Chinese Chemical Letters 35 (2024) 110011

Contents lists available at ScienceDirect

nuran

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Interface engineering of 2D NiFe LDH/NiFeS heterostructure for highly  m)
efficient 5-hydroxymethylfurfural electrooxidation ki

Lili Wang?®*, Ya Yan?, Rulin Li?, Xujie Han?, Jiahui Li?, Ting RanP, Jialu LiP,
Baichuan XiongP, Xiaorong Song?, Zhaohui Yin¢4, Hong Wang¢, Qingjun Zhu's,
Bowen Chengd*, Zhen Yin©d*

aState Key Laboratory of Separation Membranes and Membrane Processes, School of Chemistry, Tiangong University, Tianjin 300387, China
bSchool of Chemical Engineering and Technology, Tiangong University, Tianjin 300387, China

¢College of Chemical Engineering and Materials Science, Tianjin University of Science and Technology, Tianjin 300457, China

dState Key Laboratory of Biobased Fiber Manufacturing Technology, Tianjin University of Science and Technology, Tianjin 300457, China

¢ School of Materials Science and Engineering, Tiangong University, Tianjin 300387, China

fDeutsches Elektronen-Synchrotron DESY, Platanenallee 6, Zeuthen 15738, Germany

& Department of Chemistry and The Center for the Science of Materials Berlin, Humboldt-Universitdt zu Berlin, Berlin 12489, Germany

ARTICLE INFO ABSTRACT

Article history:

Received 19 March 2024
Revised 22 April 2024
Accepted 13 May 2024
Available online 14 May 2024

The electrochemical oxidation of 5-hydroxymethylfurfural (HMF) to valuable chemicals is an efficient way
to upgrade biomass molecules and replace traditional catalytic synthesis. It is crucial to develop effi-
cient and low-cost earth-abundant electrocatalysts to enhance catalytic performance of HMF oxidation.
Herein, a new type of two-dimensional (2D) hybrid arrays consisting of NiFe layered double hydroxides
(LDH) nanosheets and bimetallic sulfide (NiFeS) is constructed via interface engineering for efficient elec-
trocatalytic oxidation of HMF to 2,5-furandicarboxylic acid (FDCA). The preparation process of 2D NiFe
LDH/NiFeS with ultrathin heterostructure involves in anchoring a Co-based metal-organic framework (Co
MOF) as template onto the carbon cloth (CC) via in-situ growth, formation of NiFe LDH on the surface
of Co MOF and subsequent partial sulfidation. The electrocatalyst of NiFe LDH/NiFeS exhibits outstanding
performance towards HMF oxidation, about 98.5% yield for FDCA and 97.2% Faraday efficiency (FE) in the
alkaline electrolyte with 10 mmol/L HMF, as well as excellent stability retaining 90.1% FE for FDCA after
six cycles test. Moreover, even at an HMF concentration of 100 mmol/L, the yield and FE for FDCA remain
high at 83.6% and 93.6%, respectively. These findings highlight that 2D heterostructure containing abun-
dant interfaces between NiFe LDH nanosheets and NiFeS can enhance the intrinsic activity of LDH and
thus promote the oxidation reaction kinetics. Additionally, the synergistic effect of the bimetallic NiFe
compounds also improved the selectivity of HMF conversion to FDCA. Our present work demonstrates
that constructing 2D ultrathin heterostructure of NiFe LDH/NiFeS is a facile strategy via interface engi-
neering to enhance the intrinsic activity of LDH electrocatalysts, which would open new avenues toward
low-cost and advanced 2D nanocatalysts for sustainable energy conversion and electrochemical valoriza-

tion of biomass derivatives.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.
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The acceleration of industrialization has resulted in the ex-
cessive consumption of petrochemical resources, leading to sig-
nificant damage to the natural environment and shortage of re-
sources [1]. A pivotal strategy for addressing both energy scarcity
and environmental degradation involves the conversion of renew-
able biomass into high-value chemicals [2,3]. Among the various
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biomass derivatives, the compound HMF is of particular impor-
tance as a multifunctional intermediate inking biomass materi-
als with the chemical industry [4,5]. One noteworthy example is
the transformation of HMF into FDCA, a crucial and promising
bio-based monomer. FDCA can be used as a substitute to tereph-
thalic acid produced from petroleum for the synthesis of polyethy-
lene 2,5-furandicarboxylate (PEF) [6], which exhibits superiority to
polyethylene terephthalate (PET) in various respects [2,7].

The conventional catalytic pathways for converting HMF into
FDCA have made significant progress, but most of them require

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



L. Wang, Y. Yan, R. Li et al.

additional air or oxygen introduction at relatively elevated temper-
atures [8-11]. In comparison, the electrocatalytic oxidation strat-
egy to convert HMF into FDCA at ambient temperature and at-
mospheric pressure has gained increasing attention [12-16]. The
catalytic oxidations of HMF often rely on precious metal catalysts
such as Pd, Pt, Au, and Ru [17]. Apparently, their widespread use
is fundamentally hindered by the scarcity and high cost of pre-
cious metals [18-20]. Therefore, the development of catalysts that
are both cost-effective and high-performance represents significant
challenges [21,22]. Recently, numerous studies have focused on
2D transition metal-based catalysts, particularly transition-metal-
based layered double hydroxides (TM-LDHs) [23-25]. Actually, TM-
LDHs have been regarded as one promising type of electrocatalyst
due to unique 2D lamellar structure, tunable electronic configu-
ration, versatile cation composition and easy preparation [26-30].
For example, an overpotential of 280 mV was required to achieve a
current density of 20mA/cm? with NiCoFe LDH, which resulted in
95.5% HMF conversion and 84.9% FDCA yield in 1h [31]. The NiFe
LDH nanosheets used for the oxidation of HMF to FDCA demon-
strated a 97.35% conversion of HMF and a 96.8% yield of FDCA at
1.48V [32]. However, the inherent shortcomings of TM-LDHs sig-
nificantly limit the electrocatalytic application, including low elec-
tronic conductivity, inadequate active site exposure, and sluggish
ion transport rate [33,34]. Hence, it is still a challenge to improve
the catalytic performance of TM-LDHs to meet the demands of in-
dustrial applications.

On the other hand, the binary transition metal sulfides (TMS)
catalysts exhibit superior electrochemical activity for HMF oxida-
tion owing to the synergistic interaction between the two differ-
ent metal cations [35]. For example, Zheng et al. investigated a
hierarchical array of two-dimensional NiCo-based sulfide (NiCo-S)
nanosheets for HMF oxidation. Their catalytic results manifested
the synergistic effect of the Ni-Co dual sites in HMF oxidation and
the contribution of coordinating S species [36]. Wu et al. demon-
strated that the surface self-reconstructed NiMosS, catalyst exhib-
ited superior activity and stability for HMF oxidation performance,
with nearly 100% of HMF conversion and FDCA selectivity [37].
However, the low stability of TMS greatly limits their further ap-
plication, especially at high oxidation potential.

Recently, the hybrid structures consisting of TM-LDHs have
been demonstrated for their distinct roles in enhancing the elec-
trooxidation of HMF [38-40]. Deng et al. reported a CuyxS@NiCo-
LDH nanoarrays with core-shell structure used as efficient elec-
trocatalysts for HMF oxidation, exhibiting a current density of
87mA/cm? at 1.3V vs. reversible hydrogen electrode (RHE) and a
faradaic efficiency of nearly 100% for FDCA production, resulting
from fast charge and mass transfer with core-shell structures and
tunable electronic structure of Ni with Co [39]. Actually, the con-
struction of hybrid nanostructures with TM-LDH can enhance cat-
alytic performance and stability of LDH owing to the formation
of multiphase interface, which facilitates efficient charge transfer,
tunes the electronic structure of LDH, enhances electron conductiv-
ity and promotes synergistic coupling effects among various com-
ponents [40]. More importantly, the formation of interface can en-
hance the interfacial interactions, tune adsorption or desorption
energy of reaction intermediates, and accelerate reaction kinetics
[40]. Additionally, it is an efficient way to alleviate the agglomera-
tion of LDH nanosheets. Hence, it would be much desirable to con-
struct the 2D ultrathin hybrid structure of TM-LDHs coupling with
bimetallic TMS in order to improve the intrinsic activity and sta-
bility of LDH electrocatalysts towards HMF oxidation.

Herein, we develop a facile strategy to contrast 2D hybrid ar-
rays of NiFe LDH/NiFeS with a shell of bimetallic TMS via interface
engineering and carbon cloth (CC) as electrode substrate. The Co
MOF is anchored via in-situ growth process on the CC and then
the NiFe LDH nanosheets was coated on the Co MOF. The hybrid
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Fig. 1. Schematic illustration of the preparation process of NiFe LDH/NiFeS hybrid
arrays.

arrays of NiFe LDH/NiFeS were obtained through partial sulfidation
of NiFe LDH. As a hybrid TM-based electrocatalyst, it exhibited su-
perior performance for HMF oxidation achieving nearly 100% con-
version and about 98.5% yield for FDCA with 97.2% Faraday effi-
ciency (FE) at 1.42V vs. RHE. Even at higher HMF concentrations
(100 mmol/L), the catalyst still maintains 96.8% selectivity for FDCA
and 93.6% for FE, respectively, highlighting its potentials for in-
dustrial applications and its role in advancing the environmentally
friendly conversion of HMF into FDCA. The interface engineering
strategy of combining bimetallic sulfide into TM-LDH provides a
new approach for developing efficient and low-cost TM-based elec-
trocatalysts in the field of green chemical conversion of biomass-
derived platform chemicals to high value-added products and re-
newable energy conversion.

The preparation method for the NiFe LDH/NiFeS hybrid arrays
involves three sequential steps, as depicted in Fig. 1. Initially,
Co MOF nanosheets are synthesized in situ on CC using a pre-
cipitation method, employing cobalt ions as metal nodes and 2-
methylimidazole as the organic linker at room temperature [26].
SEM images displayed in Fig. S1 (Supporting information) reveal
each carbon cloth fiber is almost entirely wrapped by uniformly
distributed Co MOF nanosheets. The two-dimensional configura-
tion of the Co MOF exhibits an average thickness of approximately
70nm. Subsequently, NiFe LDH nanosheets are formed via a hy-
drothermal method by introducing nickel and iron ions using the
Co MOF as template. The Ni2*, Fe3* and OH~ are released by
nickel nitrate and iron nitrate containing ammonium fluoride so-
lution to form NiFe LDH covered the surface of Co MOF during
this process. Following the hydrothermal reaction, it can be seen
that the original Co MOF was uniformly coated with NiFe LDH
nanosheets (Fig. S2 in Supporting information). Finally, the sulfu-
rization of NiFe LDH is performed through a solvothermal method.
This sulfidation process involves an anion exchange reaction where
certain hydroxyl ions of NiFe LDH are replaced by S2~ derived from
TAA, resulting in the formation of NiFe LDH/NiFeS [40].

Fig. 2 shows the SEM, TEM and HRTEM images of the NiFe
LDH/NiFeS hybrid arrays. As shown in Figs. 2a-c, well-dispersed
and uniform arrays with nanosheets of NiFe LDH/NiFeS are an-
chored on the surface of carbon fibers via in-situ growth pro-
cesses. Furthermore, the thickness of nanosheets decreases from
25nm (Fig. S2c¢) to around 10nm (Fig. 2c) after surface sulfida-
tion. Therefore, the heterostructure of NiFe LDH/NiFeS with ul-
trathin nanosheets can be obtained. Further microstructural in-
sights into the NiFe LDH/NiFeS nanosheets were gained through
TEM and HRTEM. Figs. 2d and e reveal the 2D thin nanosheets are
formed after sulfidation, and the thickness of nanosheets is below
10nm. The HRTEM image (Fig. 2f) shows lattice spacings of 0.20
and 0.26 nm, which can be assigned to the (018) and (012) crystal
planes of the NiFe LDH phase, respectively. The lattice spacings of
0.24 and 0.19 nm are in line with the (400) and (422) planes of the
FeNi,S; phase, respectively. Obviously, a clear interface between
NiFe LDH and NiFeS is observed, which can result in a strong inter-
facial interaction. In addition, the amorphous phase of LDH is also
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Fig. 2. Morphology characterizations of NiFe LDH/NiFeS hybrid arrays. (a-c) SEM
with different magnifications, (d) TEM image, (e, f) HRTEM, (g) SAED, (h) STEM im-
age and the corresponding EDS elemental mapping spectra.

found, indicating poor crystallinity of NiFe LDH. Fig. 2g confirms
the polycrystalline structure of NiFe LDH/NiFeS through selected
area electron diffraction (SAED), displaying four distinct diffraction
rings corresponding to the (012) and (018) planes of NiFe LDH
phase, and the (440) and (620) planes of FeNi,S; phase. More-
over, elemental mapping images (Fig. 2h) reveal the presence and
uniform distribution of Ni, Fe, S, Co, C, and O elements. These re-
sults confirm the successful preparation of the 2D hybrid arrays
and the formation of heterostructure interface between NiFe LDH
and NiFeS.

To elucidate the role of Co MOF template, the NiFe LDH sam-
ple was also prepared without Co MOF as template through sim-
ilar procedure, termed as NiFe LDH. As shown in Fig. S3 (Sup-
porting information), the NiFe LDH’ nanosheets were found with a
thickness of ~60nm, demonstrating a uniform distribution on the
CC surface. Comparative analysis indicates that a notably thinner
nanosheet structure of NiFe LDH was obtained when Co MOF was
used as template.

To explore the correlation between the metal (Ni/Fe) ratios and
catalyst morphology, detailed results are presented in Fig. S2. The
morphologies of NiFe LDH with different metal ratios are similar in
their nanosheets structures. However, the nanosheets of NiFe(s.)
LDH and NiFe(o.;) LDH exhibit significant agglomeration and poor
dispersion, while NiFe(y.1y LDH shows excessive layers and appear
to be heavily stacked. Upon comparing SEM images of different
samples, NiFe(;5.1) LDH exhibits a distinct and well-defined lamel-
lar structure with uniform and reasonably distributed layers with
the nanosheet thickness of about 25nm. Thus, NiFe(5.1y LDH (ie.,
NiFe LDH) is chosen for the subsequent sulfidation process.

The crystal structure of the NiFe LDH/NiFeS hybrid arrays were
characterized using X-ray diffraction (XRD) (Fig. S4a in Support-
ing information). It is noted that all the samples exhibit a char-
acteristic diffraction peak at 26° that is associated with the con-
ductive substrate CC. Moreover, distinct diffraction peaks at 44.2°
and 51.5° are identified, corresponding to the (111) and (200) crys-
tal planes of ZIF-67 phase (JCPDS No. 15-0806, denoted as "#"),
confirming successful Co MOF preparation on CC. Furthermore, the
diffraction peaks of 34.4°, 38.9°, 59.9° and 61.2° are attributed to
the (012), (015), (110) and (113) crystal planes of NiFe LDH (JCPDS
No. 40-0215, denoted as "¢"), and Co MOF characteristic peaks are
barely visible in the XRD spectra due to NiFe LDH coverage. Af-
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Fig. 3. High-resolution XPS spectra of (a) Ni 2p, (b) Fe 2p, (c) S 2p and (d) O 1s for
NiFe LDH and NiFe LDH/NiFeS.

ter solvothermal sulfidation, several diffraction peaks of 32.7°, 47.0°
and 54.9° corresponding to (222), (422), and (440) crystal planes of
FeNi,S4 (JCPDS No. 47-1740, labeled as "¢") are discerned. Mean-
while, the diffraction peaks of NiFe LDH are still present, implying
the coexistence of two phases of NiFe LDH and NiFeS after sulfida-
tion [40]. It is consistent with HRTEM and corresponding elemental
mapping results.

To investigate the surface elemental composition and chemical
valence states of NiFe LDH and NiFe LDH/NiFeS, the X-ray pho-
toelectron spectroscopy (XPS) was employed. Fig. S4b (Supporting
information) displays the full XPS spectra of NiFe LDH and NiFe
LDH/NiFeS, indicating the presence of several elements on the sur-
face, mainly Ni, Fe, S, and O. Figs. 3a-d show the high-resolution
XPS spectra of these elements. Fig. 3a illustrates the XPS spectra of
Ni 2p with spin-orbit doublet peaks (Ni 2p;, and Ni 2p;p,) con-
centrated at 855.6 and 874.1 eV, respectively. The peaks located at
855.4 and 873.2eV correspond to the Ni 2p;, and 2py); of Ni2t,
while two peaks observed at 857.1 and 874.7 eV represent Ni 2p3;
and Ni 2pq; of Ni3t. Two shakeup satellites (annotated as Sat.)
of the Ni 2p are observed at 879.2 and 861.5 eV, respectively. Com-
pared with NiFe LDH sample, the Ni 2p energy exhibit about 0.8 eV
up-shift from 855.6eV of NiFe LDH to 856.4eV of NiFe LDH/NiFeS,
indicating possible electron transfer from NiFe LDH to NiFeS and
strong interaction between coupling NiFe LDH and NiFeS heteroin-
terface. For the Fe 2p (Fig. 3b), the two peaks located at 713.3 and
725.7eV are related to Fe 2p;;, and Fe 2p;p,, respectively, along
with their satellite peaks (719.6 and 730.2 eV). The main peaks can
be deconvoluted into four species, i.e., pairs of fitting peaks for
FeZ+ (709.8 and 723.1eV) and Fe3* (714.3 and 728.3eV), respec-
tively. Note that the Fe 2p peaks of NiFe LDH/NiFeS also display
about 0.2 eV up-shifts compared with the NiFe LDH, further sug-
gesting strong interaction between the NiFe LDH and NiFeS. Fur-
thermore, the peak ratio of Ni2t/Ni3* decreases from 2.31 to 1.52,
and Fe?t[Fe3* also exhibits a decrease from 0.57 to 0.33 after sul-
fidation, demonstrating an increase in high-valent Ni and Fe atoms
owing to electronic coupling and electron transfer. The XPS spec-
trum of the S 2p region in NiFe LDH/NiFeS hybrid is shown in
Fig. 3c. After peak-fitting analysis, the peaks located at 163.6 and
161.2eV are ascribed to S 2pyj; and S 2psp,, respectively [41,42].
The deconvoluted peak at 164.5eV represents the typical metal-
sulfur bond, while the fitting peak centered at 162.3 eV indicates
the presence of sulfur ions (S2~) with a low coordination state
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Fig. 4. (a) LSV curves in 1mol/L KOH with and without 10 mmol/L HMF of NiFe
LDH/NiFeS, (b) LSV curves, (c) Tafel slopes, (d) Nyquist plots of Co MOF, NiFe LDH
and NiFe LDH/NiFeS in 1 mol/L KOH with 10 mmol/L HMF.

on the surface. The peak at 167.7eV is related to oxidized sulfur,
possible resulting from oxygen-containing sulfate groups or partly
oxidized sulfur species [43]. The electron modulation at the hy-
brid interfaces in NiFe LDH/NiFeS hybrid would be capable of ef-
fectively manipulating the adsorption/desorption energy and fa-
cilitating the reaction kinetics [44]. The high-resolution spectra
of O 1s (Fig. 3d) reveals the presence of three forms of oxygen,
wherein 01 (530.7 eV), 02 (531.6eV) and 03 (532.7 eV) correspond
to typical metal-oxide, metal-hydroxide and either a partially low-
coordinated oxygen ion or water adsorbed on the surface due to
physical and chemical interactions, respectively.

In order to investigate the impact of compositions and struc-
tures on the catalytic performance, the NiFe LDH/NiFeS, NiFe LDH
and Co MOF were examined through the linear sweep voltamme-
try (LSV). The LSV curves of NiFe LDH/NiFeS in the presence or
absence of HMF are illustrated in Fig. 4a. The OER acts as the
primary competing reaction for HMF oxidation. Interestingly, an
overpotential of 187 mV is required to drive the current density to
20mA/cm? for the OER, whereas only an overpotential of 105 mV
is necessary for HMF oxidation to achieve the same current den-
sity. These findings suggest the preferential occurrence of HMF ox-
idation over the OER. Moreover, the LSV was also employed to fur-
ther investigate the influence of Ni/Fe ratio on the catalytic per-
formance of NiFe LDH in 1mol/L KOH electrolyte with or with-
out HMF (Fig. S5 in Supporting information). It can be seen that
the Ni:Fe ratio of 15:1 is optimal to achieve best catalytic ac-
tivity in the presence or absence of HMF. As shown in Fig. 4b,
the Co MOF (19=261mV) and NiFe LDH (1,9=191 mV) exhibit
much higher overpotential compared with that of NiFe LDH/NiFeS
(1720 =105mV), implying that the interface between NiFe LDH and
NiFeS enhances catalytic activity and promotes faster HMF oxida-
tion kinetics. The Tafel slope calculated from the LSV curve serves
as an important parameter in electrochemical processes evaluat-
ing HMF oxidation kinetics. As shown in Fig. 4c, the Tafel slope
of NiFe LDH/NiFeS (40 mV/dec) is significantly smaller than that of
Co MOF (103 mV/dec) and NiFe LDH (74 mV/dec), indicating faster
reaction kinetics for HMF oxidation. Moreover, the Tafel slope of
NiFe LDH/NiFeS for HMF oxidation is smaller than that for wa-
ter oxidation (64mV/dec), indicating more favorable kinetics for
HMF oxidation. EIS analysis is used to estimate reaction kinetics
and electrode/electrolyte interface properties. Fig. 4d demonstrates
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that NiFe LDH/NiFeS (0.18 €2) exhibits the lowest charge trans-
fer resistance (R¢) compared to Co MOF (0.93 2) and NiFe LDH
(0.63 2), indicating fast charge transfer rate and ion diffusion with
NiFe LDH/NiFeS electrocatalyst during HMF oxidation. The reduc-
tion of R can be attributed to formation of heterostructure in-
terface, resulting in available electronic structure. Additionally, the
sulfur doping contributes to a thinner nanosheet structure, ensur-
ing fully contact with the electrolyte and facilitating fast electron
transport.

The electrochemical surface area (ECSA) is a crucial parameter
for assessing the catalytic performance of various electrodes in the
oxidation of HMF to FDCA. In our investigation, the parameter Cy
derived from CV test results serves as an indicator of ECSA. The
CV tests exhibited in Figs. S6a-c (Supporting information), were
conducted within the non-Faraday region, ranging from 1.02V to
112V vs. RHE, employing scan rates between 50 mV/s to 100 mV/s.
Fig. S6d (Supporting information) illustrates that the Cy value of
NiFe LDH/NiFeS is 6.61 mF/cm?, larger than both Co MOF (3.86
mF/cm?) and NiFe LDH (4.79 mF/cm?), suggesting that the for-
mation of NiFe LDH/NiFeS heterostructure results in larger active
surface area. Hence, it facilitates the exposure of more catalyti-
cally active sites, thereby enhancing the oxidation of HMF. Further-
more, we investigated the impact of sulfidation degree on electro-
catalytic performance. Initially, we explore the influence of sulfida-
tion time on the catalyst. SEM images presented in Fig. S7 (Sup-
porting information) show variations among samples subjected to
different sulfidation durations. Notably, after 2 h of sulfidation, the
nanosheets remain nearly unchanged. However, a discernible dis-
ruption in the nanosheet structure becomes evident after an 8h
sulfidation period. Fig. S8 (Supporting information) displays the
corresponding LSV curve, confirming the pivotal role of sulfida-
tion time as a crucial factor, with an optimal time observed at
4h. Furthermore, we investigate the influence of sulfidation de-
gree by varying the amount of the sulfur source. Fig. S9 (Support-
ing information) displays XRD patterns of NiFe LDH/NiFeS sam-
ples prepared with different sulfur amount (0.02, 0.04 and 0.1g).
When the sulfur amount increases to 0.1g, the diffraction peaks
corresponding to NiFe LDH cannot be discerned while those of
NiFeS appear, indicating the complete transformation of LDH to
sulfide. As shown in Figs. S10a and b (Supporting information), it
can be seen that high sulfidation degrees dramatically increase the
resistance of charge transfer and suppress catalytic activities. By
contrast, relatively lower sulfidation degrees are beneficial to en-
hance the electrocatalytic activity of NiFe LDH/NiFeS according to
the LSV and EIS curves, especially the NiFe LDH/NiFeS with 0.04 g
sulfur.

The electrocatalytic oxidation of HMF was conducted at a con-
stant potential. The oxidation product analysis was performed
through high performance liquid chromatography (HPLC) to verify
the reaction pathway, conversion rates, selectivity, and FE. The con-
version of HMF to FDCA involves a six-electron transfer reaction,
requiring approximately 174 C of charge to achieve complete con-
version of 30 mL of 10 mmol/L HMF into FDCA. Two potential path-
ways for HMF conversion into FDCA are illustrated in Fig. 5a. The
aldehyde and hydroxyl groups of HMF can be selectively oxidized
to generate 5-hydroxymethyl-2-furancarboxylic acid (HMFCA) or
2,5-diformylfuran (DFF). These intermediates undergo further ox-
idation to produce 2-formyl-5-furancarboxylic acid (FFCA), which
ultimately forms FDCA [4,12]. Constant voltage electrolysis was
performed at 1.42V vs. RHE under slight magnetic stirring, and liq-
uid samples collected at various charge consumptions during elec-
trolysis underwent HPLC analysis to identify and quantify the prod-
ucts. The HMF peak intensity consistently declined with charge
depletion (retention time of 3.46 min), while FDCA signal inten-
sity (retention time of 1.86 min) progressively increased. Fig. 5b
shows the detection of intermediate products HMFCA (2.24 min)
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Fig. 5. (a) Two potential reaction pathways for HMF oxidation. (b) HPLC chro-
matograms at different charge states during the electrolysis experiment. (c) Con-
centration versus passed charge plot of HMF, FDCA, and the intermediates dur-
ing the electrocatalytic oxidation of HMF. (d) Current-time and charge-time tran-
sients during constant potential electrolysis of NiFe LDH/NiFeS at 1.42V vs. RHE in
1mol/L KOH with 10 mmol/L HMF. (e) Conversion, selectivity and FE for FDCA of
NiFe LDH/NiFeS after six cycles.

and FFCA (2.36 min). Notably, no intermediate DFF, aside from HM-
FCA and FFCA, was detected during HMF oxidation, indicating that
the oxidation of HMF using the NiFe LDH/NiFeS hybrid arrays fol-
lowed path 2, and the aldehyde group of HMF is selectively oxi-
dized into carboxyl group. Fig. 5c illustrates the changing concen-
trations of HMF and its oxidation products related with consumed
charge during electrolysis. FDCA is identified as the principal prod-
uct with yields of other intermediates kept below 10%, which is
in line with calibration curves (Figs. S11-S15 in Supporting infor-
mation). Upon theoretical consumption of 176 C after 205 min of
electrolysis, nearly 100% HMF conversion and 98.5% FDCA selectiv-
ity were achieved, yielding an FE of 97.2% at potential of 1.42V
vs. RHE. Fig. 5d indicates continuous HMF consumption on the
electrode surface during electrolysis, leading to decreased current
density as well as increasing transferred charge. Additionally, to
evaluating catalyst stability, a constant potential electrolysis test
was conducted over six consecutive cycles by the NiFe LDH/NiFeS
electrocatalyst. Fig. 5e demonstrates consistent excellent conver-
sion of HMF, FDCA selectivity, and FE across all six cycles, demon-
strating robust stability in HMF oxidation. The morphology of the
used NiFe LDH/NiFeS hybrid array is also characterized (Figs. S16a
and b in Supporting information). Apparently, the well-preserved
nanosheet array structure is observed. The thickness increase of
nanosheet can be attributed to possible formation of hydroxide
[45]. TEM and HRTEM images of used NiFe LDH/NiFeS were shown
in Figs. S16¢ and d (in Supporting information), further confirming
the 2D heterostructure with ultrathin nanosheets. The lattice spac-
ing of 0.20 and 0.24nm are attributed to the (018) plane of NiFe
LDH phase and the (400) plane of NiFeS phase, respectively. These
results demonstrate well stability of NiFe LDH/NiFeS hybrid arrays.
Hence, these results demonstrate that 2D hybrid NiFe LDH/NiFeS
is a highly efficient and stable electrocatalyst in HMF oxidation,
even compared to most of advanced transition metal-based cata-
lysts (Table S1 in Supporting information).
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Fig. 6. (a) Conversion of HMF, selectivity and FE of FDCA. (b) Relative selectivity
of different products obtained by different electrodes tested in 1 mol/L KOH with
10 mmol/L HMF at 1.42V vs. RHE.

The effect of the applied potential on the catalytic performance
is also investigated (Fig. S17a in Supporting information). With a
potential of 1.32V vs. RHE, HMFCA is the main intermediate in the
initial process, resulting in a relatively low selectivity for FDCA pro-
duction. Upon consuming 165 C of charge, HMF achieves the high-
est conversion rate at 89.0%, yielding FDCA as the primary prod-
uct with a selectivity of 62.9% and an FE of 60.8%. It is crucial
to note that the transformation of HMF to FDCA is inhibited as
the applied potential increases, which is attributed to the com-
petitive OER. Fig. S17b (Supporting information) demonstrates that
complete transformation of HMF to FDCA requires 200 C at 1.52V
vs. RHE, notably surpassing the 174 C, although FDCA selectivity
reaches 94.2% and the associated FE decreases to 81.8%. These re-
sults underscore the significant variations for necessary charge for
complete HMF oxidation into distinct products as well as the se-
lectivity and FE at different applied potentials.

To investigate the influence of metallic composition on catalytic
performance, two comparison samples (CoNiS and CoFeS) were
also prepared through similar procedures. The XRD patterns of Co-
NiS and CoFeS are displayed in Fig. S18 (Supporting information).
Fig. S19 (Supporting information) shows the comparison of the LSV
curves for HMF electrocatalysis among these samples. Interestingly,
CoNiS has a lower overpotential compared with CoFeS to achieve
the same current density at a lower potential, while CoFeS requires
a lower overpotential than CoNiS to achieve a higher current den-
sity. It is obvious that NiFe LDH/NiFeS has the lowest initial po-
tential and the highest current density, which combines the ad-
vantages of each metal with the benefits of sulfidation, promot-
ing oxidation reactions kinetics. Therefore, for the NiFe LDH/NiFeS
catalyst, it is found that Ni promotes the reaction rate. The find-
ings underpin that the formation of interface in NiFe LDH/NiFeS
and synergistic catalytic effects of the bimetallic compounds can
effectively promote the intrinsic activity. As shown in Fig. 6a, the
conversion of HMF using catalysts containing Ni is almost 100%
and the selectivity for FDCA is higher than other catalysts, while
Co MOF and CoFeS exhibit the lowest selectivity for FDCA. Further
analysis of oxidation products (Fig. 6b) show that a greater pro-
portion of catalytic products remain as FDCA using NiFe LDH and
NiFe LDH/NiFeS compared with other catalysts. These results indi-
cate the main role of Ni sites for HMF oxidation, and the synergis-
tic effect of Ni and Fe, which can enhance the selectivity of HMF
conversion to FDCA.

To evaluate its industrial feasibility, the catalytic performance
of NiFe LDH/NiFeS is further investigated by increasing the HMF
substrate concentration (20, 30, 50 and 100 mmol/L). It is observed
from Fig. 7a that the current density increases with the increase of
HMF concentration at 1.42V vs. RHE. It is noteworthy that when
the concentration increases to 100 mmol/L, HMF reaches almost
complete conversion and a promising selectivity to desired prod-
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Fig. 7. (a) Current density for HMF oxidation of different concentrations at 1.42V
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Fig. 8. High-resolution XPS spectra of (a) Ni 2p, (b) Fe 2p, (c¢) S 2p and (d) O 1s of
NiFe LDH/NiFeS before and after six cyclic electrolysis.

ucts with a Faraday efficiency exceeding 93% (Fig. 7b), suggesting
its excellent potentials for industrial applications.

To investigate the correlation between the structure and activ-
ity of catalysts for HMF oxidation, the XPS was used to elucidate
the state of active sites via comparison of pristine NiFe LDH/NiFeS
and after cyclic tests. Fig. S20 (Supporting information) presents
a comparison of full XPS spectra before and after electrocataly-
sis reactions, confirming the consistency of element composition.
In the Ni 2p XPS spectrum of the used NiFe LDH/NiFeS catalyst
(Fig. 8a), the Ni 2p peak shows a positive shift of 0.93 eV, accom-
panied by a substantial increase in the Ni3*peak resulting from the
formation of NiOOH [46,47]. It has been reported that the higher
valence state of Ni species (NiOOH) exhibits favorable adsorption
structure/energy and enhances chemical interactions via electron
transfer with HMF [48]. Similarly, the Fe 2p peak displays a pos-
itive shift of approximately 0.25eV after cyclic electrolysis, imply-
ing possible electron transfer (Fig. 8b) [47]. Actually, it has been
reported that the incorporation of Fe can influence the electronic
structure of Ni(OH),/NiOOH, making it highly active for OER or
other small molecules [31,48,49]. Fig. 8c illustrates a lower inten-
sity in the S 2p peak, implicating partial leaching of sulfur ele-
ments during oxidation, which possibly form SOy and are dissolved
in the electrolyte. For the O 1s spectrum (Fig. 8d), wherein O1
(530.7eV) correspond to metal-O and 02 (531.6eV) correspond to
metal-OH, while 03 (532.7eV) indicates oxygen ions in low coor-
dination or water physical and chemical adsorption on the surface.
The metal-O bond peak decreases and the metal-OH bond peak in-
creases significantly after electrocatalysis, indicating formation of
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metal hydroxides via the transformation of metal-oxygen bonds.
The Ni 2p spectra further suggest a positive shift due to higher
Ni valence states and oxyhydroxide formation, which are crucial
in the electrocatalytic oxidation of HMF. Hence, it is reasonable to
deduce that Ni3* serves as the dominant active site, and Fe mod-
ulates the electronic configuration of Ni via partial charge transfer
at the interface of NiFe LDH/NiFeS, and therefore facilitates the ox-
idation of HMF.

In summary, we developed 2D electrocatalyst consisting of NiFe
LDH/NiFeS hybrid arrays via in-situ growth of bimetallic LDH and
surface sulfidation towards HMF oxidation. The advantages of this
electrocatalyst allowed for complete HMF conversion with about
98.5% yield and 97.2% FE for FDCA at 1.42V vs. RHE, as well as
superior stability retaining 90.1% FE for FDCA after six succes-
sive cycles. Moreover, at a high HMF concentration of 100 mmol/L,
the electrocatalyst exhibited 83.6% yield and 93.6% FE for FDCA,
demonstrating great promise for industrial applications. The en-
hancement of electrocatalytic performance can be attributed to
high intrinsic activity, resulting from electron modulation at inter-
faces, and synergistic effect of Ni and Fe in NiFe LDH/NiFeS. Fur-
thermore, the 2D layered open structure with ultrathin nanosheets
is beneficial to increase the electrochemical surface area and lower
the resistance of charge transfer, which can further improve the
electrochemical properties and electrooxidation performance. Our
present study demonstrates a strategy for the rational design and
synthesis of efficient electrocatalysts via construction of 2D het-
erostructures and modulation of compositions, which offers valu-
able insights into effectively converting biomass into high-value
products and chemicals.
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