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ABSTRACT: Nickel sulfide exhibits excellent catalytic activity in
the electrochemical 2,5-hydroxymethylfurfural oxidation reaction
(HMFOR). However, due to the polydispersity of nanoparticles, it
is difficult to establish a clear structure—activity relationship at the
atomic level. In this work, we have successfully synthesized
atomically precise Nig(PET);, and Niy(PET)g clusters (PET: 2-
phenylethanethiol) for HMFOR. Ni#* and S* with atomic ratio of
1:2 was mainly existed in Nig(PET);, and Niy(PET)g to form Ni—S
bond. The electrochemical test results have suggested both
Nig(PET),, and Ni,(PET)g displayed outstanding electrocatalytic
ability for HMFOR. The Nig(PET);, exhibited better
electrocatalytic ability than Niy(PET)g with higher current density,
lower overpotential and faster reaction kinetics. The superior
electrochemical ability of Nig(PET);, may be due to the enhanced
adsorption towards HMF molecule with strong interaction towards
hydroxyl group and furan ring. Moreover, it found that the Ni*
species in Nig(PET),, could rapidly oxidized into Ni** species,

HMF

which could spontaneously capture electron and proton from HMF for oxidation. The theoretical calculation demonstrated
that the Nig(PET),, process lower free energy barrier than Ni,(PET)s to display excellent electrocatalytic performance. This

work is of great significance for designing efficient electrocatalysts for HMFOR.

KEYWORDS: atomically precise nickel nanoclusters, 2,5-hydroxymethylfurfural electro-oxidation, Ni** species

1 Introduction

The energy shortage and environmental degradation caused by the
excessive use of non-renewable traditional fossil energy have
aroused global concerns [1]. Biomass, which is characterized by
wide sources and huge annual output, is a renewable and
environmentally friendly carbon source [2]. Recently, 5-
hydroxymethylfurfural (HMF) is favored since it is can be oxidized
into 2,5-furandicarboxylic acid (FDCA), which is an important
monomer to synthesize various fine chemicals, pharmaceutical
intermediates and agricultural chemicals [3]. Moreover, FDCA is

Received: June 26, 2024; Revised: August 29, 2024
Accepted: August 31, 2024

BdAddress correspondence to zhijuanliu@zzu.edu.cn

..................

94907018 (1 of 9)

recognized by the United States Department of Energy as one of the
12 most valuable chemical products in biomass [4, 5]. The
traditional HMF oxidation method needs high temperature and
toxic oxidant, which pollutes the environment and has huge energy
consumption [6]. In the contrast, the electrocatalytic HMF
oxidation reaction (HMFOR) is considered to be a green and
efficient method due to that it is derived by potential and H,O [2,
7-9]. Thus, it is key to develop green, efficient and low-cost
electrocatalysts for HMFOR.

Nickel sulfide have been considered as one of the most potential
electrocatalysts for HMFOR due to their low cost, various
morphologies, tunable band gap and unique electronic structure
[10, 11]. However, a clear structure-activity relationship at atomic
level is difficult to be build due to the polydispersity of sulfide
nanoparticles. Fortunately, atomically precise metal nanoclusters
(NCs) can provide ideal platform to explore structure-ability
relationship and have been widely used in catalysis due to their
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ultrasmall size, high purity, defined components, precise structure
and unique physi-chemical properties [7, 12-18]. Atomically
precise metal nanoclusters primarily consist of metal cores,
surrounded by organic protective ligands [19]. Thiol (SR) ligands
are particularly prevalent in these nanostructures. Within the
category of thiol-protected annular clusters, [Ni(SR),],, has been the
subject of extensive investigation. The [Ni(SR),], framework can be
interpreted as a cylindrical formation, consisting of n NiS, planes
that are interconnected by sharing two S vertices, thereby exhibiting
a sandwich-like configuration (Fig. Sl(a) in the Electronic
Supplementary Material (ESM)) [20]. It is noteworthy that all metal
atoms are situated within a singular planar arrangement. While S,
rings, consisting of 2n S atoms, occupy positions flanking this metal
plane on both sides. Additionally, the thiol ligands are
systematically disposed on the exterior of the [Ni,S,,] unit,
maintaining a structured and organized layout. With these unique
structure, [Ni(SR),], can be regarded as the ideal model catalysts to
reveal the activity origin of Ni-S based nanomaterials in catalysis.

In this work, we have successfully synthesized 2-
phenylethanethiol (PET) protected Nig(PET),, and Ni,(PET),
clusters for HMFOR. Both Ni¢(PET);, and Ni,(PET); clusters are
composed of Ni-S bond, where the atomic ratio of Ni** and S* is
1:2. The electrochemical results demonstrated that Nig(PET),,
displayed more excellent electrochemical ability than Ni,(PET),
with higher current density and faster reaction kinetics. Moreover,
Nig(PET),, processes enhanced adsorption towards HMF owing to
strong interaction with hydroxyl group and furan ring. According
to in situ Raman spectra and ex situ X-ray photoelectron spectra
results, it can be speculated that the Ni** species in Nig(PET),, could
be oxidized initially to form Ni*, which can be worked as active site
to capture electron and proton from HMF for oxidation. What is
more, the theoretical calculations reveal that Nig(PET),, has lower
free energy barrier of the rate-determining step (RDS) than
Ni,(PET); leading to superior electrocatalytic ability. This work
herein provides a valuable guidance for designing -efficient
electrocatalysts for HMFOR.

2 Experimental section

2.1 Materials and reagents

Nickel(II) acetylacetonate [Ni(acac),; (Ni(C;:H,0,),), = 95%,
Macklin], nickel(II) chloride hexahydrate (NiCl,-6H,O, analytical
reagent (AR), Macklin), tetraoctyl-ammonium bromide (TOAB,
[CH,(CH,),|;NBr, 98%, Macklin), L-glutathione (GSH)
(CoHpN;OS, 99%, Macklin), PET (CJH,CH,CH,SH, = 99%,
Macklin), sodium borohydride (NaBH,, > 98.0%, Sigma-Aldrich),
toluene (high performance liquid chromatography (HPLC) grade,
Fisher Scientific), tetrahydrofuran (THF), dichloromethane (DCM),
acetone, methanol and ethanol absolute (AR, Chemical Reagent)
were also used as received without further purification.

2.2 Preparation of electrocatalyst

Synthesis of Nig(PET),,: The synthesis of Nig(PET),, nanoclusters
refers to the previously reported method [21, 22]. In a typical
synthesis, 0.42 mmol of NiCl,-6H,O and 0.89 mmol of TOAB were
dissolved in 100 mL of THF. After that, 2.17 mmol of PET was
added to the above solution under stirring, followed by the addition
of freshly prepared aqueous NaBH, (4.23 mmol, 14 mL water)
which produced a dark-brown mixture, indicating the formation of
Ni NCs. The dark-brown mixture was allowed to stir for 24 h and
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then concentrated by removing THF using a rotary evaporator. The
concentrated product was washed thrice with methanol,
centrifuged and then dried overnight in a vacuum drying oven.

Synthesis of Niy(PET)g: The synthesis of Ni,(PET)s nanoclusters
refers to the previously reported method [21, 23]. In a typical
synthesis procedure, 0.5 mmol of nickel(II) acetylacetonate and
2.0 mmol of GSH were mixed with 20 mL of acetone in a 40 mL
glass vial under vigorous stirring. After 20 min of stirring, the glass
vial was cooled to 0 °C using an ice bath. After 20 min, 5 mmol of
aqueous NaBH, (~ 6 mL) as a reducing agent was added rapidly to
the cooled reaction mixture under vigorous stirring. After 30 min,
the clear acetone supernatant was removed from the glass vial and
replaced with 6 mL of water to dissolve the Ni-GSH which was
sticking on the glass vial. The obtained 6 mL of the aqueous Ni-
GSH complex was mixed with 2 mL of ethanol, 2 mL of toluene
and 2 mL of PET in a glass vial heating at 80 °C. The reaction
mixture was stirred overnight. After stopping the reaction, the
Ni,(PET)g cluster was washed three times with methanol to remove
the reaction by-products and excess thiols. After washing, it was
centrifuged and dried overnight in a vacuum oven.

2.3 Physical characterization

Transmission electron microscopy (TEM, JEM-2100F) was used to
study the morphology of the samples. Firstly, Nig(PET),, was
dissolved in DCM to make a slurry and then the slurry was filtered
to form a clear solution. Then a pipette was used to absorb part of
the solution and drop it on the copper mesh ultra-thin carbon
support film. The powder X-ray diffraction (XRD, D/MAX-3D
diffractometer) was characterized crystal structure of the obtained
sample. XRD patterns were collected with a Cu Ka source (A =
0.15406 nm) of Riguku D/Max-2500PC. Ultraviolet-visible
(UV-vis) absorption spectra of Nig(PET),, and Ni,(PET); were
measured over the range 300-800 nm using a U-2000
Spectrophotometer. X-ray photoelectron spectroscopy (XPS) was
tested using ESCALAB 250 system (Thermo Fisher Scientific,
England) and were used to explore the electronic structure. The
Raman spectra were collected on labRAM HR Evolution-HORIBA
Raman system. The measurements were performed with a 532 nm
laser and the 50x objective lens. The Niy(PET),, was tested in the
voltage range of 1.1-1.6 V vs. reversible hydrogen electrode (RHE),
using a three-electrode system, in which the reference electrode was
silver chloride and the counter electrode was platinum foil. The
Fourier transform infrared (FTIR) spectra were carried out by a
Bruker tensor II spectrometer (BRUKER Co., Bremen, Germany).
The test uses an external reflection mode and a three-electrode
system, in which the reference electrode is silver chloride and the
counter electrode is platinum foil. The reaction conditions were 1
M KOH + 50 mM HMF. First, deduct the background. Then, the
in situ FTIR spectra of 1.1 - —1.8 V vs. RHE were continuously
measured.

24 Electrochemical test

All the electrochemical measurements including cyclic voltammetry
(CV) and linear sweep voltammetry (LSV) were tested using an
electrochemical workstation (CHI760E, CH Instrument) with a
three-electrode. The electrocatalyst ink was prepared by dispersing
1 mg catalysts into 500 uL deionized water, 500 uL ethanol and
500 pL 5 wt.% Nafion under sonication for 30 min. The above
prepared catalyst solution was dropped on a 1 cm x 1 cm of carbon
paper and dried naturally. Carbon rode and saturated calomel
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electrode (SCE) were worked as counter electrode and reference
electrode, respectively. With electrolyte at 1.0 M KOH and 1.0 M
KOH with 50 mM HMEF, the LSV curve was recorded at a scan rate
of 5 mV-s" under infrared compensation. All potentials were
referenced to a RHE according to the equation Epyy = Egcp + 0.242
+ 0.059 x pH (Epy represents reversible hydrogen electrode
potential and Egqg; represents saturated calomel electrode potential).
The impedance spectrum was measured at the frequency range
from 0.01 Hz to 1000 kHz. All electrocatalytic HMF experiments
were carried out at room temperature of 25 °C.

25 Product quantification

High performance liquid chromatography (Waters 2695) was used
to analyze oxidation products during HMFOR, equipped with
ultraviolet-visible detector and a 4.6 mm x 250 mm Ultimate 5 m
AQ-C18 column. Mobile phase A (methanol):mobile phase B
(5 mM ammonium formate) = 3:7, the flow rate is 0.6 mL-min™,
265 nm is the wavelength of the UV detector and the separation
time is 10 min. Collect 20 pL of electrolyte solution during
electrolysis, dilute it to 2 mL with ultrapure water, mix it evenly and
inject it into HPLC for test analysis. The HMF conversion rate,
FDCA vyield and Faraday efficiency (FE) were obtained by the
following formulas, respectively

HMF conversion(%) =

[n(HMF consumed)/n(HMF initial)] x 100 (1)
FDCA yield(%) =

[n(FDCA formed) /n(HMF initial)] x 100 (2)

FE(%) = [n(FDCA formed)/(charge/6F)] x100  (3)

where F was the Faraday constant (96,485 C-mol™) and #n was the
mol of reactant calculated from the concentration measured by
HPLC.

2.6 Theoretical calculation

All the calculations are performed in the framework of the density
functional theory (DFT) with the projector augmented plane-wave
method, as implemented in the Vienna ab initio simulation package
[24, 25]. The generalized gradient approximation proposed by
Perdew-Burke-Ernzerhof (PBE) is selected for the exchange-
correlation potential [26, 27]. The cut-off energy for plane wave is
set to 480 eV. The energy criterion is set to 10 eV in the iterative
solution of the Kohn-Sham equation. To avoid interlaminar
interactions, a vacuum spacing of 20 A is applied perpendicular to
the slab. The Brillouin zone integration is performed using a 1 x 1 x
1 k-mesh. All the structures are relaxed until the residual forces on
the atoms have declined to less than 0.05 eV-A™". Data analysis and
visualization are carried out with the help of VASPKIT [28] code
and VESTA [29].

3 Results and discussion

3.1 Characterizations of electrocatalyst

The Niy(PET); and Ni¢(PET),, clusters were successfully
synthesized through a straightforward wet chemical approach.
NiCl,-6H,0 and 2-phenylethyl mercaptan were transformed into
the corresponding metal sulfides in the presence of
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tetraoctylammonium bromide under stirring. After NaBH,-
reduction, dark brown mixture could be obtained. The powder
XRD technique is a common method to study the crystal structure
of samples. As shown in Figs. S1(b) and S1(c) in the ESM, the XRD
patterns of Nig(PET),, and Ni,(PET); are in good agreement with
the simulated patterns, which indicates that the successful synthesis
of Nig(PET),, and Ni,(PET),. It has been previously reported that
both Nig(PET),, and Ni(PET), clusters are double-crown-core
structures [30—32]. In the Nig(PET),, clusters, six nickel atoms form
a hexagonal ring. Twelve thiol ligands are positioned above and
below the ring, forming SR-Ni-SR bridges (Fig. 1(a)). The spectral
characteristics of Nig(PET);, and Ni,(PET); were explored by
UV-visible absorption spectrum. The strong absorption peaks at
~ 340, 420 and 550 nm were observed, which may be due to the
electron transition in the metal core (Fig. 1(b)). Surprisingly, it can
be discerned that the peak characteristics of Ni,(PET)s exhibit a
subtle shift towards shorter wavelengths in comparison to those
exhibited by Nig(PET),, which is consisted with the previously
reported results [21]. The chemical bonds and functional groups of
the prepared Niy(PET),, and Ni,(PET); were characterized by FTIR
infrared spectroscopy. As illustrated in Fig. 1(c), the peak at around
3000 cm™ is associated with the stretching vibration of C-H bond.
The peak at 1500-1700 cm™ belongs to the stretching of the
aromatic ring. In addition, the peak at ~ 1250 cm™ is attributed to
the stretching vibration of C-S. The above peaks reflected in both
Nig(PET),, and Niy(PET); clusters indicate that the similar
structures of the two clusters. The Ni,(PET)g clusters have the
similar structure with the Nig(PET),, (Fig. 1(d)). XPS is performed
to characterize the elemental composition and electronic structure
of samples (Fig. S2 in the ESM). The Ni 2p XPS spectrum (Fig.
1(e)) of both Nig(PET),, and Ni,(PET); shows peaks at 854.5 and
871.6 eV corresponding to the Ni 2p;;, and Ni 2p,;, of Ni** [32-34].
In the S 2p XPS spectrum (Fig. 1(f)), the peaks at 162.6 and
163.8 eV correspond to S 2p;;, and S 2p,,, respectively, indicating
the existence of S [34, 35]. As displayed in Fig. S3 in the ESM, the
size of the Nig(PET),, and Ni,(PET); clusters were examined using
TEM. In Fig. S3 in the ESM, the average size of Nig(PET),, is about
1.94 nm. Based on the above results, it can be verified the successful
preparation of Nig(PET),, and Niy(PET)s, which could work as
ideal model catalyst the reveal the activity origin of HMFOR for Ni-
S based nanomaterials.

3.2 Electrochemical test

The electrochemical HMFOR activity of Nig(PET),, and Ni,(PET),
were explored using a three-electrode system without or with
50 mM HMF in 1 M KOH. The electrochemical oxidation behavior
of Ni*/Ni* was studied by CV test. The redox pairs are appeared at
1.33-1.42 V, which is attributed to the redox of Ni*/Ni* (Fig. $4 in
the ESM) [36, 37]. The Nig(PET),, displayed much larger redox
current density than Niy(PET)s suggesting rich Ni** content. It can
be observed from the CV plots that Nig(PET),, exhibits an
oxidation peak at 1.39 V [38]. The current density of HMFOR
began to increase after the oxidation of Ni*/Ni*, indicating that
HMFOR over Nig(PET),, and Ni,(PET); surface was an indirect
oxidation process (Fig. S5 in the ESM). The current density of
HMFOR is significantly higher than that of oxygen evolution
reaction (OER) at the same overpotential, indicating that HMFOR
has a more preferential reaction kinetics. The Nig(PET),, exhibits
superior HMFOR activity with 144 V at 10 mA-cm?, which is
superior to Niy(PET)s (1.66 V) (Fig. 2(a)). It is found in Fig. 2(b)
that the current density of Nig(PET),, (12.67 mA-cm™) is about
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Figure1 Ball-and-stick view of the crystal structure of the (a) Nis(PET),, and (d) Niy(PET); cluster. (b) The UV-vis (optical density (O.D) means the absorbance of a
substance at a wavelength) and (c) FTIR patterns of the Nig(PET),, and Ni,(PET)g. XPS spectra of (e) Ni 2p and (f) S 2p regions in the Nig(PET),, and Ni,(PET)s.

9 times that of Niy(PET)s (1.36 mA-cm™) at 1.45 V, indicating the
superiority of Nigs(PET),, over Niy(PET), in HMFOR. The open-
circuit potentials (OCP) are tested to reflect the absorb behavior
change in the Helmholtz layer of electrocatalysts [39, 40]. When
adding 50 mM HMEF, the OCP of the electrochemical cell with
Niy(PET),, was decreased (0.112 V), which is more significantly
than that of Ni(PET); (0.082 V), indicating stronger surface
adsorption of HMF on Nig¢(PET), leading to local rich HMF
molecule to participate in HMFOR (Fig. 2(c)). The Tafel slope was
calculated to evaluate the reaction kinetics of Nig(PET);, and
Ni,(PET)s. Figure 2(d) shows that the Tafel slopes of Nig(PET),, of
the HMFOR are 44.78 mV-dec”, which is lower than that of
Ni,(PET)s (105.64 mV-dec™), indicating faster reaction kinetics. The
Nyquist plots of Nig(PET),, and Ni,(PET)s at 1.45 V for HMFOR
are shown in Fig. 2(e). Nig(PET),, displays the smallest semicircle
diameter, signifying the smallest charge transfer resistance (R,) and
the fastest reaction kinetics. In order to exclude the effect of exposed
active sites on electrochemical ability, the electrochemical abilities of
Ni,(PET); and Ni¢(PET),, were normalized by electrochemical
active surface areas (ECSAs). The electrochemical double-layer
capacitance (Cy) in the non-Faradaic region was recorded. As
shown in Fig. S6 in the ESM, the Cy of Nig(PET),, and Ni,(PET),
are 0.15 and 0.12 mF-cm™, respectively, indicating that Nig(PET),,
and Niy(PET); expose similar number of active sites. After
normalized with ECSAs, the Nig(PET),, clusters show the best
electrochemical capacity, indicating its excellent intrinsic ability
(Fig. S7 in the ESM). To explore the adsorption behavior of
Nig(PET),, cluster towards different functional groups in HMF,
LSV tests were carried out in electrolyte with furfuryl alcohol,
furfural, benzyl alcohol, benzaldehyde, 5-hydroxyvaleraldehyde and
ethanol, respectively (Fig. S8 in the ESM). As shown in Fig. 2(f), the
electrochemical activity for hydroxymethyl and aldehyde oxidation
of Nig(PET),, at 145 V was compared. The oxidation current
densities of furfuryl alcohol and benzyl alcohol were higher than
those of furfural and benzaldehyde indicating that the oxidation of
hydroxymethyl was the RDS of HMFOR [41]. In order to compare
the effect of the conjugation degree of substrate molecules on the
electrocatalytic ability of Nig(PET),, cluster, the current densities of
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benzyl alcohol, furfuryl alcohol and ethanol oxidation at 1.45 V
were compared in Fig. 2(g). The results show that the oxidation
current densities of benzyl alcohol, furfuryl alcohol and ethanol
decrease in turn, indicating that the furan ring may has a great
effect on the HMF adsorption for Nig(PET),,. There are two
possible pathways for the oxidation of HMF to FDCA (Fig. S9 in
the ESM) [42]. Path 1 is the preferential oxidation of the aldehyde
group into the carboxyl group, leading to the formation of
intermediate 5-hydroxymethyl-2-furancarboxylic acid (HMFCA)
[42, 43]. Path 2 is the oxidation of the hydroxyl group into the
aldehyde group, resulting in the formation of 2,5-diformylfuran
(DFF) [42, 43]. Both HMFCA and DFF were oxidized to 5-formyl-
2-furancarboxylic acid (FFCA) and finally to FDCA [44]. In order
to understand the actual HMFOR pathway of Nig(PET),,, these
standard substances were separated by HPLC and the standard
curves are shown in Fig. S10 in the ESM. With the increase of
electrocatalytic time, the concentration of HMF decreased and the
concentration of FDCA increased. In addition, HMFCA and FFCA
were also detected in the electrolysis process and almost no DFF
was detected, demonstrating that the main pathway of HMF
oxidation on Ni4(PET),, was pathway 1 (Fig. 2(h)). To test the
electrochemical ~stability of Nig(PET),,, four consecutive
potentiostatic cycling tests were carried out. The yield and Faraday
efficiency of FDCA on Ni4(PET),, after 4 electrolysis cycles are
higher than 92%, signifying that Nis(PET),, clusters have good
electrocatalytic performance and excellent stability for HMFOR
(Fig. 2(i)). In addition, UV-vis adsorption spectra showed that
Ni¢(PET),, maintained the similar characteristic absorption peak
after four consecutive electrolysis cycles, indicating its good stability
(Fig. S11 in the ESM).

Electrochemical impedance spectroscopy (EIS) is an important
way to study the electrode process and interfacial reaction kinetics
[45]. The peak at high-frequency region (10'-10° Hz) is related to
the internal oxidation of the electrode. The peak at low-frequency
region (10"-10' Hz) is related to the non-uniform charge
distribution, that is, the appearance of oxidizing substances at the
electrode interface [46, 47]. As shown in Figs. 3(a) and 3(b), in
1.10-1.40 V, the phase angle of low frequency region of Ni,(PET),
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Figure2 (a) Electrochemical abilities of Nig(PET),, and Ni,(PET),. (b) Current densities of Nig(PET),, and Ni,(PET); at 1.45 V for HMFOR. (c) OCP curves in 1 M
KOH with the subsequent adding of 50 mM HMF on Nig(PET),, and Ni,(PET); electrode. (d) Tafel slopes and (e) Nyquist plots of Nig(PET),, and Ni,(PET); at 1.45 V.
(f) Obtained current densities of hydroxymethyl and aldehyde oxidation at Nig(PET),, electrode at 1.45 V (this R-OH represents the hydroxyl groups of furfuryl alcohol
and benzyl alcohol, and R-CHO represents the aldehyde groups of furfural and benzaldehyde. R means furan ring or phenyl group). (g) Obtained current densities of
benzyl alcohol, furfuryl alcohol and ethanol oxidation at Nig(PET),, electrode at 1.45 V. (h) Concentration of HMF and its oxidation products under different charges on
Nig(PET),, during HMFOR. (i) Yield and Faraday efficiency of FDCA on Nig(PET),, under four successive electrolysis.

is higher than that of Nig(PET),, after the addition of 50 mM HMEF,
indicating that the kinetics of Nig(PET),, for HMFOR process is
faster than that of Niy(PET)g. In 1 M KOH, a new peak at 1.55 V
was found at intermediate frequency region (10'-10° Hz) of
Nig(PET),, cluster, indicating the occurrence of OER (Fig. S12 in
the ESM). The peak at 1.55 V was also found at intermediate
frequency region (10'-10° Hz) of Nig(PET),, cluster, indicating that
the OER process also occurred after the addition of HMF (Fig.
3(b)). After adding HMF, the peak in the low frequency region over
Nig(PET),, electrode was appeared at 1.40 V indicating the occur of
HMFOR. HMFOR occurs after the oxidation of the catalyst itself
suggesting the Nig(PET),, clusters follow an indirect oxidation
mechanism for HMFOR. Ni* adsorbs *OH initially and loses
electrons to form NiO(OH),4, (“ads” means the adsorption state of
intermediate products (NiO(OH),q,)), which are then reduced to
Ni* by extracting active H atoms from the hydroxyl of HMF [38,
48]. At low potential (1.10-1.35 V), the catalyst undergoes self-
oxidation. As the voltage increases to 1.40 V, HMF can react rapidly
with NiO(OH),4, produced by the catalyst and the phase angle is
greatly reduced in the low frequency region (10"-10' Hz). When
the voltage reaches 1.45 and 1.50 V, significant NiO(OH),q,
formation occurs. The NiO(OH),4, cannot totally react with HMF,
leading to accumulation and electrode passivation. Consequently,
the phase angle in the low frequency range (107-10' Hz) abruptly
increases. When the potential was increased to 1.55 V, the
competing reaction, OER, began to occur. The in situ Bode phase
angle diagrams of Ni,(PET); and Nig(PET),, in 1 M KOH were also
tested for comparation. The equivalent circuit diagram used for
fitting is shown in Fig. S13 in the ESM. The corresponding fitting
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results are summarized in Fig. 3(c) and Tables S1-S3 in the ESM.
When in HMF electrolyte, there is an infinite charge transfer
resistance (R,) at low potentials (1.15-1.30 V), indicating that the
electrocatalytic reaction has not yet occurred [45]. When the
potential is higher than 1.30 V, the sharp decrease of R indicates
the oxidation of HMF at the electrode interface. When the potential
reaches 1.45 and 1.50 V, the R, began to increase due to electrode
passivation. Within the potential range of 1.55 to 1.65 V, the R,
value of Nig(PET),, in 1 M KOH remains highly proximate to the
R, value observed after the addition of 50 mM HMF, thereby
suggesting that OER begins to predominate within this specific
potential window. In Fig. 3(d), the R, values of Niy(PET),, and
Ni,(PET)s in the HMFOR process are compared. It is found that
the R value of Nig(PET),, is basically lower than that of Ni,(PET)s,
indicating that the Nig(PET),, process fast reaction kinetics. As
illustrated in Fig. 3(e), OH™ and HMF are adsorbed in the inner
layer of Nig(PET),, cluster at a low voltage. When the voltage is
increased to 1.40 V, HMFOR began to occur coupling with the
consumption of OH- at the interface to form water.

3.3 Mechanism investigation

In order to further explore the chemical state evolution of
Ni,(PET); and Nig(PET),, clusters during the HMFOR process, ex
situ XPS was used to analyze the changed valence state of Ni under
different voltages (Fig. S14 in the ESM). The relative ratios of
Ni*/Ni* in Nig(PET),, and Ni,(PET); at the different potential were
calculated (Figs. 4(a) and 4(b)). In the electrocatalytic HMFOR
process of Nig(PET),, and Ni,(PET)s, the Ni** species were appeared
at 1.30 V and the relative content of Ni*/Ni** increased sharply at
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1.40 V suggesting the oxidation of Ni** species. At 1.40 V, a large oxidized and Ni* content decreased. As the voltage continues to
amount of Ni** is oxidized and adsorb OH" to form NiO(OH),4, increase to 1.60 V, the relative content of Ni*/Ni** begins to
with electrophilic oxygen group. Then NiO(OH), can capture decrease due to the weakening of metal oxidation kinetics. The
protons and electrons from HMF to form H,O, which makes HMF number of active Ni* species generated by the Nig(PET),, clusters
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in the HMFOR process is higher than that of Niy(PET)s which
indicates that the active center of Nig(PET),, participating in the
catalytic process is significantly increased, thus kinetically
accelerating the reaction process. In addition, the relative content of
Ni*/Ni** does not increase with the increase of potential, indicating
that the oxidation of HMF is not a potential-dependent process
[49]. Previous literature has reported that SO, adsorbed on the
electrode surface can promote the generation of NiO(OH),4; active
species and the adsorption of intermediates in HMFOR, which is
beneficial to the further improvement of catalytic performance [50].
The wvalence state analysis of Nig(PET),, after HMFOR
electrocatalysis at 1.50 V for 8 h showed a peak of Ni*. At the same
time, it is also found that the S* was oxidized and the peak of SO,
appeared (Fig. S15 in the ESM). In situ Raman spectroscopy was
used to study the electrocatalytic mechanism of the catalyst. In 1 M
KOH solution, the peaks at 252, 315 and 368 cm™ belong to the
peaks of Ni-S bond (Fig. 4(c)) [50]. In 1 M KOH, the bending and
stretching vibration peaks of Ni*-O at 480 and 560 cm™ can be
seen at 1.40 V (Fig. 4(c)), which is due to the electrochemical
conversion of Ni* to NiO(OH) [51-55]. In 1 M KOH with 50 mM
HMEF solution, the Raman peaks of NiO(OH) are hardly detected,
which may be caused that the generated NiO(OH) species are
spontaneously and rapidly consumed by HMF (Fig. 4(d)) [56]. In
situ FTIR technique was used to further explore the reaction
pathway of Nig(PET),, for HMFOR. As shown in Fig. S16 in the
ESM, the band at ~ 1099 cm™ can be attributed to the C=O group
on the HMF, indicating that HMF is adsorbed during the HMFOR
process [57]. The peak attributed to FFCA at 1567 cm™ becomes
increased with the increase of voltage [58]. With the further
augment of electrolysis time, the peak directed by FDCA at
1215 cm™ enhances, signifying that the product of FDCA generate
[59]. The in situ FTIR spectra results are in good agreement with
the HPLC results, demonstrating that the reaction process follows
path 1. DFT calculations further reveal the reason for the improved
catalytic activity of Nig(PET),, clusters. The formation of FDCA by
electrooxidation of HMF is through a 6-electron transfer pathway.
The adsorption configuration and energy distribution of HMFOR
on Niy(PET),, and Ni,(PET), surfaces were calculated (Figs. 4(e)
and 4(f)). It found that the conversion of *HMF to *HMFCA is
deemed as RDS for Nig(PET),, and Ni,(PET); during HMFOR.
The free energy barrier of RDS for Nig(PET),, (1.08 eV) is lower
than that of Ni,(PET); (1.28 €V) which may be due to the stronger
interaction between Niy(PET),, and hydroxyl group.

4 Conclusions

In summary, Nig(PET),, and Ni,(PET)s clusters with 1:2 atomic
ratio of Ni*/S* have been synthesized and worked as
electrocatalysts for HMFOR. It found that the electrochemical
HMFOR over both Nig(PET),, and Ni (PET); are indirect
oxidation process, where the Ni** was firstly oxidized into Ni*
species. Then the Ni** species worked as active site to capture
electron and proton of HMF to start the oxidation reaction. It is
worth mention that the Ni* ions in Nig(PET),, can be more
dramatically oxidized into richer Ni** to display more excellent
electrocatalytic ability than Ni(PET)s with high Faraday efficiency
and good electrochemical stability. Moreover, the rection kinetics of
Nig(PET),, is faster than Ni,(PET)s. DFT calculations reveal that the
free energy barrier of RDS over Nig(PET),, electrode is lower than
Ni,(PET)s. This work provides important guidance for the design of
efficient catalysts to improve the performance of HMFOR in future.
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Electronic Supplementary Material: Supplementary material
(experimental methods, XRD, XPS, in situ FTIR spectra, TEM
images, CV curves, electrochemical curves, and Tables S1-S3) is
available in the online version of this article at https://doi.org/
10.26599/NR.2025.94907018.
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