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Electrochemical upgrading of 5-hydroxymethyl-
furfural via a defect-rich NiCo2O4 array

Xiao Zhou,†a Zhixian Mao,†b Wen Li,†a Zeting Gong,c Wanxin Liu,a Yi Li,a Di Yin,a
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Regulation of the surface evolution and kinetic behavior of interfacial molecules by defect engineering is

significant for the efficient production of the value-added chemical 2,5-furandicarboxylic (FDCA) through

the electrochemical oxidation of 5-hydroxymethylfurfural (HMFOR). Herein, a precatalyst array (NiCo2O4-

mV) assembled from NiCo2O4 nanoparticles (∼10 nm) with mixed-ionic defect species (m-Ds) was syn-

thesized. In situ Raman spectroscopy shows that as the potential increases, the partial surface of

NiCo2O4-mV formed an NiCo2O4/NiCoO(OH) heterojunction on the catalyst surface. Operando

ATR-SEIRAS and DE-MS measurements further reveal that the built-in electric field derived from this het-

erojunction leads to a decrease in the coverage of adsorbed water molecules at the electrode–electrolyte

interface, thereby promoting the adsorption and efficient mass transfer of HMF molecules, ultimately

obtaining an industrial-level current density (1 A@1.636 V). This work further elucidates the structure–

activity relationship for defect-rich precatalysts in the electrooxidation of organic compounds.

Green foundation
1. This work presents the successful preparation of a NiCo2O4 array catalyst (NiCo2O4-mV) with mixed-ionic defects, which exhibits excellent HMFOR per-
formance with industrial-level current density (1.329 A cm−2@1.7 V), an outstanding FDCA yield (99.6%), high faradaic efficiency (95.7%) and robust cycling
stability.
2. A series of in situ characterization studies have demonstrated that defect-rich-induced partial surface reconstruction forms a NiCo2O4/NiCoO(OH) hetero-
junction interface, which facilitates the kinetic adsorption of HMF molecules at the interface while, in contrast, inhibiting water.
3. In the future, we will focus on constructing high-performance decoupled catalysts to address (1) efficient HMFOR performance under non-alkaline con-
ditions and (2) environmentally friendly and membrane-free HMFOR systems.

1. Introduction

To address the severe challenges relating to energy security,
environmental pollution and climate change, the establish-
ment of sustainable systems for synthesizing bulk fuels and
chemicals from renewable biomass resources has been con-
sidered an important strategic approach as part of the current
global energy transition.1 In recent years, 5-hydroxymethyl-

furfural (HMF), as a renewable biomass platform molecule,
has gained attention due to its key oxidized product, 2,5-furan-
dicarboxylic acid (FDCA), which is an important fine chemical
and can be used as a monomer in the industrial production of
polyamides, polyesters, and polyurethanes, as well as being a
replacement for phthalic acid.2 Therefore, the electrochemical
oxidation of HMF (HMFOR), which can be coupled with water
electrolysis for hydrogen production at normal temperature
and pressure with high selectivity, can not only produce the
high-value-added chemical FDCA, but also reduce the cell
voltage of water electrolysis for hydrogen production, achieving
two goals with one action.3 This has provided a solid opportu-
nity for promoting the global implementation of a grand strat-
egy for the high-quality development of renewable energy.

Currently, the large-scale commercialization of FDCA prepa-
ration through HMFOR faces numerous challenges. The con-
struction of high-performance and low-cost electrocatalysts is
a significant factor in overcoming these challenges. Various
non-noble metal electrocatalysts, including metallic oxygen†These authors contributed equally.
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compounds (oxides,4,5 hydroxides,6,7 and oxyhydroxides8–10),
sulfides,11,12 phosphides,13,14 carbides,15,16 boride,17 metal
complexes,18,19 etc., have been developed, and their structure–
activity relationships have been studied. Particularly, Ni-based
electrocatalysts, with their abundant 3d electrons and easily
tunable eg orbitals, can effectively manage the covalency of
metal–oxygen bonding, thereby optimizing the adsorption/de-
sorption behaviors of intermediates such as HMF and signifi-
cantly improving the performance of HMFOR.6 Emphatically,
when the applied potential exceeds 1.4 V, Ni-based oxyhydrox-
ides with higher HMFOR activity often evolve from Ni-based
hydroxides through the electrochemical dehydrogenation of
lattice hydroxyl groups induced by high reaction
potentials.5,9,20 However, for another type of high-HMFOR-
activity Ni-based transition-metal spinel oxides,21–23 which
also belong to the category of Ni-based oxides, efficiently con-
verting them into Ni-based hydroxides at low potentials is a
nonnegligible prerequisite for the formation of highly active
Ni-based oxyhydroxide species.

For the efficient evolution of Ni-based transition-metal
spinel oxides to Ni-based hydroxides and even oxyhydroxides,
the local coordination/electronic structure of the surface of
transition-metal spinel oxides (most spinel oxides often
possess cationic defects due to excess non-stoichiometric
oxygen) can be regulated by a defect engineering strategy,
thereby enhancing the electrocatalytic activity of the cata-
lysts.24 It has been reported that under the drive of an applied
potential, cationic defects can activate adjacent metal active
components to undergo surface evolution and then form
highly active oxyhydroxide species due to the inherent relative
instability of the defect sites.25–27 However, in fact, during the
structural evolution, a heterogeneous interface between oxides
and hydroxides/oxyhydroxides will be generated.28

Furthermore, due to the potential difference caused by the
interfacial polarization resulting from the bandgap differences
of the two heterogeneous phases, an internal built-in electric
field (BIEF) will eventually be formed.29 The BIEF further
modulates the electronic structure of the active sites, optimiz-
ing the reaction microenvironment on the surface of the elec-
trocatalyst and the adsorption/desorption energy barriers of
the key intermediates.29–31 Nevertheless, in the field of
HMFOR, the charge redistribution process between the local
defect sites and active sites and the interaction mechanism
between the heterogeneous interface and the reaction species
(such as HMF, HMF intermediates, interfacial water, etc.)
remain elusive and require further investigation by scientists.

Herein, as shown in Fig. 1a, we report that a NiCo2O4 array
(NiCo2O4-mV) containing m-Ds was obtained through a simple
hydrothermal method in alkaline solution. Moreover, an inte-
grated evaluation of the dynamic structural evolution of the
catalyst and HMF molecules during the HMFOR process was
carried out using a comprehensive testing system combining
in situ Raman, ATR-SEIRAS and DEMS studies with ex situ
XAFS. The results indicate that the existence of the aforemen-
tioned m-Ds leads to the elongation of M–M bonds and Ni–O
bonds and the enhancing of more highly oxidative M(2+δ)+ (0 <

δ < 0) species in the catalyst. Meanwhile, due to the presence
of m-Ds and high-valence M(2+δ)+ species in the catalyst,
dynamic structural evolution occurs at a low potential, and an
evolution path from NiCo2O4-mV → Ni(OH)2 → NiOOH is
formed as the applied potential continuously increases.
Particularly, the NiOOH species that evolved at high potentials
form a heterojunction with bulk NiCo2O4. This results in the
rearrangement of electrons at the heterogeneous interface and
the generation of interfacial potential oscillations, which sup-
press the adsorption of interfacial water molecules and
enhance the rapid mass transfer of HMF molecules due to the
formation of an inhomogeneous BIEF at the heterojunction
interface, thereby improving the activity and selectivity of
HMFOR. As expected, NiCo2O4-mV exhibits excellent HMFOR
performance with industrial-level current density, an outstand-
ing FDCA yield, high faradaic efficiency and robust cycling
stability.

2. Experimental section
2.1. Chemicals and materials

Nickel foam (thickness of 1 mm) was purchased from Suzhou
Shengernuo Technology (Chain) Co., Ltd. Cobalt(II) nitrate
hexahydrate (Co(NO3)2·6H2O, ≥99%), nickel(II) nitrate hexa-
hydrate (Ni(NO3)2·6H2O, ≥99%), urea (CO(NH2)2, ≥99%),
ammonium fluoride (NH4F, ≥98%), ethanol (AR, ≥99.5%),
acetone (AR, ≥99.5%), 5-hydroxymethyl-2-furaldehyde (AR,
≥99.5%), 5-hydroxymethyl-2-furoic acid (HMFCA, ≥98%), 2,5-
furandicarboxaldehyde (DFF, ≥98%), 5-formyl-2-furoic acid
(FFCA, ≥96%), and 2,5-furandicarboxylic acid (FDCA, ≥98%)
were purchased from Sinopharm Chemical Reagent Co., Ltd.
Potassium hydroxide (KOH, 95%) was purchased from Meryer
(Shanghai) Chemical Technology Co., Ltd. Nafion (5%) was
purchased from Sigma-Aldrich.

2.2. Preparation of electrocatalysts

Nickel(II) nitrate hexahydrate (2.2 mM), ammonium fluoride
(4.2 mM), urea (10 mM), cobalt(II) nitrate hexahydrate (8 mM),
and 40 mL of distilled water were sequentially introduced into
a hydrothermal reaction vessel lined with an inner lining. The
mixture was subjected to ultrasonication for 30 minutes to
ensure the homogeneous distribution of the reactants.
Following this, one piece of cleaned nickel foam (1.5 × 0.5 cm)
was immersed in the aforementioned solution, which was
then sealed within a stainless-steel reaction vessel and main-
tained at 120 °C for 2 hours. The product obtained was sub-
sequently washed three times with distilled water and ethanol
and then placed in a drying oven at 60 °C for drying. The as-
obtained product, after drying, was subjected to calcination in
a muffle furnace at a temperature of 300 °C for 6 hours at a
heating rate of 5 °C min−1, supporting the formation of a
NiCo2O4 array. Finally, the NiCo2O4 array was again subjected
to a similar hydrothermal process, without the addition of
metal salts at 120/130/140/150 °C for 3 hours.
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2.3. Material characterization

Powder X-ray diffraction (PXRD) measurements were made
using a Philips X-Pert Pro X-ray diffractometer with Cu Kα radi-
ation (λ = 1.5418 Å) at a generator current of 40 mA with a scan
range of 10–80°. Scanning electron microscopy (SEM) was per-
formed using a Hitachi (SU8020) microscope operated at 5.0
kV. A ThermoFisher Scientific Talos F200x-type transmission
electron microscope (TEM) was used. The distribution of the
corresponding elements on the catalyst surface was obtained
by energy-dispersive X-ray spectroscopy (EDS) using TEM. The
surface element compositions and atomic valence states of the

catalysts were determined using an ESCALAB 250Xi X-ray
photoelectron spectrometer (XPS). A voltage window of 3.0–4.3
V at 40 mA g−1 served as the setting for X-ray absorption spec-
troscopy (XAS) experiments conducted using TableXAFS-500
apparatus (Anhui Chuangpu Instrument Technology Co., Ltd).
Data treatment and data analysis were carried out via Athena
software. In situ Raman spectra were recorded with an Xplora
confocal microprobe Raman system (HORIBA JobinYvon). In
situ attenuated total reflection surface-enhanced infrared
absorption spectroscopy (ATR-SEIRAS) data was obtained
using a Nicolet Nexus FT-IR spectrometer. Operando differen-
tial electrochemical mass spectroscopy analysis with isotope

Fig. 1 (a) A schematic illustration of the fabrication and local conversion of crystalline NiCo2O4-mV; SEM images of (b) NiCo2O4 and NiCo2O4-mV
at (c) low magnification and (d) high magnification; (e and g) HR-TEM images of NiCo2O4-mV with different defect structures; (f ) the SAED pattern
of NiCo2O4-mV; and (h–l) EDX elemental mapping of NiCo2O4-mV.
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labeling measurements was carried out in an electrochemical
cell with a typical three-electrode system using a QAS 100
device (Linglu Instruments, Shanghai).

2.4. Electrochemical measurements

All electrochemical tests were conducted by using a CS2350M
electrochemical workstation (Wuhan Corrtest Instruments Co.,
Ltd, China) in a three-electrode system. Catalyst with an
effective area of 1 × 0.5 cm2 was used as the working electrode,
while a graphite rod and Hg/HgO electrode were used as the
counter and reference electrodes, respectively. All data were
reported with 95% ohmic drop compensation. All potentials
given in this research were referenced to a reversible hydrogen
electrode (RHE) according to the following equation: ERHE =
EHg/HgO + 0.098 + 0.0591 × pH − 95%iR, where i is the
measured current and R is the uncompensated resistance
determined by impedance analysis. Oxygen evolution reaction
(OER) performances were tested in 1.0 M KOH electrolyte in an
H-shaped cell, and HMFOR tests involved the addition of
50 mM HMF to the 1.0 KOH solution. Linear scanning voltam-
metry curves (LSV) were obtained at a scan rate of 5 mV s−1.
Electrochemical impedance spectroscopy (EIS) analysis was
carried out in the 0.01–100 000 Hz range at different poten-
tials. The electrochemical surface area (ECSA) was evaluated by
using double-layer capacitance (Cdl). Cyclic voltammetry (CV)
analysis was conducted in 1.0 M KOH + 50 mM HMF in the
non-faradaic regions of 1.0–1.1 V at different scan rates of 5,
10, 20, 40, 80, 100 and 120 mV s−1. Chronopotentiometry (CP)
tests were conducted in 1.0 M KOH + 50 mM HMF at 50 mA
cm−2 for 5 h.

2.5. HPLC analysis

HMF electrooxidation was conducted through using a chron-
oamperometry method at a potential of 1.4 V. Measurements
were performed with 20 mL of KOH + 10 mM HMF in the
anode chamber and 15 mL of KOH in the cathode chamber in
an H-type electrolytic cell. A volume of 50 μL of electrolyte
from the anode compartment was diluted with purified water
to 2 mL, and the resulting solution was subjected to high-per-
formance liquid chromatography (HPLC, Waters 1525) analysis
at room temperature using a UV-visible detector at a detection
wavelength of 265 nm. The HPLC system was equipped with a
C18 column (4.6 mm × 150 mm, Shim-pack GWS, 5 μm);
mobile phase A: methanol, and B: 5 mM ammonium formate
aqueous solution; A : B = 3 : 7; flow rate: 0.6 ml min−1.

2.6. Differential electrochemical mass spectroscopy (DEMS)
measurements

Operando differential electrochemical mass spectroscopy
measurements were carried out in an electrochemical cell with
a three-electrode system using the QAS 100 device (Linglu
Instruments, Shanghai). NiCo2O4 or NiCo2O4-mV, a Hg/HgO
electrode and pure Pt wire were used as the WE, RE and CE,
respectively. A capillary quartz probe filled with hydrophobic
PTFE paper was placed above the working electrode.
Subsequently, after assembling the three-electrode system, vol-

tages ranging from 1 to 1.7 V (each voltage was applied for 200
s) were applied to the working electrode, and gaseous products
were collected for further analysis.

3. Results and discussion
3.1. Characterization of NiCo2O4-mV

Inspired by defect engineering, NiCo2O4-mV with m-Ds was
constructed via an alkaline solution hydrothermal method. As
shown in Fig. 1a, the synthesis of NiCo2O4-mV involved a NiCo
layered double hydroxide grown on the NF substrate under-
going an air calcination-hydrothermal process. The XRD pat-
terns (Fig. S1) exhibited a slightly weaker diffraction intensity
of the NiCo2O4 phase (JCPDS no. 20-0781) compared to the
original NiCo2O4, indicating that the existence of m-Ds in bulk
NiCo2O4-mV reduced the crystallinity of the catalyst. SEM
images of NiCo2O4-mV grown on the NF substrate revealed a
morphology of nanorods with a micron-scale length and a
width of ∼100 nm (Fig. 1c and d and Fig. S1a–c). The surface
of NiCo2O4-mV showed a morphological transformation from
smooth to partially wrinkled compared to original NiCo2O4.
TEM images further revealed that the NiCo2O4-mV nanorods
are assembled from numerous nanoparticles with diameters
of ∼10 nm (Fig. 1e). These small-sized NiCo2O4-mV nano-
particles could facilitate the exposure of a greater surface area
and unsaturated active sites during electrocatalysis processes.
Furthermore, the SAED pattern in Fig. 1f clearly identifies the
polycrystalline structure belonging to NiCo2O4. More impor-
tantly, HR-TEM images further presented clear evidence of the
coexistence of single metal defects and metal defect clusters,
confirming the presence m-Ds in NiCo2O4-mV (Fig. 1g). The
uniform distribution of Ni, Co and O elements in NiCo2O4-mV
was displayed by EDS elemental mapping analysis (Fig. 1h–l).

Defect engineering is known to affect the surface environ-
ment of catalysts, thereby modulating the local electronic
structure of active metals. A significant positive shift in
binding energies, seen based on deconvoluted Co and Ni 2p
spectra, confirms the high oxidation states of Co and Ni
induced by m-Ds in NiCo2O4-mV. Specifically, compared to
NiCo2O4, the binding energy of the Co 2p3/2 peak in NiCo2O4-
mV is observed to shift positively by 0.15 eV (Fig. 2a).
Additionally, the ratio of the Co3+/Co2+ photoelectron peaks in
NiCo2O4-mV increased from 0.39 to 0.61, indicating the pres-
ence of extensive cationic defects, leading to the generation of
Co(2+δ)+ (0 < δ < 1) in this sample. Similarly, for the Ni 2p3/2
peak, unlike the single Ni2+ photoelectron peak in NiCo2O4,
two spin-split peaks located at 855.2 and 856.9 eV, attributed
to Ni2+ and Ni3+, were distinctly observed in NiCo2O4-mV with
a high Ni2+/Ni3+ ratio of 0.31, supporting the generation of the
higher valence state of Ni(2+δ)+ (0 < δ < 1) in NiCo2O4-mV
(Fig. 2b). The O 1s spectrum (Fig. 2c and Fig. S3b and c) could
be deconvoluted into peaks corresponding to lattice oxygen,
M–O–M, dangling oxygen bonds and adsorbed H2O.
Compared to NiCo2O4, the first three photoelectron peaks in
NiCo2O4-mV exhibit a negative shift of about 0.2 eV. These
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results illustrate well that the partial electron transfer from Co/
Ni metal ions to oxygen atoms through intracrystalline metal–
oxygen (M–O) bonds, induced by cationic defects, leads to an
increase in the valence states of partial surface metal atoms.32

The influence of cationic defects on the local electronic
structure of m-Ds is further confirmed by XANES (Fig. 2d and
g). Compared with standard samples and pristine NiCo2O4,
the normalized Co and Ni K-edge XANES spectra of NiCo2O4-
mV are observed to shift towards higher energies, indicating
an increase in the oxidation states of Co and Ni. This result is
consistent with the oxidation state variation behavior observed
in the XPS spectra. Further FT-EXAFS is employed to deter-
mine the coordination environment and local atomic configur-
ation of the catalyst (Fig. 2e and h). For the Co and Ni K-edge
FT-EXAFS spectra of NiCo2O4-mV, the peaks correspond to Co/
Ni–O, Co/Ni–Co/Ni, and Co–Co/Ni, representing the coordi-
nation of Co/Ni–O, CoOh–CoOh/NiOh and NiOh–NiOh/CoOh, and
CoTd–CoTd/NiOh shells, respectively.33 Specifically, no tetra-
hedral Ni sites are observed in NiCo2O4-mV, indicating that all
Ni sites occupy octahedral sites. Interestingly, compared with
original NiCo2O4, NiCo2O4-mV exhibits longer bond lengths
for the Ni–O and CoOh/NiOh–CoOh/NiOh shells. Similar results
are found in the wavelet transform (WT) analysis of Co and Ni
K-edge data for both NiCo2O4 samples (Fig. 2f and i).

It is well known that the chemical formula of the spinel
structure is AB2O4, where A and B are two different metal
cations. When A2+ occupies the tetrahedral (Td, oxygen coordi-
nation: 4) site and B3+ occupies the octahedral site (Oh, oxygen
coordination: 6), a standard spinel structure is formed. From
the XANES and EXAFS results of the two NiCo2O4 catalysts, it
can be seen that more high-valent Co(2+δ)+/Ni(2+δ)+ species are
generated in NiCo2O4-mV, where Co3+/Ni3+ mainly occupies
octahedral CoOh or NiOh sites, while Co2+/Ni2+ occupies tetra-
hedral NiTd sites. The formation of a strong Jahn–Teller effect
caused by the oxidation state of high-valent Co/Ni ions leads to
octahedral lattice elongation, inducing an increase in the
mean square disorder on the catalyst surface, which might
ultimately adjust the surface energy of the catalyst and the
adsorption/desorption energy barriers of oxygen-containing
intermediates.34 Similar lattice distortion phenomena have
been extensively reported in previous literature.35–37 Moreover,
compared with the Co and Ni K-edge EXAFS spectra of
NiCo2O4, the amplitudes of the Co and Ni characteristic peaks
in NiCo2O4-mV are reduced. Particularly, the Ni element exhi-
bits a significantly greater decrease compared to that of Co
(Fig. 2e and h). This may be related to the atomic coordination
number and mean square disorder of the catalyst, that is, a
low coordination number and large mean square disorder

Fig. 2 (a) Co 2p, (b) Ni 2p, and (c) O 1s XPS spectra for NiCo2O4-mV and NiCo2O4; XANES spectra of the (d) Co and (g) Ni K-edge with a zoomed-in
view of the pre-peak region in the insets; the corresponding k3-weighted Fourier-transformed EXAFS R-space patterns for (e) Co and (h) Ni in
different samples; and WT-EXAFS spectra for (f ) Co and (i) Ni from NiCo2O4-mV and NiCo2O4.
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correspond to a small amplitude.33 The aforementioned
results strongly demonstrate the presence of mixed-ionic
defects in NiCo2O4-mV, as well as a greater abundance of Ni
ion defects, attributed to the increased surface disorder
induced by cationic defects. The m-Ds on the NiCo2O4-mV
surface, coupled with the strong Jahn–Teller effect, might be
crucial for rapid electron transfer and multi-step surface evol-
ution toward NiCo2O4-mV during the HMFOR process. UV-DRS
was used to study the effects of the introduction of m-Ds on
the band gaps of the two aforementioned NiCo2O4 samples. As
shown in Fig. S5, the UV-DRS-determined band gap energy (Eg)
results reveal a smaller Eg value (1.20 eV) for NiCo2O4-mV com-
pared with NiCo2O4 (1.42 eV). The above results indicate that a
smaller band gap increases the probability of a valence elec-
tron jumping to the conduction band in NiCo2O4-mV, ulti-
mately increasing the conductivity of NiCo2O4-mV and thereby
enhancing the HMFOR activity. The characterization of the
local coordination/electronic structures of this catalyst once
again illustrates the significant impact of m-Ds on the bulk
and surface structures of NiCo2O4.

3.2. Electrochemical performance of the catalyst

The HMFOR and OER performances of NiCo2O4-mV were eval-
uated using a typical three-electrode system in 1.0 M KOH elec-
trolyte with/without 50 mM HMF. Initially, cyclic voltammetry
(CV) was conducted to investigate the electrochemical behavior
of the reversible oxidation and reduction of the active species
of the catalyst in different electrolytes. As illustrated in
Fig. S6a, both NiCo2O4-mV and NiCo2O4 exhibit a redox couple
(Ep and E′ p) in 1 M KOH solution, with these Ep=E′ p peaks
being attributed to the redox couple of M2+/M3+ (where M = Ni,
Co). Compared to the Ep=E′ p peaks of NiCo2O4, the Ep=E′ p
peaks of NiCo2O4-mV appear at lower potentials, indicating
that the mixed-ionic defects in NiCo2O4-mV facilitate the for-
mation of higher-valent species at lower potentials in 1 M KOH
solution. In contrast, when the electrolyte contains 50 mM
HMF, a rapid increase in anodic current density is observed
(Fig. S6b and c), demonstrating the excellent catalytic activity
of both NiCo2O4-mV and NiCo2O4 towards HMFOR. As seen
from the LSV curves in Fig. 3a, compared with the reference
electrolyte without HMF, the potential required for NiCo2O4-
mV at a current density of 100 mA cm−2 in the electrolyte with
HMF (1.330 V vs. RHE) is significantly lower than that for the
OER at the same current density (1.630 V), indicating that the
barrier for active species catalyzing HMFOR on NiCo2O4-mV is
lower than that for the OER. Excitingly, NiCo2O4-mV only
requires an input energy of 1.636 V to rapidly drive HMFOR at
an industrial-level current density of 1 A cm−2 and to reach
even an extreme current density of 1.329 A cm−2, an input
voltage of only 1.7 V is needed, demonstrating the outstanding
commercial potential of NiCo2O4-mV. The HMFOR perform-
ances of different catalysts are shown in Fig. 3b and c, where
NiCo2O4-mV significantly outperforms the reference samples
NiCo2O4, NiCo LDH, and Ni(OH)2 at current densities of 20,
50, 100, and 200 mA cm−2, further confirming the high
HMFOR activity of the mixed-cationic-defect NiCo2O4-mV. In

addition, a series of NiCo2O4-mV samples synthesized at
different temperatures was also prepared. As shown in Fig. S7c
and d, the optimal HMFOR activity was shown by NiCo2O4-mV
synthesized at 140 °C. The HMFOR activity of the optimal
sample at 1.4 V significantly exceeded the performances of
materials obtained at other temperatures, including 120 °C
(95.23 mA cm−2), 130 °C (124.77 mA cm−2), and 150 °C
(74.73 mA cm−2). This enhanced activity emphasizes the catalyst
temperature-induced surface ion dissolution under alkaline con-
ditions, which promotes the oxidation of HMF, ultimately
achieving the top of a volcano plot of HMFOR performance.
Furthermore, the HMFOR performance of NiCo2O4-mV was
compared with recently published works (Fig. 3d and Table S1).
In a stark demonstration, NiCo2O4-mV exhibits superior per-
formance compared to most HMFOR electrocatalysts.

Additionally, the double-layer capacitance (Cdl) was deter-
mined in the non-faradaic region by cyclic voltammetry
(Fig. S8) to access the electrochemical active surface area
(ECSA) values of different samples. As shown in Fig. 3e, the Cdl

value of NiCo2O4-mV is 153 mF cm−2, significantly higher than
those of NiCo2O4 (81.2 mF cm−2), NiCo LDH (5.0 mF cm−2),
and Ni(OH)2 (4.37 mF cm−2). The Cdl results indicate that com-
pared with cationic-defect-free NiCo2O4 and hydroxide cata-
lysts, NiCo2O4-mV has a larger ECSA and more exposed active
sites, enabling superior electrochemical performance.
Furthermore, optimal fitting of the interfacial charge transfer
resistance (Rct) revealed that compared with other reference
samples, NiCo2O4-mV exhibited the lowest Rct values at various
potentials in electrolyte containing 50 mM HMF (Fig. S9).
Specifically, as illustrated in Fig. S9, NiCo2O4-mV exhibits sig-
nificantly lower Rct values over the entire potential range, indi-
cating that the adsorption of HMF molecules on the NiCo2O4-
mV electrode interface is enhanced, thereby achieving rapid
mass-transfer kinetics within the electric double-layer (EDL)
structure. The open-circuit potential (OCP) was employed to
evaluate the differentiation of organic adsorbates within the
inner Helmholtz layer of the material. Upon the injection of
50 mM HMF into 1 M KOH solution, a rapid decline in the
OCP was observed for both NiCo2O4-mV and NiCo2O4 (Fig. 3f),
indicating that these catalysts possess rapid adsorption kine-
tics for HMF. In striking contrast, the OCP change for
NiCo2O4-mV (0.461 V) was more pronounced than that for
NiCo2O4 (0.417 V), supporting the idea that NiCo2O4-mV
adsorbs a greater amount of HMF within the inner Helmholtz
layer. Additionally, the catalytic selectivity of the obtained cata-
lysts was verified using various substrates containing aldehyde
and alcohol functional groups. As the LSV profiles in Fig. 3g
show, NiCo2O4-mV exhibited superior electrooxidation activity
towards 2-furaldehyde and furfuryl alcohol compared to
NiCo2O4. At 1.4 V, the current densities for the electrooxidation
of 2-furaldehyde and furfuryl alcohol by NiCo2O4-mV were
73 mA cm−2 and 103 mA cm−2, respectively, which are higher
than those of NiCo2O4 (50 mA cm−2 and 57 mA cm−2, respect-
ively). These results demonstrate that NiCo2O4-mV, with its
mixed-ionic defects, possesses enhanced electrooxidation
activity towards furfural and furfuryl alcohol.
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The electro-oxidation of HMF was conducted in an H-type
electrolysis cell to analyze the oxidation products. Typically,
the oxidation of HMF to FDCA involves two potential pathways
due to the coexistence of hydroxyl and aldehyde groups, as
shown in Fig. S11. In pathway 1,2,38 the aldehyde group is pre-
ferentially oxidized to a carboxyl group, leading to the for-
mation of HMFCA. In pathway 2,39 the hydroxyl group is oxi-
dized to an aldehyde group, resulting in the formation of DFF.
Fig. S12a and S12b shows that as the reaction time progresses,
the peak intensity of HMF decreases (by up to 15C), while the
peak intensity of FDCA increases. Meanwhile, the intermediate
product HMFCA is detected, with its concentration first rising
(not exceeding 1 mM) and then decreasing to approach ∼0.
Additionally, a small amount of FFCA intermediate is detected,
while DFF shows a negligible signal, indicating that the
HMFOR process derived from NiCo2O4-mV follows pathway 1
(HMF → HMFCA → FFCA → FDCA). Notably, NiCo2O4-mV exhi-
bits impressive HMFOR performance, with a high HMF con-
version rate of 96.7%, an FDCA yield of 96.6%, selectivity of
96.7%, and faradaic efficiency of 95.7%, surpassing most

reported electrocatalysts (Table S2). To investigate the catalyst’s
cycling durability, five consecutive cycles were performed at 1.4
V to assess the durability of NiCo2O4-mV. As shown in Fig. 3h,
the FDCA selectivity, faradaic efficiency, and HMF conversion
rate all remain above 93% after five cycles, demonstrating the
robust stability of NiCo2O4-mV.

3.3. Identification of the catalytic mechanism of the
NiCo2O4-mV precatalyst

To explore the mechanism of the transformation of HMF
molecules on the NiCo2O4-mV electrode surface, in situ attenu-
ated total reflection surface-enhanced infrared absorption
spectroscopy (ATR-SEIRAS) analysis was conducted during the
HMFOR process. As shown in Fig. 4a, the downward peaks at
1017, 1121, 1525, and 1650 cm−1 represent the consumption
of HMF. Notably, the upward peaks at 1356, 1389, and
1582 cm−1 represent the formation of HMFCA, while the
upward peaks at 1256 and 1421 cm−1 are attributed to FFCA.10

Moreover, the band at 1356 cm−1 can be attributed to sym-
metric stretching vibrations of carboxylic acid in FDCA and

Fig. 3 (a) LSV profiles of NiCo2O4-mV in 1 M KOH with/without 50 mM HMF, (b) LSV profiles of different electrocatalysts in 1 M KOH with 50 mM HMF,
and (c) the corresponding potential values at current densities of 20, 50, 100, and 200 mA cm−2; (d) a comparison of the performance of NiCo2O4-mV
with other advanced HMFOR electrocatalysts (the corresponding performance details can be seen in Table S1); (e) capacitive current densities for
HMFOR at various scan rates for different electrocatalysts; (f) the OCP results for NiCo2O4-mV and NiCo2O4 in 1 M KOH solution before and after the
injection of 50 mM HMF; (g) LSV curves for electrooxidation with NiCo2O4-mV and NiCo2O4 in 1 M KOH including 10 mM 2-furaldehyde or furfuryl
alcohol; and (h) the HMF conversion, FDCA selectivity, and F.E. for five sequential electrolysis cycles of HMFOR using NiCo2O4-mV at 1.4 V.
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FFCA.37 The band at 1389 cm−1 can be attributed to the for-
mation of FDCA.37 Moreover, the peak intensities at 1017 and
1121 cm−1 gradually decrease, while the peak intensities at
1356, 1389, and 1582 cm−1 significantly increase, indicating
the consumption of HMF and the formation of HMFCA and
FDCA. The above ATR-SEIRAS analysis results confirm again
that the transformation mechanism of HMF on the NiCo2O4-
mV surface proceeds via the HMFCA path, consistent with the
corresponding HPLC and Bode plots results (Fig. S13) for
NiCo2O4-mV. Although the transformation of HMF on NiCo2O4

also follows the HMFCA mechanism (Fig. 4b), the corres-
ponding characteristic peak intensities are significantly
reduced compared to NiCo2O4-mV, indicating that NiCo2O4-
mV, with its mixed-defect structure, is more efficient in electro-
catalytic HMFOR than NiCo2O4.

To further elucidate the role of m-Ds in the catalyst and
HMFOR, electrochemical in situ Raman analysis was con-
ducted during the electrocatalyst process with and without
HMF. As shown in Fig. 4e, when using 1 M KOH solution with
50 mM HMF, at the open-circuit potential (OCP), NiCo2O4-mV
exhibited distinct vibrational signals attributed to the Eg, F2g,
and A1g modes of NiCo2O4 at 488.4, 605, and 675.5 cm−1,

respectively, supporting the overall crystalline integrity of
NiCo2O4-mV.40 More importantly, as the applied potential
increased to 1.2 V, two clear peak appeared at 454.6 and
529.2 cm−1, which were correspondingly attributed to the
vibration signals of NiII–O in Ni(OH)2 crystals and of NiII–O
from A1g stretching vibration signals of defective or disordered
NiCo(OH)2 that evolved on the NiCo2O4 surface under alkaline
conditions, respectively.26 Concurrently, the disordered or
defective vibrations at 529.2 cm−1 became more pronounced
than the signal at 454.6 cm−1, supporting the evolution of
more NiCo2O4 on the NiCo2O4-mV surface into disordered or
defective NiCo(OH)2 at low potentials, which would lead to the
exposure of more coordinatively unsaturated active sites, sup-
porting the high activity of HMFOR at low potentials.
Importantly, as the potential continued to rise to a high poten-
tial of 1.7 V, the vibrational signal of NiCo2O4-mV at
454.6 cm−1 shifted positively to 463 cm−1 with a rapid increase
in signal intensity, which was attributed to the Eg stretching
vibration signal of NiIII–O in surface-evolved NiCoOOH.24,41

Additionally, the weak characteristic peak at 529.2 cm−1

further shifted positively to 542.5 cm−1, supporting the A1g
stretching vibration mode of NiIII–O in surface-reconstructed

Fig. 4 In situ ATR-SEIRAS detection of (a) NiCo2O4-mV and (b) pristine NiCo2O4 for HMFOR in 1 M KOH electrolyte with 50 mM HMF at the wave-
number range of 1000–2000 cm−1, and the corresponding wavenumber range of 3000–3600 cm−1 for (c) NiCo2O4-mV and (d) pristine NiCo2O4. In
situ Raman analysis of (e) NiCo2O4-mV and (f ) pristine NiCo2O4 for HMFOR in 1 M KOH electrolyte with 50 mM HMF, and (g) UPS spectra of
NiCo2O4-mV and NiCo2O4-mV after durability test. (h) The operando DE-MS detection of NiCo2O4-mV and pristine NiCo2O4 samples during HMFOR
process. (i) Schematic illustration potential catalytic mechanism of the structure evolution of the NiCo2O4-mV pre-catalyst and the regulation inter-
facial adsorbed water induced by m-Ds.
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NiCoOOH.24,26 Moreover, the F2g and A1g vibrational signals of
NiCo2O4-mV showed a decreasing trend with an increase in
potential, further supporting potential-dependent surface
reconstruction on the NiCo2O4-mV surface. In stark contrast,
pristine NiCo2O4 exhibited negligible surface structural
changes with an increase in potential (Fig. 4f). Such results
clearly demonstrate that the presence of m-Ds in NiCo2O4-mV
facilitates the partial evolution of the NiCo2O4 surface into
defect-rich NiCo(OH)2 at low potentials, further generating
NiCoOOH in a high oxidation state as the potential continues
to rise to higher potentials; that is, the partial evolution trend
is NiCo2O4 → NiCo(OH)2 → NiCoOOH. HR-TEM and XPS ana-
lysis of NiCo2O4-mV after long-term stability testing (Fig. S14
and S15) clearly showed the closely contacted interface
between hydroxide/hydroxide oxide and NiCo2O4. These find-
ings indicate that compared with pristine NiCo2O4, the surface
of NiCo2O4-mV with m-Ds is more prone to partial evolution
into NiCo(OH)2 and/or NiCoOOH under alkaline conditions,
forming an NiCo2O4/NiCoOOH heterojunction with the bulk
NiCo2O4 surface.

It is well-known that hydroxides/hydroxide oxides generally
exhibit excellent activity in alkaline biomass electro-oxidation
systems. To demonstrate the contribution of in situ recon-
structed hydroxide/hydroxide oxide toward HMFOR perform-
ance, NiCo2O4-mV grown on carbon paper was fully trans-
formed into hydroxide/hydroxide oxide via long-term acti-
vation at a high voltage (1.8 V for 12 h) or high current density
(600 mA cm−2 for 12 h). The XRD patterns of the activated
samples showed the characteristic peaks of nickel/cobalt-
based hydroxide/hydroxide oxide (Fig. S16a and S16b), indicat-
ing the complete transformation of NiCo2O4-mV into nickel/
cobalt-based hydroxide/hydroxide oxide. Importantly, electro-
chemical performance results (Fig. S16c and S16d) showed
that this nickel/cobalt-based hydroxide/hydroxide oxide exhibi-
ted inferior HMFOR performance compared to NiCo2O4-mV,
suggested that even at high potentials, the HMFOR perform-
ance is mainly derived from NiCo2O4.

Relevantly, previous reports have indicated that the for-
mation of hydroxide heterojunctions leads to the creation of a
BIEF at the heterojunction interface, thereby affecting the
adsorption and desorption of interfacial water and HMF mole-
cules at the electrode–electrolyte interface (i.e., the EDL), as
well as the mass-transfer kinetics of HMF molecules.42 The
influence of mixed-ionic defects on the adsorption kinetics of
surface-adsorbed water molecules at the electrode–solution
interface was further investigated by in situ ATR-SEIRAS
technology. As shown in Fig. 4d, for a pristine NiCo2O4 elec-
trode, the intensity of the O–H stretching vibration band of
interfacial water (located at ∼3400 cm−1) increases with poten-
tial, indicating an increase in the interfacial H2O concen-
tration at the NiCo2O4 surface. When NiCo2O4 is combined
with m-Ds (Fig. 4c), the intensity of the O–H stretching
vibration signal first increases and then significantly decreases
with a gradual rise in potential, suggesting that the concen-
tration of interfacial H2O decreases as the potential becomes
more positive, accompanied by the weakening of hydrogen

bonds in the EDL, thereby promoting the migration of HMF
molecules from bulk solution to the electrode–solution inter-
face, leading to the enhancement of HMFOR kinetics, which is
consistent with the EIS results (Fig. S9 and S10). In contrast,
the NiCo2O4 sample shows a continuously increasing inter-
facial water concentration, which might hinder the mass trans-
fer of HMF molecules at the electrode–electrolyte interface,
thereby suppressing the activity and selectivity of HMFOR.
Importantly, in situ Raman spectroscopy analysis (Fig. S17)
also reveals that strong hydrogen-bonded water in NiCo2O4-mV
exhibits a systematic decrease, whereas weak hydrogen-bonded
water shows an elusive change.31 This observation indicates
that NiCo2O4-mV induces a significant reduction in interfacial
water with strong hydrogen bonds, which is consistent with
the findings from in situ ATR-SEIRAS analysis.

To explore the existence of the BIEF, UPS was used to
obtain the work function (φ) of the two components forming
the heterojunction, thereby assessing the directional electron
transfer behavior at the heterojunction interface. As shown in
Fig. 4g, the calculated φ values for NiCoO(OH) (formed from
NiCo2O4 after durability testing) and NiCo2O4-mV are 3.96 eV
and 4.14 eV, respectively, showing a relatively large Δφ of 0.18
eV at the NiCoO(OH)–NiCo2O4 interface, indicating that elec-
trons flow from NiCoO(OH) with the lower φ value to NiCo2O4-
mV with the higher φ value, thereby inducing the formation of
a BIEF at the NiCoO(OH)–NiCo2O4 interface. The aforemen-
tioned results demonstrate the existence of the BIEF at the NC/
NiCoO(OH) heterojunction with directional charge transfer
(electrons from NiCoO(OH) to NiCo2O4-mV), leading to the
uneven distribution of the valence states of Ni/Co sites at the
interface, which might cause an imbalance in the force inten-
sity of interfacial water at the EDL, thereby disrupting the
directional arrangement and adsorption concentration of
interfacial water. Furthermore, the rigid hydrogen-bond
network formed by interfacial H2O and OH− at the electrode–
electrolyte interface greatly restricts the diffusion distribution
of HMF.33 In contrast, the looser hydrogen-bond environment
on the heterojunction surface allows for a higher distribution
intensity of HMF at the interface, thereby enhancing the
activity and selectivity of HMFOR. The aforementioned specu-
lation was further verified by operando DE-MS. As shown in
Fig. 4h, in alkaline medium containing HMF, no 32O2 signal
was detected for NiCo2O4 and NiCo2O4-mV in the medium-low
potential range (1.2–1.5 V), indicating that the HMFOR process
selectively occurs in the aforementioned potential interval.
When the applied potential rises to the high potential range
(1.6–1.7 V), a distinct 32O2 signal can be detected and this
rapidly increases with an increase in the applied potential. At
the same time, the 32O2 signal continuously accumulates with
the extension of the reaction time. Those results indicate that
although both NiCo2O4 and NiCo2O4-mV exhibit OER activity
at high potentials, and the activity increases with an increase
in the applied potential, it is evident that the 32O2 signal of
NiCo2O4-mV is significantly lower than that of the NiCo2O4

catalyst, indicating that the internal electric field in the
NiCo2O4/NiCoO(OH) heterojunction significantly inhibits the
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adsorption of interfacial water, thereby enhancing the activity
and selectivity of HMFOR.

Therefore, we propose a potential mechanism for the
electrocatalytic oxidation of HMF by NiCo2O4-mV with mixed-
ionic defects. As shown in Fig. 4i, when the voltage increases
from the OCP to medium-low potentials, under alkaline con-
ditions, the surface/interface of NiCo2O4-mV with mixed-ionic
defect species is prone to partial evolution into hydroxides.
This is perhaps because the presence of defect sites promotes
the evolution of lattice oxygen near the defect sites into lattice
hydroxyl groups, accompanied by the generation of more
defect species. Due to the high reactivity and structural
instability around the defect sites, this ultimately leads to the
improvement of HMFOR performance at low potentials.
Furthermore, as the voltage rises to high voltages, driven by
the potential energy, a large amount of disordered and defec-
tive NiCo2O4 and/or Ni(OH)2 will further evolve into NiOOH
species with high HMFOR activity. More importantly, when
NiCo2O4 with a different work function comes into close
contact with NiOOH, an NiCo2O4/NiCoOOH heterojunction is
formed which induces the formation of a large BIEF at the inter-
face, due to the spontaneous flow of electrons causing charge
redistribution. Furthermore, the charge density around the
active centers is disrupted by the BIEF, further weakening the
strength of hydrogen bonds between the adsorbed water or
interfacial water and the adsorbed species on the heterojunction
surface/interface, prompting a decrease in the concentration of

adsorbed water or interfacial water on the surface of NiCo2O4-
mV, while enhancing the selective adsorption and efficient mass
transfer of HMF molecules on the surface of NiCo2O4-mV, ulti-
mately improving the activity and selectivity of HMFOR.

3.4. Electrochemical performance of practical devices

To investigate the operational efficiency of NiCo2O4-mV in
practical devices, an anion exchange membrane electrolyzer
was assembled using NiCo2O4-mV (1 cm × 1 cm) and nickel
foam as the anode and cathode, respectively, for the continu-
ous valorization of HMF at a concentration of 100 mM (Fig. 5a
and Fig. S19). As shown in Fig. 5b, the current density of the
NiCo2O4-mV catalyst for the HMFOR∥HER pair is significantly
higher than that of the OER∥HER pair, achieving a high
current of up to ∼550 mA cm−2 at a voltage of 2.2 V. Moreover,
with this electrolyzer, HMF can be stably converted at 1.65 V
when the electrolyte flow rate is approximately 15 mL min−1,
with a unidirectional conversion rate exceeding 84.8%
(Fig. 5c). To enhance the cyclic conversion efficiency of HMF,
an electrolyzer was used to simulate the up-cycling process of
HMFOR in series configuration. NiCo2O4-mV can operate con-
tinuously and stably for ∼180 hours. After nine cycles, the con-
version rate of HMF approaches 93%. Therefore, the aforemen-
tioned work not only reveals the high activity and excellent
selectivity of NiCo2O4-mV in the continuous up-cycling of HMF
but also, importantly, it indicates the great potential of
NiCo2O4-mV in the industrial upgrading of HMF to FDCA.

Fig. 5 (a) A schematic diagram of the anion–exchange membrane electrolyzer used in the coupled HMFOR/HER system; (b) LSV curves for the AEM
electrolyzer in 1 M KOH with and without 100 mM HMF; and (c) plots of current density and the conversion of HMF vs. time during continuous oper-
ation for 180 h.
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4. Conclusions

In summary, we report the incorporation of mixed-ionic
defects into NiCo2O4-mV, which is attributed to hydrothermal
processes involving NiCo2O4 in alkaline solution. The resulting
defective NiCo2O4-mV is characterized by more oxidative
Ni(2+δ)+ and Co(2+δ)+ (0 < δ < 1) species and longer Ni–O bond
lengths and M–M (M = Ni or Co) distances compared to pris-
tine NiCo2O4. In situ Raman spectroscopy indicates that upon
increasing the applied voltage, the surface of NiCo2O4-mV
undergoes partial evolution from NiCo2O4 → Ni(OH)2 →
NiOOH (with high HMFOR activity). More importantly, in situ
ATR-SEIRAS and DE-MS measurements confirm the presence
of a significant spatially oscillating BIEF at the interface
induced by the mixed-ionic-defect NiCo2O4/NiCoO(OH) hetero-
junction, which further affects the heterojunction’s suppres-
sion of surface-adsorbed water molecules and the rapid
adsorption and mass transfer of HMF, accounting for the high
activity, industrial-level current density, and selectivity of the
NiCo2O4-mV precatalyst in the HMFOR process. This work pro-
vides deep insights into the evolution behavior of defect engin-
eering and its crucial role in enhancing the activity and selecti-
vity of precatalysts for the electrochemical upgrading of
biomass.
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