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ABSTRACT: The conversion of S-hydroxymethylfurfural (HMF) into
valuable chemicals, such as 2,5-furandicarboxylic acid (FDCA), is
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pivotal for sustainable chemical production, offering a renewable |~ + H :
pathway to biodegradable plastics and high-value organic compounds. % u Festy @
This pioneering study explores the synthesis of FeNi nanostructures via | acach (acac), —

aerosol-assisted chemical vapor deposition (AACVD) for the electro-
chemical oxidation of HMF to FDCA. By adjusting the deposition
time, we developed two distinct nanostructures: FeNi-40, which
features nanowires with spherical terminations, and FeNi-80, which
features aggregated spherical structures. X-ray diffraction (XRD)
confirmed that both nanostructures possess a phase-pure face-centered
cubic (FCC) crystal structure. Electrochemical tests conducted using
FeNi nanocatalysts on Ni foam revealed that FeNi-40 requires a
significantly lower onset potential for HMF oxidation (1.32 V vs RHE) compared to FeNi-80 (1.40 V vs RHE). This difference is
attributed to the unique nanowire morphology of FeNi-40, which provides a higher density of active sites and a larger
electrochemically active surface area, thereby enhancing the efficiency of the electrochemical process. When tested in an H-type
electrolyzer with a Nafion membrane, FeNi-40 demonstrated a remarkable Faradaic efficiency of 96.42% and a high product yield,
underscoring the potential of morphology-controlled FeNi nanostructures to enhance the efficiency of sustainable electrochemical
processes significantly.
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Bl INTRODUCTION

The quest for sustainable energy sources has intensified in
response to global climate change and environmental
degradation concerns." Furthermore, over-relying on non-
renewable fossil resources poses multifaceted challenges to

acid (FDCA) is highly prized as an oxidation product because
of its frequent role as a precursor for producing biopolymer
poly(ethylene furanoate) (PEF).” Compared to petroleum-
derived terephthalic acid (TPA) used in poly(ethylene
terephthalate) (PET) production, biobased PEF offers distinct

eco-sustainability.”” Environmental degradation, carbon emis-
sions, and geopolitical tensions associated with fossil fuel
extraction underscore the urgent need for alternative green,
environmentally friendly, and renewable energy.” Scientists
are developing renewable alternatives to address this challenge
sustainably, with lignocellulosic biomass emerging as a
promising option.”” 5-Hydroxymethylfurfural (HMF) is a
promising candidate among the various biomass-derived
molecules.” HMF can be converted to several valuable

advantages such as superior gas barrier performance,
recyclability, and enhanced mechanical properties. FDCA, as
a precursor to bioplastics, polyester resins, and other high-
value materials, has significant potential to replace traditional
petrochemical-derived counterparts.'”'" However, the tradi-
tional chemical methods for converting HMF to valuable
chemicals present their own challenges, such as low selectivity,

chemicals such as levulinic acid, S-hydroxymethyl-2-furancar- Received: May §, 2024
boxylic acid (HMFCA), 2,5-diformylfuran (DFF), S-formyl-2- Revised:  October 8, 2024
furancarboxylic acid (FFCA), and formic acid. These chemicals Accepted:  October 8, 2024
are critical in producing fine chemicals and pharmaceuticals, Published: October 14, 2024
adding significant value to biomass conversion processes.
Among these HMF conversion products, 2,5-furandicarboxylic
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harsh reaction conditions, and the generation of undesirable
byproducts.'>"?

In this context, electrochemical methods have garnered
significant attention as a cleaner, more sustainable approach to
HMEF conversion to valuables.'* Electrochemical processes
offer several distinct advantages over conventional chemical
methods.'>'® They can operate under mild reaction conditions
and minimize the environmental impact. Moreover, electro-
chemical reactions can be finely tuned to achieve high
selectivity and yield, thus overcoming the limitations of the
traditional catalytic approaches. Furthermore, electrochemical
oxidation that takes place at ambient pressure and temperature
can be coupled with electrochemical reduction; electrons
obtained at the anode during HMF oxidation can be used
concurrently for the reduction of proton at the cathode,
leading to the formation of green H, fuel, which significantly
increases the worth of this approach.'”

The electrochemical oxidation of HMF using noble metal
catalysts, such as Pd, Pt, Au, and Ru, demonstrates a low onset
potential for HMF oxidation. However, they typically yield
extremely low current densities across the applied potential
range.'” In addition, the cost of noble metals poses a challenge
for their commercialization. To address these challenges,
research has increasingly focused on developing catalysts made
from more abundant and cost-effective elements such as iron
(Fe) and nickel (Ni), cobalt (Co), and manganese (Mn). In
addition, recent studies highlight the potential of trimetallic
and bimetallic catalysts for the oxygen evolution reaction
(OER) and S-hydroxymethylfurfural oxidation reaction
(HMFOR). For instance, Zhang et al. have developed a
method for the one-step synthesis of trimetallic NiCoFe-
layered double hydroxide (NiCoFe-LDH) nanosheets with a
thickness of 1.36 nm. These nanosheets exhibit an over-
potential of 330 mV at 10 mA cm > for the OER and a Tafel
slope of 68 mV dec™."® Similarly, Liu et al. designed NiCoMn-
layered double hydroxide (NiCoMn-LDH) nanosheets,
achieving an overpotential of 370 mV at S0 mA cm™ and a
Tafel slope of 118 mV dec™."” Moreover, You et al. prepared
three-dimensional (3D) Ni,P nanoparticle arrays on nickel
foam (Ni,P NPA/NF), which displayed a low onset potential
of 1.43 V vs reversible hydrogen electrode (RHE) for HMF
oxidation and achieved a 100% Faradaic efficiency (FE).*
Another significant development by Wang et al. involved Ni
nanoparticles that attained a remarkable 99.8% HMF
conversion and a 99.2% FDCA yield at 1.36 V.*' Ge et al.
also reported on single-atom ruthenium on nickel oxide (Ru;-
NiO) as an efficient catalyst, operating at a low potential of
1283 V vs RHE at 10 mA cm 2" Finally, Zheng et al.
developed Cu nanowire arrays modified with nickel—cobalt
layered double hydroxide nanosheets (NiCoNSs/CuNWs) for
HMEF oxidation, achieving 10 mA cm™? at 1.44 V vs RHE, with
a Tafel slope of 97.2 mV dec™".** Within the various bimetallic
alloys, the combination of Fe and Ni alloys has garnered
significant interest due to their unfilled d orbitals, which
enhance catalytic activity.”* The synergistic effect between Fe
and Ni arises from the modification of Ni electronic structure
by neighboring Fe atoms, leading to improved catalytic
performance.” Additionally, the natural abundance, environ-
mental compatibility, and high electrical conductivity of Fe and
Ni make them attractive candidates for sustainable catalyst
design.”**” In addition, alloying Ni with Fe will provide a
continuous supply of clean and active interfaces for HMF
molecules, resulting in improved catalytic performance.'®*%*’

However, the catalytic performance of FeNi alloys is strongly
influenced by their morphological characteristics, emphasizing
the importance of understanding structure—property relation-
ships in catalyst design.”*'

FeNi has been prepared through chemical (hydrothermal
synthesis,”” solvothermal synthesis®®) and physical (PVD,**
ball milling”) methodologies. Each method offers unique
advantages for the preparation of nanostructured materials.
However, they may also suffer from drawbacks, such as longer
processing times, limited scalability, challenges in achieving
uniformity, and higher complexity. To date, the aerosol-
assisted chemical vapor deposition (AACVD) method offers
distinct advantages in synthesizing multimetallic alloys. This
technique allows precise control over the deposition process,
enabling the fabrication of nanostructured materials with
tailored morphologies and compositions.””*” AACVD is a
scalable and cost-effective synthesis approach, making it
suitable for the large-scale production of FeNi catalysts for
industrial applications.

In this contribution, we synthesized a FeNi electrocatalyst
with different morphologies using AACVD. We investigated
the electrochemical conversion of HMF to FDCA with a high
conversion efficiency of 96.42% and a high yield of 95.32%.
The morphology was controlled by different deposition times
of 40 and 80 min and monitored using scanning electron
microscopy (SEM). The catalysts were tested for the OER and
HMEF oxidation reaction (HMFOR). The results revealed that
FeNi-40 exhibited a significantly lower onset potential of 1.32
V vs RHE for HMF oxidation than FeNi-80 1.40 V vs RHE.
These findings underscore the superior catalytic activity of
FeNi-40 in HMF oxidation, highlighting its potential in
biomass conversion processes.

B MATERIALS AND METHODS

Chemicals and Reagents. Iron(IIl) acetylacetonate
(Fe(acac);) and nickel(II) acetylacetonate (Ni(acca),) were
purchased from Sigma-Aldrich. Nickel foam, with a thickness
of 1.6 mm and 110% porosity, was obtained from Goodfellow
Cambridge Ltd. Furthermore, 5-hydroxymethylfurancarboxylic
acid (HMFCA, 98%) was purchased from Sisco Research
Laboratory Pvt. Ltd., India. On the contrary, 2,5-furandicar-
boxylic acid (FDCA) was acquired from Biosynth Reagents
Ltd. KOH (85%, Sigma-Aldrich) was used without further
purification. Deionized water (Barnstead E-pure water
purification system, resistivity >18 MQ cm) was used to
prepare the HMF solutions and electrolytes.

Materials Instrumentation. The morphological analysis
of the synthesized catalysts was performed using a FESEM-
JEOL-7600F instrument equipped with an energy-dispersive
X-ray (EDX) spectrometer and elemental mapping. This high-
resolution scanning electron microscope allowed for detailed
imaging of the catalyst surfaces, providing insights into their
nanostructures and morphologies. The catalyst’s crystalline
structure and phase composition were analyzed using an
XPERT-PRO XRD (PANalytical B.V.). This instrument
utilized XRD to characterize the sample’s crystallographic
properties, including identifying phases and determining
crystallographic parameters. X-ray photoelectron spectroscopy
(XPS) was analyzed with Thermo ESCALAB 250.

Electrochemical Measurements. Electrochemical meas-
urements were performed at room temperature using a Gamry
Potentiostat (Interface 1010E). The standard three-electrode
setup included a nickel foam working electrode, a platinum
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Scheme 1. Schematic Representation of the Synthesis of the FeNi Nanoalloy Using the AACVD Method
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Figure 1. (a) FESEM images of FeNi-40: (a) overview FESEM image showing uniformly grown FeNi nanowires, (b) high-resolution FESEM
indicating spherical head termination, (c) overview SEM image for sample FeNi-80 showing a compact film with spherical nanostructures, and (d)
high-resolution FESEM indicating spherical nanostructures onto the FeNi film.

wire counter electrode, and a Hg/HgO (filled with 1.0 M
KOH) reference electrode. In addition, electrochemical
measurements were carried out using an H-cell setup, with
compartments separated by a Nafion 115 (with a thickness of
0.127 mm) cation exchange membrane. In contrast, other
electrochemical studies were performed in a single-cell
chamber. The nickel foam (dimensions of 1 X 1 cm, with a
thickness of 1.6 mm and a porosity of 110 ppi) was subjected
to a surface treatment procedure: it was initially washed in 3 M
HCI for 30 min to eliminate surface oxides, followed by
ultrasonication in ethanol and acetone for 30 min each. A 1.0
M KOH solution served as the supporting electrolyte. Linear
sweep voltammetry (LSV) was used to assess the activity of the
OER and HMFOR in a 1 M KOH solution with a pH of
approximately 13.64. The LSV curves were recorded at a
scanning rate of S mV s~'. The HMFOR experiments used a
concentration of 10 mM HMF. All of the electrochemical

studies in this report were performed without iR compensa-
tion. The potentials were calibrated using the reversible
hydrogen electrode (RHE) based on eq 1

RHE = E(Hg/HgO) + 0.059 pH + 0.105 V (1)

High-Performance Liquid Chromatography (HPLC)
Measurements. HPLC analysis was performed using a
Shimadzu Prominence LC-2030C system with an ultra-
violet—visible detector. The sample (~500 xL) was withdrawn
during potentiostatic electrolysis using a 1.0 mL glass syringe,
diluted to 1.5 mL with ultrapure water, and analyzed using
HPLC. The parameters were set as follows: the UV detector
operated at a wavelength of 265 nm, while the mobile phase
consisted of methanol (phase A) and a S mM ammonium
formate aqueous solution (phase B) in a ratio of 3:7. The flow
rate remained constant at 0.6 mL/min. Separation was
achieved using a 4.6 mm X 150 mm Shim-pack GWS 5 um

https://doi.org/10.1021/acsomega.4c04274
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Figure 2. XRD pattern of the FeNi alloy reveals signals attributed to the planes (111), (200), and (220) within the FCC cubic crystal structure,
indicating its distinct structural composition. (B) XPS spectrum of Fe 2p, showing distinct peaks corresponding to Fe?* and Fe®* oxidation states,
indicating the presence of both Fe(II) and Fe(IlI) species within the FeNi nanostructures. (C) XPS spectrum of Ni 2p, featuring a prominent peak
for metallic Ni (Ni°) and smaller contributions from Ni**, confirming the alloy’s composition and oxidation state distribution.

C18 column, with each separation run lasting for approx-
imately 7 min. This analytical methodology enabled the
accurate identification and quantification of HMF oxidation
products, providing valuable information about the electro-
chemical conversion process. The standard calibration curves
for HMF, FDCA, and HMFCA are given in Figure S2.
Synthesis of FeNi/NF. Fe—Ni alloy nanostructures were
synthesized through the AACVD method, employing Ni Foam
as the substrate for FeNi deposition. At first, iron(III)
acetylacetonate (Fe(acac);) and nickel(II) acetylacetonate
(Ni(acac),) were mixed in a 1:1 ratio, corresponding to 0.5
mmol each. These precursors were dissolved in 15 mL of
methanol under stirring to ensure homogeneity. The mixed
metal precursors were subjected to ultrasonic humidification to
generate an aerosol mist. This process helps to facilitate the
efficient transfer of precursors to the reaction chamber. The
aerosol mist containing the metal precursors was introduced
into a preheated tube furnace at approximately 475 °C. A
carrier gas mixture consisting of 10% H, and 90% N, was used
to facilitate the transport and decomposition of precursors. Ni
foam inside the tube furnace received the decomposed metal
precursors, where the chemical vapor deposition (CVD)
process occurred. The deposition was carried out for two
different durations: 40 and 80 min, resulting in samples labeled
FeNi-40 and FeNi-80, respectively. Upon completion of the
deposition, the aerosol supply was terminated, and 100% H,
gas was passed over the catalyst to ensure the formation of
FeNi alloy. This step helps reduce any residual precursors and
promotes alloy formation. The amount of FeNi deposited on
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the Ni Foam substrates was measured before and after
deposition using the appropriate analytical techniques. For
FeNi-40, the deposition mass was found to be 24 pg, while for
FeNi-80, it was 37 ug, indicating the variation in the deposition
mass with the deposition time. The graphical form of synthesis
of FeNi alloys is displayed in Scheme 1.

B RESULTS AND DISCUSSION

Morphological and XRD Analysis. Field emission
scanning electron microscopy (FESEM) was employed to
analyze the morphologies of the prepared FeNi-40 and FeNi-
80 samples. Figure la,b show the FeNi-40 FESEM images at
different magnifications of 1 ym (overview) and 100 nm (high-
resolution SEM). At a magnification of 1 ym, FeNi-40 exhibits
a well-defined, uniform size and regular arrangement of
nanowires throughout the substrate (Figure 1a). Upon further
magnification to 100 nm, a spherical head formation can be
observed at the termination points of the nanowires (Figure
1b). Conversely, Figure lc,d FESEM images of FeNi-80 at
various magnifications revealed a contrasting morphology, i.e.,
the formation of a compact film with the uneven formation of
FeNi spherical structures is evident (Figure lc,d). This
disparity indicates a deviation from the expected morphology,
likely attributed to excessive loading of Fe and Ni during the
prolonged deposition time. The overloading effect may induce
agglomeration and disrupt the desired nanowire formation,
leading to irregular and less-defined structures in FeNi-80. The
observed morphological differences between FeNi-40 and

https://doi.org/10.1021/acsomega.4c04274
ACS Omega 2024, 9, 42766—42777
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Figure 3. (a) LSV curves of the FeNi-40 and FeNi-80 electrodes, with and without 10 mM HMF, conducted in a 1.0 M KOH electrolyte at a
constant scan rate of S mV s~ . (b) Magnified images of the LSV curve. (c) Comparison of onset potentials and overpotentials required to achieve a
current density of S0 mA cm™> across various electrodes with and without HMF. (d) Corresponding Tafel plots depicting the electrocatalytic
behavior of the FeNi-40 and FeNi-80 electrodes illustrate the influence of HMF on reaction kinetics.

FeNi-80 significantly affect catalytic behavior, particularly in
the HMFOR reaction.

The energy-dispersive X-ray spectroscopy (EDX) results for
FeNi-40 and FeNi-80 provide critical insights into the impact
of deposition time on the composition and morphology of the
catalysts synthesized via AACVD. FeNi-40, deposited over 40
min, exhibits a nanowire morphology with a relatively balanced
composition of 52.4% Fe and 47.6% Ni by atomic weight
(Figure S3A,B). This balanced Fe/Ni ratio suggests a well-
mixed alloy, likely contributing to the high surface area and
increased availability of active sites crucial for catalytic
processes. In contrast, EDX analysis of FeNi-80 reveals a
higher iron content of 60.8% Fe than 39.2% Ni (Figure
S3C,D). The increased iron concentration and the aggregated
morphology suggest a possible phase separation or uneven
alloying, which could impair the catalyst’s efliciency. The
higher iron content in FeNi-80 may lead to a denser, less
porous material, further limiting the interaction between the
catalyst and the reactants. This could explain the observed
decrease in catalytic activity for FeNi-80, as the reduced
surface area and less homogeneous composition likely hinder
effective HMF oxidation.

XRD analysis was performed on the FeNi alloys deposited
for different durations, namely, FeNi-40 and FeNi-80, to
investigate their crystalline structure and phase composition.
Figure 2, the XRD patterns of FeNi-40 and FeNi-80, exhibited
prominent reflections at 20 angles of approximately 44.86,
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52.04, and 76.15°. These reflections correspond to the planes
(111), (200), and (220) of a face-centered cubic (FCC) crystal
structure of FeNi alloys. The observed diffraction reflections
agree with the (JCPDS card number-012-0736), confirming
the formation of FCC FeNi alloy.*® The absence of additional
reflection in the XRD patterns suggests a high purity and phase
homogeneity in both FeNi-40 and FeNi-80 samples. This is
further supported by the vigorous intensity of the observed
diffraction reflections, indicating well-defined crystalline
structures. Interestingly, despite the variation in surface
morphology depending on the deposition time between the
FeNi-40 and FeNi-80 samples, XRD analysis revealed no
difference in crystallinity or crystal phase.

The X-ray photoelectron spectroscopy (XPS) data for the
Fe—Ni alloy, as presented in Figure 2b,c, offer significant
insights into the chemical composition and oxidation states of
the elements involved. The Fe 2p spectrum reveals multiple
peaks, including the Fe 2p,,, and Fe 2p;, components,
alongside characteristic satellite peaks. Notably, the Fe 2p;/,
peak around 710.62 eV indicates the presence of Fe®" ions,
while the corresponding Fe 2p,,, peak at approximately 723.7
eV confirms this state. The presence of Fe** ions is also evident
from peaks at similar binding energies, highlighting a mixed-
valence state for iron. This mixed oxidation state, often
resulting from surface oxidation or air exposure, is crucial. It
provides a range of active sites that can enhance catalytic
performance, particularly for redox reactions involved in

https://doi.org/10.1021/acsomega.4c04274
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Figure 4. (a) EIS curves illustrating the impedance behavior of the FeNi-40 and FeNi-80 electrodes, both with and without the presence of 10 mM
HMF, in a 1.0 M KOH electrolyte. (b) Turnover frequency (TOF) analysis of FeNi-40 and FeNi-80 electrodes under the influence of 10 mM
HME, derived from various potentials along the polarization curve, highlighting the catalytic activity of the alloys.

processes such as HMF oxidation. The Ni 2p spectrum further
supports the alloy’s composition by displaying a prominent Ni
2p3/, peak at around 855.2 eV, indicative of metallic Ni 0. This
suggests that a substantial portion of nickel remains
unoxidized, preserving the structural and electronic properties
necessary for effective catalysis. The satellite peaks associated
with Ni**, observed around 862.9 eV, indicate surface
oxidation, forming nickel oxides or hydroxides. The presence
of these oxides, while potentially altering the electronic
environment of the surface, can also contribute additional
active sites for catalytic reactions. Thus, the XPS analysis
reveals that the Fe—Ni alloy surface combines oxidized iron,
nickel, and metallic nickel.

Electrochemical Analysis of Prepared Catalysts for
OER and HMFOR. The electrocatalytic performance of FeNi-
40 and FeNi-80 for both the OER and HMFOR was
systematically investigated by linear sweep voltammetry
(LSV) in a 1.0 M KOH electrolyte using a reference Hg/
HgO electrode with a fixed scan rate of S mV s™'. As depicted
in Figure 3a, the results reveal significant differences in the
onset potentials and overpotentials of the two catalysts with
and without 10 mM HMF. For FeNi-40, the OER exhibited an
onset potential of 1.45 V and an overpotential of 1.54 V vs
RHE at a current density of 50 mA cm ™, indicative of its
effective catalytic activity for oxygen evolution. After adding 10
mM HMEF, FeNi-40 exhibited a reduced onset potential of 1.32
V and a lower overpotential of 1.47 V vs RHE at 50 mA cm™>
current density, signifying increased catalytic activity toward
HMFOR. The observed decrease in the onset potential and
overpotential in the presence of HMF suggests efficient
oxidation of HMF in FeNi-40, highlighting its potential as a
superior catalyst for biomass conversion.

Interestingly, a peak observed at 1.42 mV in the OER curve
(Figure 3b) suggests potential Ni oxidation from Ni** to Ni**,
a common phenomenon in Ni-based catalysts. However, the
addition of HMF indicates that the presence of HMF
influences the oxidation behavior, potentially inhibiting the
Ni oxidation process. On the contrary, FeNi-80 showed less
favorable electrocatalytic activity than FeNi-40 for the OER
and HMFOR. FeNi-80 exhibited higher onset potentials of
1.48 V for the OER and 1040 V for the HMFOR and
overpotentials, 1.56 V for the OER and 1.55 V for the
HMFOR at 50 mA cm™ current density, indicating inferior
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catalytic performance. This can be attributed to the
morphology of FeNi-80, characterized by irregularities and
disruptions, which likely reduce the availability of active sites
and hinder catalytic efficiency. Figure 3c presents a
comparative analysis of the onset and overpotentials at S0
mA cm™? for the OER and HMFOR. Both FeNi-40 and FeNi-
80 demonstrate lower onset and overpotentials for HMFOR
compared to the OER, indicating the superiority of HMFOR
over the OER in terms of catalytic efficiency. In addition, to
provide a direct comparison, we normalized the applied
potential for HMF oxidation by dividing the current density by
the electrochemically active surface area (ECSA) value in
Figure S4. The ECSA-normalized current densities were
determined at an applied potential of 1.6 V vs RHE. The
ECSA-normalized current density for FeNi-40 was found to be
5.2 mA/cm?, while FeNi-80 exhibited a current density of 4.1
mA/cm? This indicates that FeNi-40 still demonstrates
superior catalytic activity per unit active surface area compared
to FeNi-80.

Tafel plot analysis is a powerful technique for understanding
the kinetics and mechanisms of electrochemical reactions.
Tafel plots were used to investigate the kinetics of the OER
and HMFOR catalyzed by FeNi-40 and FeNi-80 catalysts,
both with and without 10 mM of HMF. Figure 3d illustrates
the Tafel slope values obtained from the polarization plots. As
a result, FeNi-40 with 10 mM HMF exhibited the lowest Tafel
slope value of 61 mV/dec, indicating rapid kinetics and
efficient catalytic activity for both HMFOR processes. The
presence of HMF likely enhances the electrochemical reaction
kinetics by facilitating the adsorption and activation of the
reactant on the catalyst surface, leading to an improved
performance. FeNi-80 with 10 mM HMEF exhibits a higher
Tafel slope value of 131 mV/dec in comparison to FeNi-40,
indicating slower kinetics and less efficient catalysis. This
suggests that the morphology and composition of FeNi-80 may
not be as conducive to efficient electrocatalytic activity,
resulting in decreased performance even in the presence of
HMF. When comparing the Tafel slope values of FeNi-40 and
FeNi-80 without HMF, FeNi-40 184 mV/dec demonstrates
superior catalytic kinetics for the OER compared to FeNi-80
208 mV/dec. This highlights the influence of catalyst
composition and morphology on the electrochemical perform-
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Figure S. (a and c) Cyclic voltammetry (CV) curves of the FeNi-40 and FeNi-80 electrodes recorded at various scan rates, revealing the
electrochemical behavior of the alloys. (b, d) Linear regression plots correlate the current response with the scan rate for the FeNi-40 and FeNi-80

electrodes, facilitating the determination of ECSA from the CV data.

ance, with FeNi-40 exhibiting better activity even without
HME.

Electrochemical Impedance Spectroscopy (EIS) Anal-
ysis of Different Catalysts in the Absence and Presence
of HMF. Electrochemical impedance spectroscopy (EIS)
studies provided additional insights into the electrocatalytic
behavior of FeNi-40 and FeNi-80, particularly in 10 mM HMF.
Figure 4a illustrates the Nyquist plot for the prepared
electrodes at an applied potential of 1.45 V vs RHE with
and without 10 mM HMF. The FeNi-40 electrode with 10
mM HMEF exhibits the smallest semicircle, indicating the
lowest charge transfer resistance among the tested conditions.
This suggests that the presence of HMF facilitates charge
transfer and enhances the electrochemical activity of the FeNi-
40 electrode. The equivalent circuit model fitted to the
Nyquist plot provides additional insights into the electro-
chemical processes at the electrode—electrolyte interface.
Supporting Information, Figure S1 discusses the fitted circuit
model. The measurement of charge transfer resistance (R.,) is
particularly significant because it reflects the ease with which
charge is transferred across the electrode—electrolyte interface.
A lower R value indicates faster charge transfer kinetics and
improved electrochemical performance. In this study, FeNi-40
electrodes exhibit lower R, values in the presence of HMF
2.17 than those without HMF 3.79 €, indicating an increased
charge transfer efficiency with HMF addition. Similarly, FeNi-
80 electrodes also show reduced R values with HMF 2.4 Q
compared to those without HMF 3.8.
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The turnover frequency (TOF) is a crucial parameter in
catalysis, representing the number of catalytic events per active
site and per unit time. This study measured the TOF of the as-
prepared FeNi-40 and FeNi-80 catalysts in 10 mM HMF to
evaluate their catalytic efficiency for HMFOR. The TOF was
calculated using eq 2:

TOF=(JX A)/6 X FX m (2)

where ] is the current density (A/cm?®), F is the Faraday
constant (96,485 C/mol), A is the electrode area (1 cm?), and
m is the mass/mol of catalyst deposited on the electrode
surface (g/mol). At an overpotential of 1.6 V vs RHE, the TOF
of FeNi-40 and FeNi-80 was measured to be 2.03 and 0.78 57/,
respectively. The higher TOF value obtained for FeNi-40 than
for FeNi-80 suggests that FeNi-40 exhibits excellent catalytic
activity and efliciency for HMFOR in 10 mM HMEF. This
difference in TOF can be attributed to the more favorable
morphology and composition of FeNi-40, which provides a
higher density of active sites for HMF oxidation.
Electrochemical Active Surface Area Measurements.
The electrochemically active surface area (ECSA) of catalysts
is a crucial parameter that directly influences their catalytic
performance. This study evaluated the ECSA of FeNi-40 and
FeNi-80 catalysts by using cyclic voltammetry (CV) measure-
ments at different scan rates. Figure Sa shows the CV obtained
for FeNi-40 at various scan rates. In contrast, Figure Sb shows
the linear relationship between the current and scan rate,
characteristic of a double-layer capacitance process. Similarly,
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Figure 6. (a) Time-dependent concentration changes of HMF and its oxidation products during CA tests conducted at 1.45 V vs RHE, providing
information on the electrochemical conversion process. (b) Relationship between HMF conversion and FDCA formation concentrations is plotted
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Chart 1. Schematic Representation of the General Mechanism Underlying the Oxidation of HMF to FDCA Is a Key Step in
Biomass Conversion Processes for Sustainable Chemical Production

| Path 1 |
| HO lo HO o 0o o o |
1 <) ) o ) \ o - o |
1 N/ = L\ don —2 L "\ [ on—— wo” \\ 4 ou:
i =

i HMF HMFCA FFCA OH FDCA \
| Path 2 1
I I

HO 0
1 o [o] o o (o] |
- = -2€
I W = \ —2 .\ on— 0" "\ [ Nou!
== -
' HMF 0 DFF OH FFCA ° FDCA :

Table 1. Comparative Table of HMFOR Parameters over Prepared Catalysts Compared with Previously Reported Catalysts

electrode HMF concentration (mM) oxidation potential (V) vs RHE FDCA yield (%) Faradic efficiency references
NiCo,0,/NiF S 1.5 90.4 87.5 40
NiB, Py 10 1.46 90.6 925 41
Co,N@CeO, 10 1.425 93.6 84.5 42
WO;/Ni S 1.37 88.3 88 43
NiO-N/C 10 1.473 84 96 44
Ni@C-250 50 1.45 91 95 45
Co-doped NiCoBDC 10 1.5§ 99 78.8 46
Pd/VN 10 1.36 88 84 47
NiO-Co,0, 10 128 96.0 48
NiO-CMK 20 1.85 79 70 49
NF@Mo—Ni gSe 10 1.40 95 95 50
Ni;N—V,0, 10 98.7 st
FeNi-40 10 1.32 953 96.42 this work
Figure 5c,d depict the CV and linear plots for FeNi-80. The be 31 and 23 cm?, respectively. The higher ECSA observed for
slope of the linear plot, which represents the double-layer FeNi-40 than FeNi-80 suggests that FeNi-40 possesses a larger
capacitance (Cg), was measured to be 1.24 mF for FeNi-40 active surface area for electrochemical reactions. This larger
and 0.92 mF for FeNi-80. The double-layer capacitance is surface area likely results in a higher density of active sites,
directly proportional to the ECSA of the catalyst. The ECSA leading to enhanced catalytic activity. The observed differences
was calculated using eq 3 in ECSA between FeNi-40 and FeNi-80 highlight the
ECSA = Cy/C, ) %mpor?an‘c'e of the morpho?ogy and composition of the catalyst
in optimizing electrochemical performance.
where C; is the specific capacitance of the electrolyte, and C; is HMF Conversion and Analysis of Products in FeNi-
determined to be 0.04 mF. 40/NF. Chronoamperometry (CA) is a powerful technique
Substituting the measured values of Cy and C, into the used to monitor the progress of electrochemical reactions over
equation, the ECSA of FeNi-40 and FeNi-80 was calculated to time by applying a constant potential. In this study, CA was
42773 https://doi.org/10.1021/acsomega.4c04274
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performed to oxidize 10 mM HMEF in 1.0 M KOH electrolyte
with a steady potential of 1.45 V vs RHE. Figure 6a shows the
CA curves obtained for FeNi-40, which indicate a decrease in
current over time, suggesting a reduction in HMF concen-
tration due to oxidation. High-performance liquid chromatog-
raphy (HPLC) was employed for further quantitative analysis
to investigate the product distribution during oxidation. The
samples were collected at regular intervals during CA and
analyzed using HPLC. The oxidation of HMF typically occurs
via two pathways:39 in Path 1, the aldehyde group in HMF is
oxidized to form HMFCA, while in Path 2, the hydroxyl group
in HMF is oxidized to form DFF. HMFCA and DFF can
further oxidize to form FFCA, and then, FFCA can undergo
further oxidation to form FDCA (Chart 1).

The analysis revealed a decrease in HMF concentration over
time, accompanied by a parallel increase in FDCA concen-
tration, as depicted in Figure 6b. Intermediate products such as
HMFCA and FFCA were also observed, with the concen-
tration of HMFCA initially increasing and then decreasing over
time, indicating that HMF conversion occurs predominantly
through Path 1. Based on theoretical calculations, the charge
consumed during the oxidation process was estimated to be
84.3C. Product analysis and faradic efficiency were measured
by using the theoretical formula given in S2. Furthermore, the
Faradaic efficiency and product yield were measured at 96.4
and 95.3%, respectively, indicating the high efficiency and
selectivity of the electrochemical oxidation process. The
observed product distribution and high Faradaic efficiency
highlight the potential of FeNi-40 as an efficient catalyst for
biomass conversion applications. In addition, Table 1 presents
a comparative analysis of the prepared catalyst with other
catalysts for the conversion of HMF. As a result, the FeNi-40
catalyst demonstrates exceptional performance for the
oxidation of HMF than many other nickel-based and bimetallic
catalysts.

Stability of FeNi-40/NF. A chronopotentiometry (CP)
test was conducted without HMF to assess the electrode’s
durability, maintaining an applied current density of 50 mA
cm™2 The choice to exclude HMF during this test was driven
by the need to isolate the electrode’s intrinsic stability without
the influence of reactants, which can introduce variable
degradation pathways. This approach ensures a clearer
understanding of the electrode’s resilience under purely
electrochemical conditions. As depicted in Figure SSA, the
Fe—Ni-40 electrode demonstrated remarkable stability over a
duration exceeding 7 h, maintaining a steady potential around
1.5 V vs RHE. This stability suggests that the electrode’s
structural integrity and catalytic sites remain intact under
prolonged electrochemical stress, which is crucial for real-
world applications where long-term operation without
performance degradation is essential. Subsequently, the long-
term stability of the Fe—Ni-40 electrode was evaluated in the
presence of 10 mM HMF under optimized conditions,
reflecting a more realistic operational scenario where the
electrode is exposed to reactants and potential byproducts.
This evaluation involved intermittent usage over 15 days,
during which the electrode was stored in an airtight container
when not in use to prevent environmental degradation or
contamination. The results, summarized in Figure SSB, reveal
that the electrode retained 92.06% of its initial current
response after 15 days, a testament to its robust stability and
resilience. This slight decrease in the current response can be
attributed to minor surface passivation or fouling, common in

electrocatalytic processes involving organic substrates. This
high retention highlights the electrode’s resilience and
suitability for prolonged use in catalytic applications, emphasiz-
ing its potential for sustainable energy and chemical
production processes.

The FeNi-40/NF catalyst’s stability before and after the
HMF oxidation reaction was further evaluated through XRD
analysis. Following the HMFOR process, in Figure 7, the XRD

—— After HMFOR

—— Before HMFOR

Intensity (a.u)

20 30 40 50 60 70 80 90
20 (degree)

Figure 7. XRD patterns of the FeNi-40/NF catalyst before and after
HMFOR.

patterns continue to show reflections at similar 20 angles,
indicating the retention of the FCC structure. However, a
slight shift in peak positions toward lower 26 angles of 52.04°
(52.29°) and 76.15° (76.68°) is observed. This could be due
to incorporating HMF oxidation products or absorbed species
into the crystal lattice, causing lattice expansion. Moreover, the
absence of additional peaks in the XRD pattern post-HMFOR
indicates that no new crystalline phases or any phase
transformations were formed during the electrochemical
reaction. Finally, this postcharacterization of XRD results
suggests that the FeNi alloy is robust and capable of retaining
its catalytic properties under electrochemical conditions. This
resilience makes it a promising electrode for long-term use in
electrochemical processes of HMF oxidation.

B CONCLUSIONS

This study investigated the AACVD-based synthesis of FeNi
alloy nanostructures with different morphologies. It explored
their electrochemical performance in oxidizing biomass-
derived HMF to FDCA, an organic molecule used as an
intermediate for many industrially viable fine chemicals.
Morphological analysis revealed that FeNi alloy nanowires
synthesized for a short reaction time (FeNi-40) exhibited
superior catalytic efficiency compared with the FeNi alloy
(FeNi-80), which displayed irregular nanostructures. X-ray
diffraction (XRD) analysis confirmed the successful formation
of FeNi alloys with a FCC crystal structure. Electrochemical
characterization demonstrated that FeNi-40 exhibited onset
potentials of 1.32 V versus RHE for HMF oxidation lower than
those of FeNi-80, indicating superior catalytic activity. Tafel
plot analysis further confirmed the enhanced kinetics of HMF
oxidation on FeNi-40, attributed to its lower resistance to
charge transfer. The investigation of ECSA revealed a larger
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ECSA for FeNi-40 compared with FeNi-80, indicating a higher
density of active sites for electrochemical reactions. CA
analysis combined with HPLC’s product analysis demonstrated
efficient HMF oxidation in FeNi-40, with a high product yield
(95.3%) and Faradaic efficiency (96.42%). In addition, the
results of this study provide valuable insight into the
electrochemical performance of FeNi catalysts for biomass
conversion and lay the foundation for future research to
advance sustainable catalysis for renewable energy and
chemical production.
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