s spectrum of the
electrode surface was analyzed before and after electrodeposi-
tion (Fig. 3B). The XPS analysis revealed distinct oxygen
species, including hydroxide ions (OH™) or surface-adsorbed
oxygen associated with CoO (Co-OH) at 530.709 eV. This
assignment is corroborated by Co 2p spectra, which exhibit
characteristic satellite peaks at 789.14 eV and 803.39 eV, con-
firming the presence of CoO and its contribution to the
observed oxygen chemistry. Bridging oxygen species (Co-O-Fe)
were identified at 531.359 eV, attributed to a shift in binding
energy induced by the electronic influence of Fe, distinguish-
ing it from Co-O-Co bonds. Surface-bound water molecules
were observed at 533.009 eV, completing the spectrum of
oxygen species in the system.>® The Fe(OH),@Co, sFeo ,-MOF/
NF composite exhibited a higher concentration of bound OH
groups (44.25%) when compared with Co,gFeg,-MOF/NF
(35.59%), indicating that the electrodeposition of Fe(OH),
increased the concentration of M-OH species within the Fe
(OH),@Coq sFe, ,-MOF/NF composite (Table S21).°” XRD pat-
terns were acquired at different stages of electrode preparation
(Fig. S5At). The bare Ni foam substrate initially exhibited two
distinct peaks at 44.5° and 51.8° (JCPDS 04-0850) (Fig. S5A

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (A) Co 2p XPS spectra of Cog sFeo o-MOF/NF before and after electrodeposition of (Fe3*, Fe?*); (B) O 1s XPS spectrum of Cog gFeg .-MOF/NF

before and after electrodeposition of (Fe3*, Fe2).

(d)1). In addition to the peaks corresponding to the Ni foam
substrate at 44.5° and 51.8°, a number of distinct diffraction
peaks were observed over the range of 10° to 70° that were
indicative of the presence of CoggFe,,-MOF (Fig. S5A(b)f).
Diffraction patterns corresponding to Fe(OH), (JCPDS 38-0032)
(Fig. S5A(c)t) were observed in the Fe(OH),/NF sample, con-
firming that Fe(OH), nanoparticles were electrodeposited onto
Coy sFe( ,-MOF/NF, resulting in the formation of the composite
material Fe(OH),@Co, gFe,,-MOF/NF (Fig. S5A(a)t). In Fe
(OH),@Coy gFey ,-MOF/NF (Fig. S5Bt), an XPS survey scan con-
firmed the presence of Co, Fe, Ni, and C, confirming the
results obtained by elemental analysis. The peaks observed at
715.8 eV and 725.6 eV correspond to Fe 2p;, and Fe 2py,,,
respectively (Fig. S5CT).

Electrocatalytic HMFOR performance

The electrocatalytic performance of Fe(OH),@Co, sFeg ,-MOF/
NF, Co,gFey,-MOF/NF, Fe(OH),/NF, and bare NF for the oxi-
dation of HMF in a solution containing 1 M KOH and 10 mM
HMF (pH 13.76) was evaluated using the LSV method. The kine-
tics and efficiency of the HMFOR processes in concentrated alka-
line HMF solutions are primarily governed by electrode kinetics
(ie, reaction rates at the electrode surface).’® However,
additional factors such as electrode structure and gas diffusion
can also affect their activity. In some cases, polarization curves
with uncompensated or partially compensated iR drop were
used for Tafel analysis, which ideally requires steady-state data
that is fully compensated for iR effects.*>*® Employing a lower
scan rate helps minimize the effects of the catalyst metal oxi-
dation peak and double-layer charging, as the delays caused by
resistance—capacitance (RC) coupling in series are reduced,
thereby lowering the onset overpotential. As low scan rates mini-

This journal is © The Royal Society of Chemistry 2025

mize interference.*®> To address potential interference from

the oxidation peaks related to the formation of active sites (Co’,
Fe*") and HMFOR onset currents, a slow scan rate of 10 mV s~
and 90% iR drop correction were employed.

Based on the polarization curves (Fig. 4A), it is evident that
the Fe(OH),@Co, gFey,-MOF/NF configuration displayed the
highest current density for the HMFOR. At a current density of
50 mA cm™?, the overpotentials (calculated relative to the OER
standard potential) for Fe(OH),@Co, gFe, ,-MOF/NF, Co, gFe »-
MOF/NF, Fe(OH),/NF, and bare NF were 236 mV, 317 mV,
336 mV, and 452 mV, respectively (Fig. 4B). At 100 mA cm 2,
these overpotentials increased to 263 mV, 344 mV, 373 mV, and
545 mV, respectively.

The overpotentials of Fe(OH),@Co, sFe, ,-MOF/NF were sig-
nificantly lower than those of Co, gFe, ,-MOF/NF, Fe(OH),/NF,
and bare NF, indicating that Fe and Co components collabor-
ate for enhanced catalytic activity. The incorporation of Fe into
the Co-MOF boosts catalytic efficiency primarily due to these
synergistic effects. Fig. S67 illustrates the impact of increasing
Fe content on electrocatalytic activity. The most favorable per-
formance for HMFOR was observed with Coq sFe,,-MOF/NF,
where the metal oxidation peak decreased by 34 mV to a lower
onset potential of 1.12 V versus RHE compared to Co-MOF/NF,
indicative of a decrease in the overpotential for the oxidation
process. The comparison of metal oxidation peaks for Fe-MOF/
NF, Co-MOF/NF, Co,sFe,s-MOF/NF, and Co, gFeq,-MOF/NF
(Fig. S61) shows that CoggFe,,-MOF/NF exhibits a visibly
higher charge, and although precise charge calculation is chal-
lenging due to potential inaccuracies in integrating current
density over potential, the visual trend in Fig. S6t clearly high-
lights its superior performance, indicating a greater metal
concentration.
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Fig. 4 (A) Polarization curves (HMFOR) for Fe(OH),@Cog gFep2-MOF/NF, Coq gFep 2-MOF/NF, Fe(OH),/NF, and bare NF in a KOH 1.0 M and HMF

10 mM electrolyte, with a scan rate of 10 mV s™2; (B) overpotential at current densities of 50 and 100 mA cm~2; (C) Tafel plots; (D) Double-layer
capacitance plots; (E) Nyquist plots and; (F) Bode plots at a potential of 273 mV.

This study suggests doping with iron in a particular ratio
can alter the electrocatalytic performance of cobalt-based
materials. The anodic shift in the oxidation potential of the
Co*"/Co®" redox couple is attributed to electronic interactions
that modify the catalyst’s electronic structure. Voltammetry
shows a strong dependence of the Co®>'/Co®" redox potential
on the Fe(OH), content, indicative of strong electronic coup-
ling between Fe and Co in the solid matrix. This supports the
hypothesis that the cobalt-based material, with its conductive,
chemically stable, and intrinsically porous structure, provides
a suitable environment for Fe incorporation. The Fe ions sub-
stitute for Co in the lattice, acting as the most active sites for
HMFOR catalysis (Fig. $61).°*”% In addition, Fe’" is frequently
employed in organic transformations, particularly in aromatic
electrophilic substitution reactions involving aryl rings. It is
widely regarded as one of the most robust and versatile tran-
sition metal-based Lewis acids due to its ability to maintain
catalytic activity under a wide range of reaction conditions,
including variations in temperature, pH, and competing
ligands or reagents.’®®” The high electrophilicity of Fe*" sig-
nificantly influences the electronic properties of other cations
within the host material. According to Li et al,’® Fe*" ions,
with a pK, of 2.2, enhance the acidity of the hydroxyl proton

8830 | Nanoscale, 2025, 17, 8824-8835

coordinated to the Co site. This increase in acidity facilitates
proton dissociation, creating a more favourable environment
for the oxidation of Co®" to Co®". By stabilising the transition
state and reducing the energy barrier required for this oxi-
dation process, Fe*" effectively lowers the activation threshold.
This mechanism promotes enhanced HMFOR activity by accel-
erating the generation of catalytically active Co®" species. The
Lewis acidic nature of Fe*" also results in an anodic shift in
the potential for the formation of the oxyhydroxide species in
Co-based HMFORs. This potential shift occurs because the
increased covalent character of the Co”>*~O bonds requires a
higher potential for oxidation. Consequently, HMFOR activity
is greatly influenced by this difference in electronic states.
These results agree with previous reports that attributed the
enhanced activity to the robust electronic interactions between
Fe and Co.%° While the exact mechanism behind this enhance-
ment is not yet fully understood, ongoing investigations high-
light the potential of bimetallic structures in electrocatalytic
applications. Results from the analysis of a range of iron com-
pounds, including Fe;0,, Fe,03, Fe(mr) hydroxide, Fe(u) hydrox-
ide, and a mixture of Fe(m)/Fe(u) hydroxide (Fig. S71) suggest
that maintaining a 1:1 ratio of Fe(m) to Fe(u) in Fe(OH)y sig-
nificantly boosts catalytic HMFOR activity with Fe(ur) and Fe(u)

This journal is © The Royal Society of Chemistry 2025
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responsible for this increase. This enhanced activity is attribu-
ted to the combined roles of Fe(u) and Fe(u), which facilitate
key steps in the reaction mechanism. However, this study also
reveals that the synergistic interaction between Fe and Co in
Fe-Co mixed oxide catalysts is crucial, indicating that Fe alone
may not always be the active site for HMFOR catalysis. Instead,
the interplay between Fe and Co is essential for achieving
optimal catalytic performance.

Conversely, HMFOR intermediates exhibit considerably
weaker adsorption interactions with Co and Ni than Fe. This
difference adsorption arises from the electronic properties of Co
and Ni, which favour the formation of more covalent M—O bonds
rather than strong ionic interactions. As a result, the intermedi-
ates bind less firmly to the surface, facilitating their desorption
and accelerating turnover during the catalytic cycle. This behav-
ior enhances the catalytic efficiency of Co and Ni by promoting
faster reaction kinetics and reducing the risk of surface poison-
ing by strongly adsorbed intermediates. Consequently, this prop-
erty is reflected in the high selectivity and nearly 100% faradaic
efficiency observed for FDCA production, as previously
reported.®”® Additionally, studies have shown that the kinetic
isotope effect indicates a proton-independent electron transfer
process as the rate-determining step in HMF oxidation, further
supporting the high charge transfer efficiency of these catalysts.®
The kinetic parameters of HMFOR catalysis were evaluated using
the Tafel slope for Fe(OH),@Co, gFe,,-MOF/NF, Co, gFeg ,-MOF/
NF, Fe(OH),/NF, and bare NF electrodes (Fig. 4C). The Tafel slope
provides insights into the charge transfer kinetics and the rate-
limiting step of the reaction.

Additionally, the exchange current density (j,) was deter-
mined to characterize the inherent activity of the electrocata-
lysts under equilibrium conditions. The transfer coefficient,
which reflects how the surface potential influences the free
energy barrier and electron exchange, was also considered in
evaluating the electrocatalytic process. The apparent Tafel
slopes obtained for Fe(OH),@Co, sFe,,-MOF/NF, Co, sFe ,-
MOF/NF, Fe(OH),/NF and bare NF electrodes were 92 mV,
123 mV, 151 mV and 293 mV, respectively. The lower apparent
Tafel slopes for HMFOR at Fe(OH),@Co, gFe( ,-MOF/NF indi-
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cated a higher charge transfer rate compared to the other
modified electrodes. The intercept of the current density axis
(logio(j)) at (n = 0) (Fig. S8t) yields the value of j, which
characterizes the inherent activity of an electrocatalyst under
equilibrium conditions. The calculated j, value for Fe
(OH),@Coq sFe ,-MOF/NF was 6.41 mA cm™2, which is higher
than the values for Co,gFe,,-MOF/NF (4.57 mA cm™?), Fe
(OH),/NF (2.39 mA cm?), and bare NF (1.49 mA cm?). The
exchange current density of Fe(OH),@Co, sFej,-MOF/NF
increased by a factor of 1.40, 2.68, 4.31 compared to Cog gFey »-
MOF/NF, Fe(OH),/NF, and bare NF respectively, significantly
enhancing the HMFOR rate.

The electrooxidation of HMF involves the transfer of 6 elec-
trons at a temperature of 293.15 K. Determining the values of
transfer coefficients (a) in electrochemical reactions such as
the oxidation of HMF enables a deeper understanding of the
mechanism of electron transfer at the electrode—electrolyte
interface. Transfer coefficients of 0.105, 0.078, 0.064, and
0.033 were obtained for Fe(OH),@Co sFey,-MOF/NF,
Coy gFeq,-MOF/NF, Fe(OH),/NF, and bare NF electrodes,
respectively. The high transfer coefficient (a) of the Fe
(OH),@Coy gFe( ,-MOF/NFelectrode indicates its outstanding
electrocatalytic capability. This improvement results from com-
bining three factors: integrating Fe(OH), enhances the cata-
lyst’s electronic characteristics, the increased surface area pro-
vides abundant active sites, and the well-designed morphology
promotes efficient mass and electron transfer. In the electro-
catalytic conversion of HMF to FDCA, a higher a value denotes
a more efficient electron transfer mechanism. The exchange
current density and Tafel slope lend credence to the system’s
lowered energy barriers and quicker reaction kinetics. Fe
(OH),@Coy gFe, ,-MOF/NF is a very efficient electrode for HMF
electrooxidation because of these combined benefits.

The increased catalytic activity of Fe(OH),@Co, sFe,-MOF/
NF in HMFOR (Table 1) was examined in detail. The ECSA was
calculated from the Cgq (from CV curves in the non-faradaic
region (Fig. S91)) and used to estimate the catalytic active sites’
performance during electrochemical processes. The slope repre-
senting the Cg values is shown in Fig. 4D. Fe(OH),@Coy sFey »-

Table 1 The applied potentials and faradaic efficiencies (FE) of the Fe(OH),@Cog gFeq >-MOF/NF electrode and materials described in the literature
for the oxidation of 5-hydroxymethylfurfural (HMF) to 2,5-furan dicarboxylic acid (FDCA)

HMF conc. Applied potential FDCA yield FE of FDCA

Electrocatalyst Electrode Electrolyte (mM) (V vs. RHE) (%) (%) Ref.
NiCoFe-LDHs CFP* 1 M NaOH 10 1.54 ~82 — 73
NiCo0,0, NF 1 M KOH 5 1.50 72 80 74
CuCo,0,4 NF 1M KOH 10 1.45 93.7 94 42
NiCo,0,4 NF 1 M KOH 10 1.55 90 100 21
3%Co-NiO cc? 1 M KOH 10 1.47 94.8 94.6 75
NiCo,0, NF 1 M KOH 10 1.45 99 99 76
Nig 5C0, 50, GC* 1 M KOH 10 1.5 92.4 90.3 77
NiC0,04 cp? 1 M KOH 10 1.45 97 96.5 78
Co@NiCo-LDH NF 1 M KOH 10 1.4 100 95.2 79
Fe(OH),@Coy sFeo ,-MOF NF 1 M KOH 10 1.42 95.83 96.26 This work

“ Carbon fibre paper. ? Carbon cloth. ¢ Glassy carbon. ¢ Carbon paper.

This journal is © The Royal Society of Chemistry 2025
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MOF/NF exhibits the highest value of C4 compared to the other
configurations, indicating that Fe(OH),@Co, gFe,,-MOF/NF pro-
vides the most electrocatalytic surface area. It is critical to
compare intrinsic activities based on active site density to make
meaningful activity comparisons and understand their funda-
mental origins. McCrory et al. proposed a standard protocol for
assessing ECSA by measuring double-layer capacitance in a
potential region with no faradaic response.”® Fig. S10t presents
the LSV curves for Fe(OH),@Co gFe, ,-MOF/NF, Co, gFeg ,-MOF/
NF, Fe(OH),/NF, and bare NF electrodes after normalization con-
cerning their ECSA. The EIS technique provides valuable insights
into the kinetics associated with the HMFOR. EIS analysis was
performed under uniform conditions to investigate the factors
influencing the catalytic activities of Fe(OH),@Co, gFeq,-MOF/
NF, Coy gFe ,-MOF/NF, Fe(OH),/NF, and bare NF. Fig. 4E and F
display representative EIS plots, including Nyquist and Bode
(Phase angle vs. logarithm of frequency) diagrams. These
measurements were taken under an applied overpotential of
273 mV across a frequency range from 100 kHz to 0.1 Hz. The
Randles circuit was used to model the electrodes’ electrical pro-
perties, incorporating solution resistance (R;), double-layer
capacitance (Cq), and charge transfer resistance (R.). The R
values were determined: Fe(OH),@Co, gFe,,-MOF/NF (0.75 ),
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Coy gFeo ,-MOF/NF (0.98 Q), Fe(OH),/NF (1.06 Q), and bare NF
(3.07 Q). Fe(OH),@Co, gFe,,-MOF/NF exhibited the lowest R,
indicating superior conductivity. Furthermore, electron-hole
recombination data obtained from the Bode plot is shown in
Fig. 4F, which provides information on the material’s charge
transfer processes. The Bode Fig. 4F shows the system’s fre-
quency response, and the phase angle reflects how well the
charge separation and recombination processes work. A small
phase angle at low frequencies indicates better charge transfer
and a greater chance of effective catalytic activity, predicting less
electron-hole recombination. Since effective charge separation is
essential for improving reaction kinetics and overall efficiency,
this analysis is essential for comprehending the material’s per-
formance in electrocatalytic applications. The electron lifetime
(7) was estimated using the frequency (f;,) at the mid-frequency
peak (1-100 Hz) according to the eqn (7):

1
- 2nf,

Tr

7)

The Bode plot indicates that the Fe(OH),@Co, gFe( ,-MOF/NF
electrode exhibited a longer electron lifetime compared to the
other electrodes due to its lower f,,, suggesting enhanced electron
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Fig. 5

(A) LSV curves with and without 10 mM HMF for the Fe(OH),@Coq gFeo .-MOF/NF electrocatalyst in a 1 M KOH electrolyte; (B) HPLC profiles

showing HMF electrolysis at 1.42 V versus RHE in 1 M KOH containing 10 mM HMF; (C) changes in the concentrations of FDCA and HMF during elec-
trolysis with the amount of transmitted charge; (D) two proposed HMF oxidation mechanisms have been discussed in the literature; (E) performance
of the effectiveness and efficiency of Fe(OH),@Coq gFep 2-MOF/NF in converting 10 mM HMF to FDCA through electrooxidation over five consecu-
tive cycles at 1.42 V versus RHE. The assessment is conducted using HPLC during the electrochemical process.
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lifetime and improved HMFOR activity.””> The conclusions
drawn from the EIS analyses affirm prior discoveries from XPS
analysis regarding the Co 2p binding energies shift towards lower
binding energies in the Fe(OH),@CoogFe;,-MOF system. This
aligns with LSV observations, Tafel analysis, and Cq evaluations,
confirming the superior performance of Fe(OH),@Co,sFeq .-
MOF/NF as an HMFOR electrocatalyst (Table 1).

Product analysis and mechanism study

The study explored using HMFOR instead of OER in water elec-
trolysis, highlighting its overpotential for significantly redu-
cing energy consumption. The effectiveness of Fe
(OH),@Coy gFey ,-MOF/NF as an electrocatalyst for HMFOR
was investigated in two different electrolyte solutions: 1.0 M
KOH with and without the addition of 10 mM HMEF. Fig. 5A
presents the iR-corrected LSV curves, revealing significant find-
ings. The data indicates a lower potential is required to
achieve the same current density when HMF is present.
Specifically, at a current density of 100 mA ¢cm™2, HMFOR
requires an overpotential that is 60 mV lower than that of OER,
and at 200 mA cm™?, it requires a 90 mV lower overpotential.
Additionally, HMFOR facilitates the generation of valuable
chemicals at the anode.’®®" The electrocatalytic efficiency of
Fe(OH),@Co, sFe ,-MOF/NF for the oxidation of HMF was
assessed under 1.42 Vgyyg applied potential using separate
cells. Each compartment was filled with 18 mL of an electro-
lyte solution. The cathode side contained 1 M KOH solution,
while the anode side was filled with 1 M KOH and 10 mM
HMF at a pH of 13.76. The electrocatalytic oxidation process of
HMF to FDCA primarily consists of a two-step oxidation
sequence involving an alcohol group and an aldehyde group
transitioning into a carboxyl group (Fig. 5B). This reaction
pathway encompasses two feasible oxidation routes.®* The first
pathway entails the oxidation of the alcohol group, leading to
the formation of DFF. Subsequently, the aldehyde group
undergoes oxidation, resulting in the formation of FFCA.
Finally, the second oxidation of the aldehyde group leads to
the formation of FDCA. In contrast, the second pathway
involves the initial oxidation of the aldehyde group, yielding
an intermediate compound known as HMFCA. After this step,
the alcohol group undergoes oxidation, generating FFCA.
Ultimately, the second oxidation of the aldehyde group leads
to the formation of FDCA (Fig. 5D).%*"%

HPLC was utilized to characterize the reaction pathway of
HMF electrooxidation, as depicted in Fig. 5B. The conversion
of HMF and the yield of oxidation products with the charges
used by the Fe(OH),@Co, gFe,,-MOF/NF electrocatalyst is dis-
played in Fig. 5C. The standard curves for HMF and FDCA are
in Fig. S11 and S12,7 respectively. The signal related to HMF
appeared at a retention time of 5.5 minutes and consistently
diminished, whereas the signal corresponding to FDCA,
detected at 2.8 minutes, shows a significant increase. The
intermediates HMFCA, FFCA, and DFF were detected at reten-
tion times of 3.1, 3.4, and 6.7 minutes, respectively, demon-
strating that the oxidation of HMF occurs through both of the
outlined pathways. Interestingly, Path 1 is the predominant

This journal is © The Royal Society of Chemistry 2025
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route, highlighting its primary role in the reaction process
(Fig. 5B-D).

The catalytic stability was examined. At a constant current
of 15 mA cm™?, each 7200 s period can be regarded as a single
electrolysis cycle. The LSV curves before and after 10 hours of
electrolysis show no significant difference (Fig. S13%), while
the selectivity and faradaic efficiency (FE) for the production of
FDCA remained stable, demonstrating the stability of Fe
(OH),@Coy gFey ,-MOF/NF (Fig. 5E). The average selectivity
and FE for FDCA were 92.16% and 92.61% over five testing
cycles.

Conclusion

In summary, the incorporation of Fe(OH), significantly modi-
fied the electrochemical properties of Co,gFeq,-MOF/NF,
enhancing the transformation of biomass derived HMF. The
findings from this work, along with existing literature, under-
score the importance of Fe(OH), in increasing the number of
active sites, which in turn improves the adsorption capacity of
aldehyde functional groups. Moreover, the increased catalytic
activity in Fe(OH),@Co, gFe,,-MOF can be attributed to the
synergistic effect of these groups. Notably, the Fe
(OH),@Coy gFe, ,-MOF/NF catalyst demonstrated excellent per-
formance in the HMFOR, achieving an E;, of 1.49 V versus
RHE, and in the OER, with an E;, of 1.54 V versus RHE. HMF
oxidation occurs via two distinct pathways: Path 1 (HMF —
HMFCA — FFCA — FDCA) and Path 2 (HMF — DFF — FFCA —
FDCA), with Path 1 being the dominant route, as confirmed by
the detection of key intermediates. The conversion of HMFCA
to FFCA is identified as the rate-determining step, highlighting
a critical stage in the catalytic process. Importantly, after five
cycles at 1.42 V versus RHE, the HMFOR activity consistently
maintained high conversion rates for both HMF and FDCA, as
well as faradaic efficiency.
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