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a b s t r a c t

The 5-hydroxymethylfurfural electrocatalytic oxidation reaction (HMFOR), in coupling with the hydrogen
evolution reaction (HER), can replace the kinetically slow anodic oxygen evolution reaction (OER) to
produce high value oxides and hydrogen. However, the commonly employed Ni-based electrocatalyst
exhibits an unsatisfied performance due to the existence of OER. Here, we design and synthesize the
Ni3S2/MoS2/NiMoO4 catalyst for efficient and stable HMFOR reaction. Through the in situ Raman spec-
troscopy, we demonstrate that the NiIIIeOOH formed during the surface reconstruction process is the real
reactive species for HMFOR. Moreover, the density functional theory results show that the upward shift
of d-band centers in the reconstructed NiOOH/MoS2 is beneficial for the HMF adsorption and guarantees
the smooth progression of redox equilibrium reactions. As a result, the prepared electrocatalyst shows a
good HMFOR electrocatalytic performance in terms of selectivity (99.2%), conversion (96.7%), and
Faraday efficiency (96.5%).

© 2023 Elsevier Ltd. All rights reserved.
1. Introduction

Currently, the majority of the energy and chemicals that modern
society rely on come from the conversion of fossil fuels, and the
preparation and production processes have caused a serious energy
crisis and environmental pollution [1e3]. The utilization of biomass
through green technology provides a promising solution and a new
direction for sustainable development [4,5]. Recently, 5-
hydroxymethylfurfural (HMF), a biomass-derived molecule, has
received considerable attention because its oxidation product, 2,5-
furandicarboxylic acid (FDCA), serves as a common precursor in the
production of poly(ethylene glycol) furfurylcarboxylate, which is
recognized as a biopolymer and a valuable oxide in biopolymer
Bu), johnnyho@cityu.edu.hk
production. Compared to conventional thermochemical methods
employed to synthesize FDCA (expensive precious metal catalysts,
harsh working conditions, and unsatisfied yields), electrochemical
oxidation methods driven by renewable energy sources have been
demonstrated as a more promising solution for synthesizing FDCA
[6e8]. Meanwhile, the electrooxidation potential of HMF (0.113 V)
is significantly lower than that of the oxygen evolution reaction
(OER, 1.23 V), suggesting that HMF electrocatalytic oxidation reac-
tion (HMFOR) not only replaces the sluggish OER process at the
anode, but also couples with the hydrogen evolution reaction
process at the cathode to produce economically valuable hydrogen
[9,10].

During the HMFOR process, the catalyst surface not only un-
dergoes the aldehyde or hydroxyl oxidation process of HMF, but
also experiences the in-situ surface reconstruction behavior driven
by an external voltage [11,12]. Our research group has recently
demonstrated, through the in-situ Raman technique, that the
surface-reconstructed high-valent NiIIIeOOH species is the actual
active site for HMFOR, which undergoes a redox reaction with the
HMF, oxidizing the HMFwhile simultaneously being reduced to the
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low-valent NiII species [12]. However, it is worth noting that OER as
a competitive reaction of HMFOR in the alkaline electrolyte, the
enhancement of the OER reaction kinetics at high voltages will
result in some part of the NiIIIeOOH species taking part in OER
rather than HMFOR, breaking the dynamic redox equilibrium and
reducing the utilization efficiency of the active species [6,13].
Therefore, it is still a challenge to solidify the redox equilibrium
between the HMF and NiIIIeOOH species under a high potential to
achieve the higher HMFOR catalytic activity.

In this work, we designed and synthesized Ni3S2/MoS2/NiMoO4
materials, two-dimensional (2D) Ni3S2/MoS2 heterojunction
nanosheets anchored on the surface of NiMoO4 nano-arrays, as
electrocatalysts for highly efficient HMFOR. By combining theo-
retical calculation and experimental characterization, we demon-
strated that the upward shift of d-band centers in the reconstructed
NiOOH/MoS2 is beneficial for the HMF adsorption and guarantees
the smooth progression of redox equilibrium reactions under a high
potential. As a result, the fabricated catalyst showed superior cat-
alytic performance, with a potential reduction of 233 mV for
HMFOR at a current density of 100 mA/cm2 compared to the OER
Fig. 1. (a) Schematic illustration of the synthesis of Ni3S2/MoS2/NiMoO4. (b) and (c) SEM im
Ni3S2/MoS2. (e) TEM and (f) High-resolution transmission electron microscopy (HRTEM) i
spectroscopy (EDS) mapping of Ni3S2/MoS2/NiMoO4 for S, Ni, and Mo elements. AFM: atom
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process, an FDCA selectivity of 96.7%, and a Faraday efficiency of
96.5%. Our work not only confirms the potential of Ni3S2/MoS2/
NiMoO4 catalyst for practical applications, but also provides new
insights for the design of high performance HMFOR catalysts.

2. Results and discussion

2.1. Characterization of electrocatalysts

For the synthesis of Ni3S2/MoS2/NiMoO4 electrocatalysts, NiMo
precursorswerefirst prepared hydrothermallyon nickel foams (NF),
followed by sulfidation at high temperatures in the Ar atmosphere
(Fig. 1a, detailed preparation process was shown in the Experiment
section). From the scanning electron microscopy (SEM) images in
Fig. 1b and Figs. S1aeb, it can be seen that the pure NiMo precursor
exhibits a nanorod-like structure (about 1 mm) with a smooth sur-
face. After the high temperature sulfurization treatment, the
otherwise smooth surface of the NiMoO4 nanorods is uniformly and
densely covered with 2D nanosheets (Fig. 1c). Atomic force micro-
scopy and the corresponding height distribution map were used to
ages of NiMoO4 and Ni3S2/MoS2/NiMoO4. (d) Atomic force microscopy (AFM) image of
mages of Ni3S2/MoS2/NiMoO4. (g) STEM image and corresponding energy dispersive
ic force microscopy; HRTEM: high-resolution transmission electron microscopy.
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illustrate that the thickness of these 2Dnanosheets is approximately
2 nm (Fig. 1d). In addition, the obtained N2 adsorption/desorption
isotherms further proved that the Brunauer-Emmett-Teller surface
area of Ni3S2/MoS2/NiMoO4 (15.96m2/g) is much larger than that of
NiMoO4 (4.73 m2/g) (Figs. S2 and S3). The in-situ formation of two-
dimensional nanosheets on the nanorods increases the active sites
exposed, which is favorable for a fast electron transport kinetic.
Further detailed structural information is provided by high-
resolution transmission electron microscopy, the characteristic
lattice fringesmeasuring 0.182 and 0.287 nm correspond accurately
with the (002) and (110) planes of Ni3S2. The angle between the two
crystal faces (46�) further confirms this observation. In addition, the
characteristic lattice fringes of 0.618 and 0.351 nm belong to the
(002) plane of MoS2 and (�110) plane of NiMoO4, respectively
(Figs.1f and S4).Moreover, as shown in Fig.1g, the energy dispersive
X-ray elemental mapping collected under a high-angle annular
dark-field scanning transmission electron microscope showed the
presence of S, Mo, and Ni elements throughout NiMoO4 and the
uniform distribution of these elements. The above observations not
only prove the successful formation of Ni3S2/MoS2/NiMoO4 elec-
trocatalysts, but also demonstrate the close contact between Ni3S2
and MoS2.

For additional information on the phase composition of Ni3S2/
MoS2/NiMoO4, the X-ray diffraction (XRD) patterns for Ni3S2/MoS2/
NiMoO4, NiMoO4 and Ni3S2 samples are shown in Fig. 2a. In addi-
tion to the obvious peak of the NF, the characteristic peaks at 14.2�,
25.3�, 28.8�, and 32.8� correspond to the (110), (�112), (220), and
(�321) crystal planes of NiMoO4 (PDF No. 33-0948) [14]. Another
four diffraction peaks at 21.7�, 31.1�, 49.7�, and 50.1� could be
indexed to the (101), (110), (113), and (211) crystal planes of Ni3S2
Fig. 2. (a) XRD patterns of Ni3S2/MoS2/NiMoO4, NiMoO4 and Ni3S2. (b) Raman spectrum of Ni
Ni3S2. (d) and (e) High-resolution XPS spectra of Ni 2p and Mo 3d for Ni3S2/MoS2/NiMoO4 an
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(PDF No. 44-1418) [15]. Raman spectroscopy was used to determine
the structure and composition of Ni3S2/MoS2/NiMoO4 (Fig. 2b).
Strong characteristic peaks at 709, 907, and 957/cm are observed
both on NiMoO4 and Ni3S2/MoS2/NiMoO4. The peaks at 907 and
957/cm are assigned to the symmetric and asymmetric stretching
modes of the Mo]O bond, while the peak at 709/cm belongs to the
asymmetric modes of the NieMoeO bond [16,17]. But after the
sulfidation treatment, new Raman peaks at 200e350/cm, 375/cm
and 405/cm appeared, which corresponds to the vibration mode of
the NieS bond, A1g mode and E12g mode of the 2H phase of MoS2
[18,19].

The surface electronic structure and chemical composition of
the samples were further elucidated by X-ray photoelectron spec-
troscopy (XPS) (Figs. 2cef, S5 and S6). The XPS survey spectrum
confirms the presence of Ni, Mo, S, and O elements in Ni3S2/MoS2/
NiMoO4 (Fig. 2c). The high-resolution Ni 2p spectrum of Ni3S2/
MoS2/NiMoO4 (Fig. 2d) can be fitted into two spin-orbit doublet
peaks, consisting of two peaks at 854.8 and 872.3 eV belonging to
Ni2þ 2p3/2, and 2p1/2 while another two peaks at 856.5 and 874.2 eV
correspond to Ni3þ 2p3/2 and 2p1/2 [20]. Meanwhile, their corre-
sponding satellite peaks can be observed at 862.0 and 879.8 eV,
respectively [20]. Likewise, as for the high-resolution Mo 3d spec-
trum (Fig. 2e), besides the binding energy of 235.8 eV for Mo6þ,
another set of peaks at 229.1 and 232.5 eV are characteristic of
Mo4þ in MoS2 [18,21]. In addition, the single peak at the binding
energy of 226.2 eV is attributed to the formation of NieSeMo
species due to S 2s. After the high temperature sulfidation, the
high-resolution S 2p spectrum in Fig. 2f displays two peaks located
at 161.8 and 163.0 eV, attributed to S 2p3/2 and 2p1/2, which can be
assigned to the S atoms bonded to Ni [22]. More importantly,
3S2/MoS2/NiMoO4 and NiMoO4. (c) XPS spectra of the Ni3S2/MoS2/NiMoO4, NiMoO4 and
d NiMoO4. (f) High-resolution XPS spectra of S 2p for Ni3S2/MoS2/NiMoO4 and NiMoO4.



Fig. 3. (a) Polarization curves of Ni3S2/MoS2/NiMoO4 in 1.0 M KOH with and without 50 mM HMF. (b) Polarization of Ni3S2/MoS2/NiMoO4, NiMoO4, and Ni3S2 in 1.0 M KOH with
50 mM HMF. (c) Tafel slopes for different electrodes. (d) Nyquist plots. (e) Comparison of performance with other recently reported HMFOR electrocatalysts. (f) Polarization curves of
the Ni3S2/MoS2/NiMoO4 (þ) || NiFe LDH (�), NiMoO4 (þ) || NiFe LDH (�) and Ni3S2 (þ) || NiFe LDH (�) assembled flow cells in 1.0 M KOH with 50 mM HMF.
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comparedwith NiMoO4, the binding energy of Ni 2p in Ni3S2/MoS2/
NiMoO4 is positively shifted by 0.3 eV, while the binding energy of
Mo 3d is negatively shifted by 0.2 eV. These conclusions suggest
that there is a redistribution of electrons between Ni3S2 and MoS2,
leading to the electrons transferred from Ni3S2 to MoS2. Due to the
existence of the close heterogeneous interface, the electronic cloud
is rearranged, which is of great significance in regulating the cat-
alytic performance.

2.2. Electrocatalytic performance of HMFOR

To shed light on the good electrocatalytic characteristics induced
by the heterostructure establishment, the electrocatalytic HMFOR
performanceof the evaluationofNi3S2/MoS2/NiMoO4 isbymeansof a
typical three-electrode system. As demonstrated by linear sweep
voltammetry (LSV) in Fig. 3a, the Ni3S2/MoS2/NiMoO4 electrode
exhibited obvious current response when 50 mM HMF was added
into the 1.0 M KOH electrolyte. Significantly, the current density of
100 mA/cm2 is achieved at only 1.326 V (vs. RHE), which is 233 mV
lower than that of the OER, suggesting the high value-added by-
product are harvested and consumption is reduced. In addition, the
obvious anodic peak located near 1.45 V suggests the transformation
fromNiII species to NiIII species, indicating the surface reconstruction
process occurs on the electrode surface [12,23,24]. Subsequently,
compared with NiMoO4 and Ni3S2, the Ni3S2/MoS2/NiMoO4 has the
lower onset potential and the higher oxidation current density
(Fig. 3b), which proves that Ni3S2/MoS2/NiMoO4 catalyst has good
HMFOR performance. The corresponding Tafel slope of Ni3S2/MoS2/
NiMoO4 was calculated to be 18.1 mV/dec, which is smaller than that
4

ofNiMoO4 (24.1mV/dec) andNi3S2 (40.3mV/dec), indicating that the
Ni3S2/MoS2/NiMoO4 catalyst has the fastest HMFOR reaction kinetics
(Fig. 3c). Additionally, the Nyquist plot of Ni3S2/MoS2/NiMoO4 shows
a semicircle with the smallest diameter, and the construction of an
equivalent circuit diagram demonstrates that the charge transfer
resistance (Rct) of Ni3S2/MoS2/NiMoO4 is as low as 2.479 U (Fig. 3d),
which indicates that the formation of heterogeneous structures can
accelerate surface change transfer. In addition, cyclic voltammetry
(CV) isused tomeasure thenon-Faradayelectrochemical double layer
capacitance (Cdl) of Ni3S2/MoS2/NiMoO4, NiMoO4 and Ni3S2 at
different scans from 50 mV/s to 250 mV/s to estimate their electro-
chemical active surface area (Fig. S7). As shown in Fig. S7, the current
densities in CV curves of Ni3S2/MoS2/NiMoO4 are much higher than
those of NiMoO4 and Ni3S2. Ni3S2/MoS2/NiMoO4 also has the largest
Cdl value of 8.6 mF/cm2, which reveals that the unique 2D nano-
structure formed after the sulfidation treatment exposes more active
sites, so that the Ni3S2/MoS2/NiMoO4 can better capture HMF mole-
cules and improve catalytic performance. Compared with the most
advancedHMFORelectrocatalysts, theHMFORactivityofNi3S2/MoS2/
NiMoO4 is almost the best reported so far (Fig. 3e and Table S1).

Moreover, considering the high HMFOR performance, we
assembled the prepared electrodes with homemade NiFe LDH
catalysts in an anion-exchange membrane water electrolyzer to
further investigate the practical application of Ni3S2/MoS2/
NiMoO4 (Figs. 3f and S8). As seen in Fig. S8, when the anode is
only undergoing OER, current densities of 10 mA/cm2 and
100 mA/cm2 require 1.28 V and 1.69 V, respectively. After the
addition of 50 mM HMF, the current density of 10 mA/cm2 and
100 mA/cm2 is 60 mV (1.22 V) and 120 mV (1.57 V) lower than



Fig. 4. (a) Two possible pathways of HMF oxidation to FDCA. (b) HPLC traces of HMF electro-oxidation catalyzed by Ni3S2/MoS2/NiMoO4 at 1.393 V vs. RHE in 10 mL 1.0 M KOH with
10 mM HMF. (c) Conversion changes of HMF during the HMFOR process. (d) The HMFOR of Ni3S2/MoS2/NiMoO4 under five successive cycles.
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those of OER, respectively, indicating that HMFOR successfully
replaced OER at the anode. Moreover, this performance is also
significantly better than NiMoO4 and Ni3S2 (Fig. 3f).
2.3. Chronoamperometry electrolysis measurements

Normally, there are two possible oxidation paths for HMF as
shown in Fig. 4a; the corresponding intermediates are generated by
oxidation of CHO or OH groups on the furan ring [25,26]. In path І, a-
C on the aldehyde group desorbs H and recaptures OH� in the so-
lution to from a carboxyl group. On the contrary, in path II, the
dehydrogenation site binds to H on the hydroxyl group, and a-C
attaches itself to the hydroxyl group to form an aldehyde group after
dehydrogenation. Nomatter which oxidation path occurs, HMFwill
be oxidized to 5-formyl-2-furancarboxylic acid (FFCA) in-
termediates and eventually to 2,5-furandicarboxylic acid (FDCA)
[27]. Thus, to investigate the oxidative pathway of HMFOR on the
Ni3S2/MoS2/NiMoO4, the chronoamperometric electrolysis mea-
surements were performed on Ni3S2/MoS2/NiMoO4 by applying a
1.393 V vs. RHE in 10 mL electrolyte containing 1.0 M KOH and
10 mM HMF, and the oxidation intermediates and final product of
HMF during electrolysis were detected using high-performance
liquid chromatography. According to Fig. 4b, the theoretical charge
required to fully convert HMF to FDCA is 116 C (the response time of
differentoxidationproducts ofHMF inHPLC is shown in Fig. S9). This
is because six electrons are necessary to electrooxidize one HMF
molecule into FDCA. The electrooxidation of HMF takes place with
the accumulation of charge transfer, whichwill ultimately lead to an
increase in the final content of the FDCA in the product. The inter-
mediate products, HMFCA and FFCA, are consumed as part of this
process, while the content of 2,5-diformylfuran (DFF) remains
negligible. Simultaneously, the color of the anode electrolyte turns
fromdark red to transparentwith oxidation times (Fig. S10), serving
as further evidence of these findings. These outcomes indicate that
HMF undergoes oxidation on the Ni3S2/MoS2/NiMoO4 catalyst
throughpathway I, fromselectiveoxidationof the aldehyde group to
a carboxyl group to form the intermediate HMFCA, followed by the
5

oxidation of the hydroxyl group to FDCA. Ni3S2/MoS2/NiMoO4 ex-
hibits superior catalytic performance, with a calculated HMF con-
version rate, FDCA selectivity, and Faradayefficiency (FE) of FDCA for
Ni3S2/MoS2/NiMoO4 at 99.2%, 96.7%, and 96.5%, respectively.

The cycling stability of the Ni3S2/MoS2/NiMoO4 electrode to-
ward HMFOR was further evaluated with five cycles of HMFOR
process via submerging the electrode in 10 mL of 1.0 M KOH so-
lution containing 10 mM HMF. Once the previously introduced
HMF was electrooxidized, a fresh 10 mM HMF was added to the
electrolytic cell, as shown in Fig. S11. The narrow fluctuation
amplitude of HMF conversion (98.0e99.1%), FDCA selectivity
(92.1e96.7%), and FE of FDCA (96.4e92.7%) demonstrate good cy-
clic stability of the Ni3S2/MoS2/NiMoO4 electrode (Fig. 4d).
2.4. Mechanism of HMFOR and DFT calculations

To better understand the reaction mechanism of HMFOR on the
Ni3S2/MoS2/NiMoO4 catalyst, the structural evolution of Ni3S2/MoS2/
NiMoO4 and NiMoO4 catalysts was monitored by in-situ Raman
spectroscopyduringOERandHMFORreactions at different potentials
(Figs. 5aec and S12). At open circuit voltage (OCP), Raman peaks at
375 and 405 /cm for Ni3S2/MoS2/NiMoO4 catalysts are attributed to
the A1g mode and E12g mode of the MoS2 [18]. In addition, peaks at
709, 907, and 957/cm are attributed to the NieMoeO bond and the
Mo]O double bond, which are consistent with the Raman spectrum
analysis in Fig. 2b [16,28]. When only OER proceeds on the electrode
surface, the intensities of MoeS, NieMoeO, and Mo]O peaks grad-
ually decreased with increasing voltage, indicating the decreased
crystalline characteristics during the surface construction process.
Additionally, new Raman peaks attributed to NiIIIeOOH were detec-
ted at 466 and 542/cm when the voltage applied was increased to
1.45 V, which is consistent with the recorded LSV curve in Fig. 3a
[29,30]. Then, after the introduction of HMFOR into the electrolyte,
the characteristic peak of NiIIIeOOH was still detectable at 1.45 V for
the NiMoO4 catalyst (Fig. 5b). Based on our previous research, the
NiIIIeOOH species present on the catalyst surface is the actual active
species for the HMFOR [24]. This species undergoes a redox reaction



Fig. 5. (a) In-situ Raman spectra of Ni3S2/MoS2/NiMoO4 during OER (1.0 M KOH) under increasing potential from OCP to 1.50 V vs. RHE. (b) In-situ Raman spectra of NiMoO4 during
HMFOR (1.0 M KOH with 50 mM HMF). (c) In-situ Raman spectra of Ni3S2/MoS2/NiMoO4 during HMFOR. (d) The charge density difference in the heterostructure of MoS2 and Ni3S2
(yellow: sulfur; red: oxygen; white: hydrogen; gray: nickel; purple: molybdenum). (e) PDOS of NiOOH, NiOOH/MoS2, and the Fermi energy is set to 0 eV. (f) and (g) Side views of the
HMF adsorption configurations on different models and the corresponding energy of adsorption. (h) The free energies of HMF adsorption on NiOOH and NiOOH/MoS2. OCP stands
for the open circuit voltage.
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with HMF, oxidizing the HMFwhile simultaneously reducing itself to
a low-valence NiII species, resulting in a dynamic equilibrium. While
because of the competition between the four-electron-transfer OER
and the six-electron-transfer HMFOR under a high potential envi-
ronment, the proceed OER process significantly decreases the reac-
tion kinetics of HMFOR, which leads to a break in the dynamic redox
equilibrium between the NiIIIeOOH active species and the HMF.
Consequently, part of the NiIIIeOOH species remains on the surface
and does not participate in the HMF reaction. Interestingly, for the
Ni3S2/MoS2/NiMoO4 electrocatalyst, the characteristic peak of NiIII-

eOOH is not observed when the applied voltage even increased to
1.5 V (Fig. 5c).

To investigate the active phase stabilization mechanism of
Ni3S2/MoS2/NiMoO4 at high voltages and the role of MoS2, density
functional theory (DFT) calculation is conducted. Since NiMoO4
merely acts as a supporting framework for the 2DNi3S2/MoS2 active
catalyst, the theory model took into account only a single layer of
NiOOH layer covering the MoS2 surface. The calculated differential
charge densities based on themodel exhibits that electron transfers
are highly localized at the interface, in which the oxygen atom
functions as electron acceptors and sulfur atom acts as electron
donors (Fig. 5d). Moreover, the density of states of NiOOH and
NiOOH/MoS2 show a continuous peak at the Fermi energy level,
thereby revealing their inherent half-metallic characters (Fig. 5e)
[31]. Meanwhile, since the d-band center model can serve as a good
descriptor of the absorbate-metal interaction, the calculated
d-band center of NiOOH and NiOOH/MoS2, relative to the Fermi
6

level, is �1.95 and �1.58 eV, respectively. The results suggest a
reduced contact energy barrier and an enhanced adsorption ca-
pacity of HMF in the NiOOH/MoS2 heterostructure. The optimized
adsorption model of HMF on the catalyst surface was presented to
provide a clearer understanding of this process (Fig. 5f and g). The
optimized structure reveals that the spacing between oxygen
atoms in HMF and the active catalyst was 0.40 and 0.45 nm for
NiOOH and NiOOH/MoS2, indicating that smaller adsorption en-
ergies are necessary for HMF to create the stable adsorption state
on the catalyst surface. Additionally, a more comprehensive anal-
ysis of the kinetic processes is shown in Fig. 5h. The free energies of
HMF adsorption on NiOOH and NiOOH/MoS2 were �5.11
and �3.92 eV, respectively. This obvious changed adsorption
behavior demonstrates solid redox equilibrium can keep constant
at a high voltage. Furthermore, the activation energy of the rate-
determining step (HMF*/HMF-H*) in NiOOH/MoS2 is signifi-
cantly lower than that of pure NiOOH, suggesting that the rapid
mass and charge transfer kinetic guarantee the smooth progression
of redox equilibrium reactions.

Importantly, the XRD and XPS results of the reacted samples are
also provided to investigate the surface reconstruction process. As
shown in Fig. S13, the relative intensity of Ni3S2 in the XRD pattern
decreases, suggesting that some of the Ni3S2 is involved in surface
reconstruction under the anodic voltage. Besides, the SEM and TEM
images after HMFOR show that the morphology of Ni3S2/MoS2/
NiMoO4 is almost unchanged (Figs. S14 and S15). Moreover, the XPS
spectra of Ni3S2/MoS2/NiMoO4 after OER and HMFOR reactions are



Y. Sun, Y. Bao, X. Bu et al. Materials Today Energy 39 (2024) 101463
shown in Figs. S16e18. In the Ni 2p spectrum, compared with the
pristine Ni3S2/MoS2/NiMoO4 catalyst, the ratio of Ni3þ/Ni2þ

(average valence 2.67) increased to 2.84 after the OER process, and
then average valence decreased to 2.17 after the HMFOR reaction,
indicating the rapid accumulation of the NiIIIeOOH active species
on the reconstructed NiOOH/MoS2 surface (Fig. S16 and Table S2).
However, when the HMFOR is carried out, since NiIIIeOOH is the
real active site for the HMFOR, NiIIIeOOH is reduced to a low
valence state, resulting in an increase in the average valence of NiII

species [32]. This is in agreement with the in-situ Raman results.
Moreover, in the Mo 3d spectrum, Mo4þ was oxidized to Mo6þ after
either the OER or HMFOR reaction. In addition, two peaks located in
161.7 and 163.6 eV, which are attributed to S 2p3/2 and S 2p1/2,
respectively, can still be detected after HMFOR, indicating that
Ni3S2/MoS2/NiMoO4 still maintains good structural stability after
the reaction, and thus provides high catalytic performance
(Figs. S17 and S18).

3. Conclusion

In conclusion, we designed and prepared Ni3S2/MoS2/NiMoO4

catalysts for the efficient and stable HMFOR. The nanosheet struc-
ture formed by the high-temperature treatment greatly increases
the specific surface area of the catalyst and exposes more active
sites. Combining theoretical calculations and experimental char-
acterization, we demonstrate that the upward shift of the d-band
center in the reconstructed NiOOH/MoS2 facilitates the adsorption
of HMF, which ensures a smooth redox equilibrium reaction at the
high potential. As a result, the potential is reduced by 233mVwhen
the current density reaches 100 mA/cm2 compared with that in the
OER process. At the same time, the catalysts exhibit good perfor-
mance for 5-hydroxymethylfurfural electrocatalytic oxidation re-
action (HMFOR) in terms of selectivity (99.2%), conversion (96.7%),
and Faraday efficiency (96.5%), and retain a stable Faraday effi-
ciency after five cycles. Thus, our work provides new ideas for the
synthesis of efficient and stable HMFOR catalysts for the sustain-
able green energy development.

4. Experimental section

4.1. Materials

Nickel nitrate hexahydrate (Ni(NO3)2$6H2O), ammonium
molybdate ((NH4)6Mo7O24$4H2O), thiourea (CH4N2S), sulfur, po-
tassium hydroxide (KOH), hydrochloric acid (HCl), ethanol (C2H6O),
5-hydroxymethylfurfural (HMF), 2,5-furandicarboxylic acid (FDCA),
2,5-diformylfuran (DFF), 5-formyl-2-furancarboxylic acid (FFCA), 2-
furancarboxlic acid (HMFCA), nickel foam (NF), deionized (DI)
water was used throughout the experiment.

4.2. Preparation of NiMoO4, Ni3S2, Ni3S2/MoS2/NiMoO4

Nickel foam (NF) was cut into small pieces measuring
1.0 � 3.0 cm2. These small pieces were sonicated in an aqueous so-
lution for 15 min in (3.0 M HCl), acetone, ethanol, and deionized
water, respectively, then dried in an oven as the substrate. Typically,
0.3 mmol (NH4)6Mo7O24$4H2O and 0.6 mmol Ni(NO3)2$6H2O were
mixed with 15 mL of deionized water. The mixture was then trans-
ferred toa stainless steel autoclavewith aTeflon liner (25mL). Then, a
piece of 1.0 � 3.0 cm2 NF was placed diagonally against the reactor.
Afterward, the reactor was placed in an oven and heated to 150 �C
and held for 6 h. At the end of the reaction, the autoclave reactor has
been allowed to cool to room temperature by natural means. The
NiMoprecursorwas takenout andwashedwithDIwater thoroughly,
and then it was dried inside a vacuum oven at 60 �C for 12 h. Finally,
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the obtained NiMo precursor was placed downstream of the quartz
tube,while the sulfur powder is placedupstream.After that, theoven
has been heated up to 400 �C for 2 h in an Ar atmosphere, and then,
the Ni3S2/MoS2/NiMoO4 electrocatalyst was obtained. The prepara-
tion of NiMoO4 was similar to Ni3S2/MoS2/NiMoO4 except that it did
not contain sulfur powder.

In addition, 0.75 mmol thioureawas dissolved in 15 mL DI water
and then transferred to a 25mLTeflon liner after stirring for 30min.
Then, a piece of 1.0 � 3.0/cm2 NF was placed diagonally against the
reactor. Therewith, we put the reactor into the oven at 140 �C and
keep warm for 12 h. After the reaction, the autoclave reactor cooled
to room temperature by natural means. The Ni3S2 was taken out
and washed with DI water thoroughly, and then it was dried inside
a vacuum oven at 50 �C for 10 h.

4.3. Physical characterizations

We determined the elemental composition of the samples by
spherical aberration electron microscopy (Hitachi-HF 5000) and
determined the distribution of each element over the catalyst. The
phase diagrams of the prepared samples were derived by X-ray
diffraction characterization in the 2q range from 20� to 80� with a
scan rate of 5�/min. The chemical composition and electronic
structure of the samples were characterized by X-ray photoelectron
spectroscopy. Raman spectroscopy (LabRAMHR 800 system) was
performed at 532 nm laser on different samples.

4.4. Electrochemical methods

Room temperature was used for all electrochemical tests. The
catalytic activity of the catalyst was tested by constructing a three-
electrode test system using the prepared catalyst as the working
electrode, platinum sheet as the counter electrode, and Ag/AgCl
(1.0MKCl) as the reference electrode. Test potentials are converted to
standard hydrogen electrodes (RHE). Using linear sweep voltamme-
try (LSV)methods, the OER activities weremeasured at a scan rate of
5mV/s in 1.0MKOHelectrolyte. LSVwas also used to test theHMFOR
activity of different catalysts, where the sweep speedwas 5mV/s and
the polarization curves were corrected for iR compensation. In
addition to this, the Tafel slope in the LSV polarization curve was
calculated based on the Tafel equation [h ¼ b*log(j) þ a]. Then, the
electrochemical impedance spectra were tested in the range of
100,000Hze0.01Hz. TheCVcurveswere tested in thepotential range
from0.477 to 0.577V vs. RHE at different scan rates (50e250mV/s) as
ameans of comparing the double layer capacitance values (Cdl) of the
different catalysts. The conversion tests of catalystswere evaluated by
chronoamperometry at 1.393 V vs. RHE.

4.5. In-situ materials characterizations

In-situ Raman testing was done in a customized in-situ elec-
trolysis cell. In-situ Raman spectroscopy was performed using
different electrolytes (with and without HMF) with Ni3S2/MoS2/
NiMoO4 and NiMoO4 as working electrodes, Pt as the counter elec-
trode, and Ag/AgCl (1.0 M KCl) as the reference electrode. Three
Raman spectral signals were collected at each voltage at 70 s in-
tervals. The voltage test was ranged from 1.25 to 1.50 V, where the
voltage changes were modulated by an electrochemical workstation.

4.6. Alkaline anion exchange membrane water electrolyzer
(AEMWE) test

The AEMWE system consists of an anode, a cathode, a gas
diffusion layer and an anion exchangemembrane (Fumasep, FAA-3-
50). Ni3S2/MoS2/NiMoO4, NiMoO4, and Ni3S2 were used as the
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anode electrodes. Platinum modified NiFe LDH was used as the
cathode electrode. When assembling the electrolyzer, it is ensure
that each screw is installed with the same pressure. The catalytic
activity of the three catalysts was evaluated by LSV at 1.0e2.0 V
under ambient conditions with different electrolytes (with or
without HMF) passed through the cell at a sweep rate of 5 mV/s.

4.7. Product quantification

The HPLC was equipped with a Xtimate Sugar-H 7.8 300 mm
5 mm chromatographic column for the electrooxidation of HMF,
respectively. Final product identification and quantification are
determined from calibration curves using commercially purchased
standard solutions of known concentrations of pure starting ma-
terials, intermediates, and final products.

The alcoholealdehyde conversion (%) and selectivity (%) of the
oxidation products were calculated as follows:
Alcohols
�

Aldehyde des conversion ð%Þ¼ mol of alcohols consumed
mol of initial alcohols=aldehydes

�100%
Product selectivity ð%Þ¼ molof product formed
molof initial alcohols=aldehydes

�100%

The F.E. calculation formula:

FE ð%Þ¼ mol of product formed
total charged passed ÷nF

�100%

where F is the Faraday constant (96,485/mol) and n is the electron
transfer number.
4.8. Theoretical calculations

Spin-polarized density functional theory calculationswere carried
out using the Vienna ab initio simulation package. We applied the
projector-augmentedwave potentials and PerdeweBurkeeErnzerhof
(PBE) þ U functional with a U-J value of 5.5 eV to investigate the
d orbitals of nickel. The energy cutoff of 450 eV was used. The ionic
relaxation loop would stop when the forces on all atoms were
<0.02 eV/Å. HMF adsorption energy E ads is defined as, E ads
(HMF) ¼ E total (HMF/surface) � E total (surface) � E total (HMF). E
total (HMF/surface), E total (surface), and E total (HMF) are the total
energies of the optimized surface with adsorbed HMF, the optimized
empty surface, and the optimized HMFmolecule in the gas phase.
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