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NiFeCo wrinkled nanosheet electrode for selective
oxidation of 5-hydroxymethylfurfural to
2,5-furandicarboxylic acid¥

Bingkun Chen,? Bowen Yang,? Yagiong Su, 2 € Qidong Hou,
Richard Lee Smith, Jr, @29 Xinhua Qi (2 *° and Haixin Guo {2 *@

Quantitative and selective oxidation of 5-hydroxymethylfurfural (HMF) to 2,5-furandicarboxylic acid
(FDCA) via electrocatalysis is a crucial milestone for biomass conversion. In this study, FeCo-modified
B-Ni(OH), wrinkled nanosheet electrode were prepared by a hydrothermal method and used for the
electrocatalytic oxidation of HMF to afford 100% conversion, 98.7% FDCA yield and a Faraday efficiency
(FE) of 98%. The wrinkled nanosheet structure design increased the surface area (26.3 m? g™%) and intro-
duced oxygen-rich active sites (35.26%), enabling a current density of 10 mA cm™2 for HMF oxidation at
1.26 V vs. RHE. In situ electrochemical characterization established that f-NiOOH was the actual oxidation
active site. The decoration of FeCo promoted the formation of p-NiOOH species, in which Ni** was con-
verted into Ni%* via the hydroxy and aldehyde groups in HMF, while HMF was dehydrogenated to the oxi-
dative derivative (FDCA) at the anode. Electrochemical cyclic voltammetry confirmed that the substrate
and product species followed a Langmuir—Hinshelwood (L—H) adsorption mechanism. Density functional
theory (DFT) calculations verified that the Gibbs free energy and adsorption energy of HMF can be
adjusted through the co-doping of the FeCo composition, which was more effective in capturing protons
and electrons and activating HMF. This work lays the foundation for a deeper understanding of polymetal-
lic site synergies and provides a practical technique for the upgrading of electrochemical substance
derivatives into structural unit chemicals.

1. The oxidation of biomass-derived furans to 2,5-furandicarboxylic acid (FDCA) holds significant implications for achiev-
ing the UN Sustainable Development Goals. This is because FDCA has a substantial future as a monomer for bio-based
polymers. Our work promotes green chemistry as it enables the efficient electrocatalytic oxidation of HMF to FDCA, repla-
cing traditional thermal catalysis and contributing to Goal 7 by reducing the consumption of non-renewable energy

sources.

2. The catalyst is prepared by a hydrothermal method in water. It achieves 100% HMF conversion, 98.7% FDCA yield, and
98% Faraday efficiency. It exhibits a low overpotential (157 mV) and a high current density (66.2 mA cm ™) at 1.5 V vs.
RHE. The nickel leaching of the catalyst is less than 0.002 ppm after each cycle.

3. Future research will focus on replacing or minimizing the use of inorganic bases.
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1. Introduction

Conversion of renewable resources using sustainable chemistry
has shown great progress in platform chemical production
and energy systems."” The priority chemical 2,5-furandicar-
boxylic acid (FDCA) can be synthesized from 5-hydroxymethyl-
furfural (HMF)>* and has considerable potential as a
monomer for bio-based polymers.>® Although FDCA can be
obtained from HMF via thermal catalysis or biocatalysis, these
methods often require severe reaction conditions, long reac-
tion times, or energy-intensive separations.” Electrocatalytic
oxidation of HMF for FDCA production, on the other hand,
requires low energy consumption and operates under relatively
mild conditions, making it a promising approach for renew-
able resource transformation schemes.®’

Development of electrocatalytic electrodes that are selective
for oxidation is necessary for realizing HMF conversion on a
commercial scale. In general, because precious metals are
limited in their application due to cost and stability, research
has focused on transition metal catalysts, including hydrox-
ides,'® oxides,"" phosphides,'®"? nitrides,"* and sulfides'® of
transition metals (Ni, Fe or Co). For the HMF oxidation reac-
tion (HMFOR), Ni-based compounds are thought to be among
the most prospective non-noble metal catalysts,'® but their low
conductivity and intrinsic electronic structure require a high
potential to begin the reaction. Therefore, the construction of
efficient, fast charge transfer, and cheap -electrocatalytic
materials is an ideal choice to achieve low-cost preparation of
FDCA. It has been demonstrated that layered double hydrox-
ides (LDH), which are typically two-dimensional materials
made up of cationic plates with hydroxyl groups and interlayer
anions with modifiable compositions, are effective candidates
for the oxidation of small molecules such as water, methanol,
and HMF."”"'® To improve electrocatalytic activity, constructing
multiple sites to form synergies between trimetallic centers is
an effective strategy. Transition metals such as Co, Fe, and Mn
incorporated into nickel-based oxides or hydroxides to syn-
thesize ternary composite materials can modulate the elec-
tronic structure of layered double hydroxides (LDHs) and sig-
nificantly enhance their electrocatalytic performance in HMF
oxidation.'® Nanosheet structures of layered double hydroxides
(LDHs) containing transition metals have moderate specific
surface areas (26 m> g~') and relatively high turnover frequen-
cies (0.44 s™'), which can provide effective charge transfer
channels for electrolysis reactions.>’

By adjusting the Ni/Co ratio, Niu et al. synthesised a range
of Ni,Co;_,0, catalysts and verified the contribution of Ni
species to kinetic enhancement and the cooperative catalytic
impact of Co incorporation. However, the synergies of multiple
metal species in catalytic processes and the intrinsic mecha-
nisms governing the electron structure of Ni-based electrocata-
lysts and composites remain unclear. Liu et al. considered that
the true active species for HMFOR are the developed high-
valence species (B-NiOOH) of Ni***.>' From the current view-
point, it remains uncertain whether doped polymetals contrib-
ute to HMF oxidation in a complementary way or whether the
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sub-centre merely modifies the electronic structure of the
primary center. Therefore, elucidating the actual impacts of
Ni-Fe-Co sites on catalytic activity and selectivity is imperative.
Additionally, the binding and absorption of OH- comprise a
key factor influencing HMFOR as they are crucial for the for-
mation of high-value activation phases or the activation of C-
H/O-H nodes.>*>* However, the adsorption process of OH™ on
the catalyst surface in the electrocatalytic oxidation of HMF
has not been found.

In this work, an electrocatalyst with an FeCo-decorated p-Ni
(OH), nanosheet array structure grown in situ on NF was syn-
thesized and the oxidation mechanism of NiFeCo-LDHs for
HMFOR was studied. The effects of polymetallic site construc-
tion on electrocatalytic HMF oxidation were examined by com-
paring the properties of NiFe-LDHs, NiCo-LDHs and NiFeCo-
LDHs. In situ spectrum and electrochemistry techniques were
utilized to explore the absorption and coupling mechanisms
of catalysts for organic molecules and OH™ in alkaline environ-
ments. The differences between the Eley-Rideal (E-R) and
Langmuir-Hinshelwood (L-H) mechanisms in active sites and
adsorption groups were investigated. The adsorption behavior
and dehydrogenation free energy of HMF oxidation were ana-
lyzed utilizing density functional theory (DFT). The partial
state density (PDOS) at the Fermi level, the crystal orbital
Hamilton population (COHP) and the charge density differ-
ence (CDD) were also calculated to elucidate the synergistic
effect of multiple metal sites, the regulation of the electronic
structure and the activation of HMF by co-doping. Combined
with electrochemical experiments, this work highlights the
engineering of electronic structures in NiFeCo-based hydrox-
ides for HMFOR from the perspective of multi-metal site
synergies.

2. Results and discussion

2.1. Characterization of the samples

The catalyst preparation process is given in Fig. 1a. The hier-
archical NiFeCo-LDH nanoarrays formed by multiple metal
ions (Ni**, Co**and Fe®") grew in situ vertically on the exterior
of the NF, according to the NiFeCo-LDH scanning electron
microscope image (Fig. 1b). A densely grown array of hierarchi-
cal nanosheets covered the nickel foam surface, as shown in
the SEM image (Fig. 1c). These dense and ultra-thin nano-
layers most likely increase the specific surface area as shown
next. A type-IV isotherm of an adsorption-desorption hyster-
esis loop, which is a feature of mesoporous structures, was
observed in the prepared samples (Fig. S1f). The specific
surface area (26.3 m”> g~ ') and mesopore volume (0.33 cm® g™ )
of NiFeCo-LDHs were greater than those of NiFe-LDHs and
NiCo-LDHs (Table S17), indicating that the metal interactions
affected the structural properties of the materials. The
addition of iron was essential for forming hierarchical nanoar-
ray structures. NiFe-LDHs and NiFeCo-LDHs had similar mor-
phologies, but NiCo-LDHs were single-layered nanosheet struc-
tures (Fig. S2t). NiFeCo-LDH nanoarrays with several folds
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Fig. 1

(a) Schematic illustration of preparation; (b) SEM image of NiFeCo-LDHs in low and (c) magnified resolution; (d) TEM image of the NiFeCo-

LDHs; (e and f) HRTEM and SAED images; and (g—j) elemental maps of the NiFeCo-LDHs.

were additionally revealed by transmission electron micro-
scope images (Fig. 1d). The crystalline nickel hydroxide under-
goes four crystal transformations during the electrochemical
reaction, namely «o-Ni(OH),, B-Ni(OH),, p-NiOOH, and
y-NiOOH. When p-Ni(OH), is the active substance, in the
normal charge and discharge process, the nickel electrode
reaction occurs between B-Ni(OH), and f-NiOOH. Bode et al.*
found that the charge-discharge reaction between a-Ni(OH),
and y-NiOOH can take place simultaneously with the § — p
reaction, so y-NiOOH can be discharged to form o-Ni(OH),.
Nevertheless, o-Ni(OH), is highly unstable in alkaline solu-
tions and is readily converted to p-Ni(OH),. Additionally,
studies have demonstrated that when preparing Ni(OH),,

This journal is © The Royal Society of Chemistry 2025

adding an appropriate amount of metal ions such as Co can
inhibit the transformation of Ni(OH), to the y-type during
overcharging, thereby enhancing the utilization rate of the
active substances.”® The HRTEM and SAED images (Fig. 1le
and f) showed clear lattice fringes and diffraction patterns
with lattice spacings of 0.46, 0.27, and 0.23 nm, respectively.
These spacings correspond to the (001), (100), and (101)
planes of B-Ni(OH),.”” The HR-TEM image of NiFeCo-LDHs
(Fig. 1e) clearly showed hazy areas (circle area), which may
have resulted from the lattice deformation caused by oxygen
vacancies.”® The element mapping illustrated that the Ni, Co
and Fe elements were uniformly distributed within the
nanosheets (Fig. 1g-j).
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The components Ni, Fe, Co, and O were present in the
respective samples as indicated by the XPS spectra of NiFeCo-
LDHs, NiFe-LDHs, and NiCo-LDHs (Fig. S31). The XPS spectra
of NiFeCo-LDHs exhibited two characteristic peaks at 873.6 eV
and 855.8 eV, which correspond to Ni 2p;;, and Ni 2ps,
(Fig. 2a). Two satellite peaks at 879.3 eV and 861.1 eV were also
observed, consistent with the existing literature.”>*° The
binding energies of Fe 2p;/, and Fe 2p,,, exhibited by the two
main peaks in the Fe 2p XPS spectrum (Fig. 2b) were found at
719.1 and 711.5 eV, respectively, aligning with the reported
values.?! The spectrum of Co 2p in Fig. 2c was assigned to two
spin-orbiting doublets. The peaks at 780.5 eV and 796.7 eV cor-
responded to Co 2ps, and Co 2p,),, with associated satellite
peaks identified at 785.3 eV and 802.8 eV, respectively. The
presence of Co>" and Co>* was verified by the peaks at 776.3 eV
and 780.5 €V in accordance with the literature.* Notably, the
binding energies of Ni 2p, Fe 2p and Co 2p for NiFeCo-LDHs
shifted slightly to higher binding energies (0.4-1.3 eV) when
compared with NiFe-LDHs and NiCo-LDHs, demonstrating
that Ni, Co, and Fe have electronic interactions.>® This
suggested that Ni, Fe and Co were introduced into the nickel
foam as intended and that they changed the original electronic
structure, so as to improve the adsorption energy of the inter-
mediate on the electrode. With FeCo co-doped, the Ni content
of NiFeCo-LDHs (19.7%) increased compared with NiFe-LDHs
(14.8%) and NiCo-LDHs (15.4%) (Table S27). It is known that

View Article Online
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FeCo doping enhances metal-support interactions, promotes the
distribution of Ni, and produces an amount of active site precur-
sors (B-Ni(OH),).** In addition, the high-resolution O 1s XPS
spectra of samples clearly revealed the three deconvoluted main
peaks of O; (529.7 eV), O, (531.8 eV), and O; (534.1 eV) (Fig. S11,
ESI}), corresponding to the metal-oxygen bond, defect oxygen,
and adsorbed oxygen, respectively.’® As reported before, there was
a positive relationship between the O, ratio and the V,, density.*®
The larger intensity ratio of the defect oxygen peak for NiFeCo-
LDHs (35.3%) with respect to that of NiFe-LDHs (20.6%) or NiCo-
LDHs (31.41%) further confirmed that the polymetallic coordi-
nation create more unpaired electrons to increase the Vi concen-
tration. The use of NH,F enhanced the catalyst stability and
inhibited metal (Ni) leaching. The presence of F was detected in
XPS, which can shorten the M-O(F) bond length, thus increasing
the bond energy, and improving crystal structural stability
(Fig. S11bt).*” Fluorine raises the migration barrier of transition
metals (Ni) during the electrochemical reaction process and inhi-
bits or decelerates the dissolution of transition metals.*® The ICP
analysis results demonstrated that the leaching of Ni was less
than 0.002 ppm after each cycle, indicating that the synthesized
catalyst was stable under the reaction conditions. Moreover,
although 0.001 mol of NH,F was used in this work, we are cur-
rently striving to identify substitutes for NH,F.

The crystal structure of the sample was analyzed using an
X-ray diffractometer. The diffraction peaks for the sample
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Fig. 2 XPS spectra of NiFeCo-LDHs: (a) Ni 2p, (b) Fe 2p and (c) Co 2p. (d) XRD patterns of NiFeCo-LDHs, NiFe-LDHs, NiCo-LDHs, and pure NF.
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without the incorporation of Fe or Co were attributed to the
nickel foam (PDF#04-0850) (Fig. 2d). There was a small diffrac-
tion peak for Ni, which can be attributed to the underlying Ni
on the NF substrate. Upon introduction of Fe and Co, a -Ni
(OH), phase was identified (PDF#14-0117). The observed diffr-
action peaks at 20 values of 19.2°, 33.0°, 38.5°, 59°, and 62.7°
corresponded to the hexagonal structure of B-Ni(OH), with
respective planes designated as (001), (100), (101), (110), and
(111). The surfaces of the nanoarrays represented the (001)
planes of p-Ni(OH),; however, it is noteworthy that the diffrac-
tion peak corresponding to the (101) crystal facets was more
pronounced than that for the (001) plane. This discrepancy
may be attributed to Ostwald ripening occurring along the
(001) plane following initial growth along the (101) planes.*
Doping with iron and cobalt ions facilitates partial replace-
ment of nickel ions within the lattice structure of p-Ni (OH)s;
consequently, a large number of -OH groups can be adsorbed
into this layer due to its single crystalline phase characterized
by a closely packed atomic arrangement resulting from crystal-
lization.*® For Fe/Co-doped NF, there was no additional Fe or
Co phases that could be recognized, indicating full Fe atom
incorporation into the PB-Ni(OH), lattice, which may form
NiFeCo solid solutions due to similar lattice
characteristics.*"*> However, a slight shift in the XRD peaks
after Fe and Co doping was observed.

2.2. Electrocatalytic performance

In a three-electrode system utilizing a 1 M KOH electrolyte, the
electrocatalytic performance of the synthesized catalysts was
assessed through linear sweep voltammetry (LSV) curves. The
HMFOR and OER capabilities of the fabricated hierarchical
NiFeCo-LDHs nanoarrays are displayed in Fig. 3a. Compared
with the reported Ni-based electrocatalysts, the hierarchical
NiFeCo-LDH nanoarrays attained a current density of 10 mA
em™> at 157 mV of overpotential in the absence of HMF
(Table S31). The onset potential of the hierarchical NiFeCo-
LDH nanoarrays shifted negatively to 1.26 V vs. RHE upon the
addition of 50 mM HMF to the electrolyte system. This obser-
vation indicates that, at low potentials, the HMFOR is more
favorable than the OER. Compared with NiFeCo-LDHs, the
current density of the original NF was lower, although it
exhibited some electrocatalytic activity for the electrooxidation
of HMF (Fig. 3b). NiFeCo-LDHs exhibited the best HMF
electrocatalytic performance under alkaline conditions, and
had a lower onset potential and higher current density than
NiFe-LDHs, NiCo-LDHs and the original NF (Fig. 3c). The Tafel
slopes for NiFeCo-LDHs, NiFe-LDHs, NiCo-LDHs and NF were
(25.17, 30.03, 39.69 and 285.3) mV dec™ ", respectively. The low
Tafel slope of NiFeCo-LDHs, in comparison with other
materials, suggests a higher catalytic efficiency and faster
dynamics on the electrode surface. Cyclic voltammetry (CV)
was employed to determine the relative electrochemically
active surface area (ECSA), thereby assessing the electro-
catalytic activity of the electrode for HMF (Fig. S4t). Utilizing
CV curves with a scan rate of (20-100) mV s~ and a potential
range of —0.1 to 0.1 V vs. RHE, the double layer capacitance

This journal is © The Royal Society of Chemistry 2025
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(Ca1) was calculated. C4; showed a positive correlation with the
ECSA. Compared with NiFe-LDHs, NiCo-LDHs had a higher Cq4
value and a higher electrochemically active surface area, while
NiFeCo had a much higher Cg value (70.84 mF cm™?) than
NiFe (26.2 mF cm™?), NiCo (27.36 mF cm™2) and NF (2.27 mF
cm™?). The ECSA of NiFeCo-LDHs, NiFe-LDHs, NiCo-LDHs and
NF were (1771, 655, 684 and 56.75) cm?, respectively, which
indicates that the hierarchic structure of NiFeCo can improve
the ECSA and expose more catalytic active sites compared with
other materials (Fig. 3e). Within the conditions of 1.0 M KOH
and 50 mM HMF, Liu et al.®® prepared NiS,modified p-Ni
(OH), electrodes, and obtained a Tafel slope of 124 mV dec™*
and the maximum Cg, with 11.2 mF ecm™2. The electrode pre-
pared in this work obtained a Tafel slope of 25.17 mV dec™*
and a Cq of 70.84 mF cm™ %, which represents great progress
compared with Liu et al., indicating that the NiFeCo-LDH elec-
trode constructed in this work had a fast reaction rate and a
large electrochemical specific surface area.

The transfer coefficient (), which can be found in the ESI
(eqn (6)),T indicates the extent to which the change in electric
potential affects the electrode activation energy or the response
rate.*** The transfer coefficients (f) of NiFeCo-LDHs, NiFe-
LDHSs, NiCo-LDHs and NF were 0.39, 0.32, 0.25 and 0.03,
respectively, which revealed favorable catalytic properties for
NiFeCo-LDHs. The intrinsic catalytic activity of the catalyst can
be assessed using turnover frequency (TOF), which was deter-
mined as shown in the ESI (eqn (7), ESI{).*>*” The TOF values
of NiFeCo-LDHs, NiFe-LDHs, NiCo-LDHs and the precursor NF
were 0.44 s7,0.39 577, 0.32 s7" and 0.21 s7*, respectively.

The interfacial properties of the catalysts were characterized
with electrochemical impedance spectroscopy (EIS) for esti-
mating the kinetics and electron transfer between the electro-
des and the electrolyte (Fig. 3f). In a Nyquist diagram, the dia-
meter of a semicircle equals R.. In comparison with NiFe- or
NiCo-LDHs, it was found that NiFeCo-LDHs had a minimum
charge transfer resistance (R;), indicating their capacity for
faster electron transport at the electrode interface than the
other materials prepared. It is worth noting that NiCo-LDHs
had a higher Cy, value, but a larger impedance, than the other
materials, which is not conducive to mass transfer, while NiFe-
LDHs had high electrical conductivity. Doping Fe into the
structures greatly reduced the electrochemical impedance of
layered nanoarrays and increased the electrochemically active
surface area. NiFeCo-LDHs exhibited a much smaller Nyquist
semicircle diameter compared with the NiFe-LDHs, NiCo-
LDHs and NF, which demonstrates that the charge transfer re-
sistance was much smaller and had a faster electron transfer
capability during the HMFOR.

2.3. Reaction pathway and stability of the catalyst

High-performance liquid chromatography (HPLC) was used to
determine the dynamic changes and reaction progress of the
HMFOR and oxidation products (Fig. 4a and Fig. S4}). The
intensity of HMF steadily became lower with a rise in the reac-
tion time, along with an increase in the FDCA intensity. After
the HMF oxidation reaction, 100% HMF conversion, 98.7%

Green Chem., 2025, 27, 2117-2129 | 2121
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FDCA yield and 98.0% Faraday efficiency (FE) were obtained,
which were higher than the values reported in previous electro-
catalyst studies (Fig. 4c and Table S4%). Layered pleated
nanoarrays grew vertically and most likely facilitated ion
diffusion, enhanced the availability of active sites and
improved the structural stability in the electrolyte, thereby pro-
moted HMFOR.*® Notably, HPLC analysis revealed the exist-
ence of the intermediate HMFCA but not DFF, demonstrating
that path I was taken by HMF during the electrooxidation
process (Fig. 4b and e). Production of HMFCA increased slowly
at first before decreasing, indicating that the oxidation of

2122 | Green Chem., 2025, 27, 2117-2129

HMFCA to FFCA was the rate-determining step of the HMFOR
in alkaline solution.*® Chronopotentiometry measurements (/-
t) were conducted at a constant potential of 1.50 V vs. RHE
over a duration of 24 h to evaluate the stability of the NiFeCo-
LDHs (Fig. S6at). During the 24 h stability test, the current
density of the NiFeCo-LDHs was preserved with a small decay
in anodic current loss (about 6%). On the other hand, re-
cycling experiments were carried out for the HMFOR using
NiFeCo-LDHs at 1.5 V vs. RHE. After 5 cycles, the conversion
rate of HMF, the yield of FDCA and FE were maintained at
99-100%, 91.6-98.7% and 96-98%, respectively (Fig. 4d). ICP
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of NiFeCo-LDHs; and (e) the path of HMF electrooxidation to FDCA.

analysis indicated that the leaching levels of Ni, Fe, and Co
were below 2% after each cycle, suggesting that the synthesized
hierarchical nanoarrays were stable under the specified reac-
tion conditions.

Hierarchical nanosheet architectures of the NiFeCo-LDHs
were observed to be well-maintained after detailed characteriz-
ation of the employed electrode (Fig. S6bt). The surface
element compositions and valence states of the NiFeCo-LDH
electrode during HMF oxidation investigated using XPS
showed a blue shift along with the Ni** signal in the Ni 2p of
NiFeCo-LDHs (Fig. 5a), which indicated that Ni** underwent

This journal is © The Royal Society of Chemistry 2025

Time (h)

100

(%) T /PIBIA [UOTSIAUOD

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

0 (0] 0

FFCA FDCA

\ / 2e 2e WOH i» HOWOH

PathI: HMFCA pH>13

Path II: DFF pH<13

(@) HPLC chromatograms; (b) concentration change of the substance; (c) HMF conversion, FDCA yield and FE of NiFeCo-LDHs; (d) recycling

deep oxidation to form p-NiOOH and that Ni** was generated
and participated in the HMF oxidation.>® As for the contri-
bution of FeCo doping in the active site for HMF oxidation,
XPS characterization of the catalyst before and after the reac-
tion showed that the diffraction peak of Ni** appeared in Ni 2p
after the reaction, while the valence states of Fe 2p and Co 2p
did not change, so it was preliminarily believed that Fe/
CoOOH was not produced during the reaction. The O 1s XPS
spectra of the fresh NiFeCo-LDHs (Fig. 5b) showed three dis-
tinct O 1s peaks at 529.64 eV, 531.18 €V, and 534.29 eV, which
correspond to the binding energies of the adsorbed M-O
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Fig. 5 XPS spectra of the used-NiFeCo-LDH and fresh-NiFeCo-LDH
electrodes: (a) Ni 2p and (b) O 1s XPS spectra.

bond, M-OH bond, and H,0,”" respectively. The M-OH peak
of the used NiFeCo-LDHs was found to exhibit a positive shift
of 0.32 eV when compared with fresh NiFeCo-LDHs, indicating
that Ni atoms transferred their electrons to O atoms. This indi-
cates that the O atoms in NiFeCo-LDHs have a slight attraction
that promotes the electrochemical dehydrogenation process of
Ni** and generates active p-NiOOH substances.>” The valence
states of Co and Fe did not change after electrocatalytic oxi-
dation (Fig. S6c and dt). Therefore, it can be inferred that the
Ni site was the main catalytic center for HMF electrocatalytic
oxidation, where Co and Fe had an important metal synergistic
role with Ni metal.

2.4. Mechanism

The low-valence state of the metal ion was electrochemically
oxidized to a higher-valence state (Fig. S71). The formed high-
valence medium (active phase) should activate and cleave the
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C-H/O-H bond by hydride transfer, and finally cycle back to
the low-valence state to regenerate the active phases, while oxi-
dizing HMF to FDCA.”® The HMFOR in the alkaline system
involves the adsorption and coupling of organic molecules
and OH™, but the precise adsorption mechanism is uncertain.
Based on previous research,”>>* the Eley-Rideal (E-R) mecha-
nism is followed when the reaction rate is solely dependent on
the adsorption energy, while the Langmuir-Hinshelwood
mechanism is followed when both the adsorption energy and
the substrate concentration affect the reaction rate® (Fig. 6e).
To verify the absorption mechanism of the HMFOR on a pre-
prepared electrode, a series of CV tests were carried out. By
maintaining a concentration of 20 mM HMF and varying the
KOH content, the current density and the correlation with the
concentration of OH™ were determined and are illustrated in
Fig. 6a. The corresponding cyclic voltammetry curves are pre-
sented in Fig. S7.f The current density increased as C(on-)
increased, which indicates that the reaction is part of the L-H
mechanism and that the current density is dependent on the
KOH concentration. On the other hand, an experiment was
carried out in which the KOH concentration remained fixed
(Fig. 6b) and the HMF concentration was adjusted and the
associated CV curves were measured (Fig. S71). An increase in
the HMF concentration resulted in a current density that
initially increased and subsequently declined, which further
suggests the importance of substrate concentration to the
current density, and that the reaction conforms to the L-H
mechanism. In addition, the current density increases with
the increase of C (OH™), which indicates that the high-alkali
environment is conducive to maintaining high activity
(Fig. S7at). However, in contrast to the alkaline oxygen evol-
ution reaction (OER), which involves only hydroxide ions
(OH™) as the initial reactant, the typical hydroxy methyl fur-
fural oxidation reaction (HMFOR) process necessitates the co-
adsorption of both OH™ and HMF molecules on the catalyst
surface, with the former evolving to an electrophilic hydroxyl
group (OH™ — OH* + e7) acting as an oxidizing agent.”®
Excessive adsorption of HMF may lead to active sites being
occupied on the -catalyst, thereby hindering subsequent
adsorption of OH™ and resulting in diminished catalytic
activity (Fig. S7d¥).

In situ Raman spectroscopy was used to investigate how the
surface structure of the electrocatalyst evolved during OER and
HMFOR (Fig. S71). The NiFeCo-LDH electrode exhibited two
distinct peaks at 438 cm™ and 569 cm™' during the OER,
which are attributed to the bending and stretching vibrations
of the Ni**-O bond, indicating that p-NiOOH is synthesized
when the applied potential exceeds 1.30 V vs. RHE (Fig. 6c).>’
Compared with previous studies (473 and 575 cm™ "), the co-
doping of Fe and Co resulted in a negative shift of the two
peaks associated with the NiOOH species, further demonstrat-
ing a synergistic effect between metals. Peaks of f-NiOOH were
observed during HMF oxidation, and no diffraction peak of Fe/
CoOOH was observed, which confirmed that FeCo doping does
not play a role as the active site in HMF oxidation, and that the
real active site is NiIOOH. However, the peak of f-NiOOH did

This journal is © The Royal Society of Chemistry 2025
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not occur until 1.40 V vs. RHE, which means that when HMF
is present it can consume the species and inhibit the for-
mation of p-NiOOH.>* Ni** was most likely converted into Ni**
by the hydroxy and aldehyde groups in HMF, while HMF was
dehydrogenated to the oxidative derivative. Therefore, HMF
electrooxidation catalyzed by NiFeCo-LDH electrodes is a tra-
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ditional indirect oxidation reaction (Fig. 6g and S7%). The
specific reaction process is as follows: under the influence of
the applied potential, Ni*>" loses electrons and undergoes dehy-
drogenation to form Ni*". Subsequently, the Ni*-O bond
spontaneously captures protons and electrons from the alde-
hyde group of HMF. Then, HMF is oxidized to 2,5-furandicar-
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boxylic acid (FDCA), and the Ni**-O bond is then converted to
a Ni**~OH bond. Finally, the Ni**-OH/Ni**~-O cycle is
completed.>®>® Electrocatalytic oxidation of HMF on the f-Ni
(OH), surface is proposed to proceed through the following
steps:

f-Ni(OH), + OH™ — B-NiOOH + H,0 + e, (1)

B-NiOOH + HMF — FDCA + -Ni(OH),. (2)

2.5. DFT calculations

The impact of FeCo co-doping on the catalytic performance of
the HMFOR was methodically examined using density func-
tional theory (DFT). The dehydrogenation analysis of the Ni-
OH bond showed that the dehydrogenation Gibbs free energy
of p-Ni(OH), was 6.23 eV (Fig. 7a). The dehydrogenation Gibbs
free energies of NiFe-LDHs, NiCo-LDHs, and NiFeCo-LDHs

View Article Online

Green Chemistry

were 6.04 eV, 3.73 eV, and 3.35 eV, respectively. It was demon-
strated that the introduction of a second or third metal (Co
and Fe) to the NF can significantly reduce the Gibbs free
energy. It is suggested that FeCo co-doping can greatly
promote dehydrogenation kinetics and aid in the conversion
of f-Ni(OH), into the active species NiOOH.

The adsorption energy of the catalysts for HMF was investi-
gated (Fig. 7b). The interaction between the metals can alter
the adsorption behavior of HMF. NiFeCoOHO has a stronger
adsorption energy (Eaqgs) of —1.59 eV than NiFeOHO (—1.36 €V)
and NiCoOHO (—1.56 eV), respectively. The electronegativities
of Fe (1.83) and Co (1.88) are lower than that of Ni (1.91),
which facilitates the adsorption of hydroxyl groups from HMF
onto the surface of the catalyst.®® The O site for surface dehy-
drogenation and the complex-unsaturated Ni in NiFeCoOHO
should bind to the OH™ end and the CHO end of HMF,
respectively. The charge density difference for HMF adsorption
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Fig. 7 (a) Dehydrogenation energy profiles of the Ni-OH bond on the Ni(OH),, Fe, Co-doped and FeCo co-doped electrodes. (b) Models showing

side views of HMF adsorption arrangements and the associated adsorption energy. (c) The PDOS and —COHP of HMF adsorption on Ni(OH), and
NiFeCoOHO. (d) d-band center of NIOHO and NiFeCoOHO. H-bond length (in A) is labeled. Ni atoms (gray), Fe atoms (yellow), Co atoms (blue), O

atoms (red), H atoms (white), and C atoms (brown).
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on NiFeCoOHO showed that electron transfer occurred
between NiFeCoOHO and the nearby O atoms (Fig. $91).*!

The partial density of states (PDOS) of NiFeCoOHO and the
crystal orbital Hamilton population (COHP) of HMF molecules
adsorbed on NiFeCoOHO were calculated (Fig. 7c). The PDOS
of Ni 2p in NiFeCoOHO differs from that in Ni(OH), (Fig. 7c),
which indicates that the strong electronic interactions result-
ing from FeCo co-doping have modified the electronic con-
figuration of Ni.®> Additionally, the 2p orbitals of Fe and Co
have strong hybridization with the 2p orbitals of Ni(OH),,
suggesting that Fe and Co have strong binding ability in Ni
(OH), and thus exhibit good stability. An indication of HMF
activation that can be quantified is the integrated COHP
(ICOHP) value (Fig. 7c). HMF molecules on NiFeCoOHO sites
are activated to different degrees compared to free HMF mole-
cules.®® The ICOHP of HMF at the NiFeCoOHO site was rela-
tively positive (—1.36 eV), indicating that the O-H bond is wea-
kened after Fe and Co doping. The activated O-H bond facili-
tates the subsequent oxidation.®*

The average d-band center value was investigated by DFT
calculations to explore the impact of Fe and Co on the electro-
catalytic oxidation properties of Ni-based LDHs (Fig. 7d). The
d-band center of NIOHO was —2.19, and after FeCo co-doping,
the d-band center of the NiFeCoOHO was —1.76. This indicates
that the adsorption capacity between the active site and the
intermediate is relatively strong, thereby promoting reaction
kinetics.®®> With the increase in the d-band center value, the
number of electrons replaced by the anti-bond decreases,
which will increase the link between the catalyst and the reac-
tion substrate, thus promoting the oxidation reaction.®® The
above experimental and theoretical results confirmed that
FeCo co-doping can effectively reduce the reaction energy
barrier and activate HMF, thereby improving the yield and
selectivity of FDCA.

3. Conclusion

In conclusion, calcination and hydrothermal treatment were
employed to generate an effective HMFOR electrocatalyst of
hierarchical nanosheet arrays (NiFeCo-LDHs). This approach
aimed to investigate the influence of FeCo co-doping and sub-
sequent surface reconstruction on enhancing the performance
of Ni electrodes in the HMFOR. At a potential of 1.5 V vs. RHE,
100% HMF conversion, 98.7% FDCA yield, and 98% FE were
achieved. Electrochemical measurements and in situ Raman
spectroscopy confirmed that FeCo co-doping adjusted the elec-
tronic structure and changed the surface structure of the cata-
lyst. It was found that the evolved B-NiOOH (Ni**) is the true
active center of the HMFOR. f-NiOOH generated by electrocata-
lysis can effectively capture protons in CHO~ of HMF to
achieve electron transfer, which can be regarded as an indirect
oxidation reaction. The adsorption characteristics of HMF are
consistent with the Langmuir-Hinshelwood mechanism. The
DFT calculations further confirmed the critical role of FeCo co-
doping in enhancing electron transfer and accelerating the for-
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mation of intermediates during the dehydrogenation of Ni
(OH)O. Additionally, it was demonstrated that p-NiOOH can
effectively capture protons from CHO™ in HMF, thereby facili-
tating electron transfer and significantly improving the
HMFOR. It has been proved that FeCo co-doping can effectively
reduce the reaction energy barrier and activate HMF, thereby
improving the yield and selectivity of FDCA. These intriguing
findings have ramifications for the sensible development of
advanced polymetallic site electrocatalysts and their appli-
cation in the upgrading of biomass derivatives.
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