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The photocatalytic transformation of 5-hydroxymethylfurfural (HMF) into high-value chemicals has been

widely studied; however, selectively converting HMF to the valuable chemical 2,5-diformylfuran (DFF)

remains challenging. In this work, we explored the doping of transition metal Co into ZnIn2S4 and

systematically investigated the photocatalytic conversion of HMF to DFF. Doping transition metal Co into

ZnIn2S4 significantly enhances its catalytic activity for converting HMF to DFF, achieving a yield of 88%, and

the selectivity approaches 90%, which is significantly higher than that of pure ZnIn2S4, thus improving HMF

utilization. Electron spin resonance (ESR) experiments show that doping Co promotes the formation of

singlet oxygen (1O2) and superoxide radicals (·O2
−). Density functional theory (DFT) calculations suggest that

introducing Co reduced the surface binding energy between DFF and the catalyst, and accelerated the

desorption of DFF from the Co/ZIS surface, improving active site utilization and enhancing HMF-to-DFF

conversion activity. Also, in situ FTIR and DFT studied the surface O2 adsorption behavior. This work

presents an effective strategy for constructing a novel, low-cost photocatalytic system, providing new

insights into HMF transformation into high-value chemicals.

1. Introduction

The excessive consumption of fossil fuels has led to an
escalating energy crisis and global warming. As a result,
reducing dependence on fossil fuels and exploring renewable
carbon resources have become an urgent priority.1–3 Biomass
materials, abundant and renewable, are widely available and
rich in raw materials, making them promising candidates for
addressing the energy crisis.4 Among the various biomass-
derived furan compounds, 5-hydroxymethylfurfural (HMF) is
considered an important platform molecule in the biorefining
process.5,6 Starting with HMF as the raw material, a series of
products can be obtained through transformation, including
2,5-furandicarboxylic acid (FDCA), 2,5-diformylfuran (DFF),

5-hydroxymethyl-2-furancarboxylic acid (HMFCA), and 5-formyl-
2-furancarboxylic acid (FFCA).7 Among them, DFF is a high-
value chemical compound containing two active groups: an
aldehyde group and a furan ring. DFF is widely used in the
synthesis of fluorescent materials, pharmaceutical compounds,
and polymers containing furan rings.8–10

In recent years, the rapid development of photocatalytic
technology has led to its widespread application in pollutant
degradation, hydrogen production, and CO2 reduction.11–17

The photocatalytic valorization of HMF has attracted
significant attention from researchers. Generally, HMF
valorization via photocatalytic methods can be categorized into
two pathways: aerobic and anaerobic. In the anaerobic
photocatalytic reaction of HMF, hydrogen gas is an inevitable
by-product.18–21 ZnIn2S4 (ZIS), a bimetallic sulfide, is an
emerging semiconductor photocatalyst with a low bandgap
(2.06–2.85 eV), allowing rapid response to visible light, short
carrier migration distances, low toxicity, and good chemical
stability, making it a promising candidate for next-generation
semiconductor photocatalysts.22–24 To date, various strategies,
including surface modification, heteroatom doping, and
heterostructure construction, have been employed to improve
ZIS reactivity.25–29 Zhu et al.30 synthesized oxygen-doped ZIS
nanosheets using an in situ topotactic transformation method,
converting HMF to DFF with concomitant stoichiometric H2

production. However, this process is hindered by low HMF
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conversion rates. To enhance HMF conversion rates, it is
essential to introduce additional reactive oxygen species (ROS)
to facilitate the transformation.31–33 Zhang et al.31 synthesized
an MAPbBr3 and used photocatalytic HMF to selectively oxidize
to DFF using 450 nm blue LED light. The conversion rate of
HMF reached 100%, the selectivity to DFF reached 90%, and
the yield reached 90%. Guo et al.33 engineered a novel
photocatalytic system by immobilizing a specific
supramolecular compound, SA-PDI, onto ZnIn2S4. SA-PDI,
functioning as an oxygen reduction cocatalyst, adeptly captures
oxygen and channels the photogenerated electrons from ZnIn2-
S4, thereby expediting the formation of ·O2

−. This system
efficiently oxidizes HMF molecules within a span of 30
minutes, achieving an impressive HMF conversion rate of
97.7%, accompanied by a DFF selectivity of 89.8%.

Significant advancements have been made in photocatalysis
with HMF molecules under aerobic oxidation conditions.
However, several key issues remain: the lack of suitable active
sites limits the activation of molecular oxygen, resulting in
suboptimal yields and selectivity to the target products in most
cases. Metal-ion doping enables multiplicative gains by
concurrently tailoring energy-level alignment, accelerating
charge transfer, narrowing the bandgap, extending the
photoresponse window, suppressing carrier recombination, and
elevating electron density.54,55 Cobalt-based photocatalysts have
emerged as mainstream candidates in photocatalysis by virtue
of their exceptional stability, low cost, and broad applicability.56

In this regard, transition metal Co is undoubtedly a metal that
can effectively modify ZIS for conversion of HMF to DFF. This
alteration could activate molecular oxygen, facilitating the
further conversion of HMF to the higher-value product DFF
through ROS, thereby achieving high selectivity. Key factors
influencing DFF selectivity, particularly ROS and surface
binding energy, require thorough investigation through
advanced in situ characterization techniques and theoretical
simulations. Such studies are crucial for elucidating the
catalytic mechanisms governing the Co/ZIS-mediated
photocatalytic oxidation of HMF.

In this study, hierarchical Co-doped ZIS nanostructures were
fabricated through a facile one-pot hydrothermal strategy. The
optimized photocatalyst demonstrated exceptional catalytic
performance in aerobic oxidation systems, reaching 98% HMF
conversion with an 88% DFF yield under visible-light irradiation
in oxygenated environments. To elucidate the mechanistic role
of cobalt dopants in governing reaction selectivity, we employed
a multimodal characterization approach: carrier dynamics were
analyzed through photoelectrochemical measurements and
time-resolved photoluminescence decay, while surface
interactions were modeled via DFT simulations. The Co dopant
serves dual functions: (1) improving charge separation efficiency
through enhanced carrier mobility and (2) modulating surface
chemistry to promote DFF desorption via optimized adsorption
energies. This synergistic effect enables simultaneous high
substrate conversion and product selectivity (∼90% DFF yield),
attributed to accelerated active site regeneration during
photocatalytic reactions.

2. Experimental
2.1 Synthesis of ZnIn2S4 and Co–ZIS-x photocatalysts

Cobalt-modified ZnIn2S4 (Co/ZIS) nanoflowers were prepared
using a hydrothermal approach.34 In a typical synthesis, cobalt
nitrate hexahydrate was first dissolved in 30 mL of a binary
solvent system consisting of dimethylformamide (DMF) and
ethylene glycol (EG) in a 1 : 1 volume ratio. Subsequently,
stoichiometric amounts of ZnCl2 (1 mmol), InCl3·4H2O (2
mmol), and an excess of thioacetamide (2× molar ratio relative
to sulfur content) were introduced into the solution. The cobalt
loading was systematically varied at nominal mass fractions of
1%, 2%, 3%, and 4%. The mixture was magnetically stirred for
4 h to ensure homogeneity before being sealed in a 50 mL
Teflon-lined autoclave and maintained at 180 °C for 24 h. The
resulting solid products were collected, thoroughly washed with
deionized water and ethanol, and then dried at 60 °C to yield
the final Co-doped samples (designated as Co/ZIS-1 to Co/ZIS-
4). For comparison, undoped ZnIn2S4 (ZIS) nanoflowers were
synthesized following an identical protocol, omitting the
addition of the cobalt precursor.

2.2 Characterization

The structural properties of the synthesized catalysts were
systematically investigated through multiple analytical
techniques. Morphological evaluation was conducted using field
emission scanning electron microscopy (JEOL JSM-7900F) with
energy-dispersive X-ray spectroscopy for elemental mapping.
Complementary nanoscale imaging was performed through
transmission electron microscopy (TEM, JEOL JEM100-CXII).
Crystalline phase identification was achieved by X-ray
diffraction analysis (Rigaku Smart Lab3) employing Cu Kα
radiation (λ = 1.5406 Å), with angular scanning from 10° to 80°
(2θ) at a ramp rate of 6° min−1. X-ray photoelectron spectroscopy
(XPS, Shimadzu AXIS-ULTRA) with monochromatic Al Kα
excitation (1486.6 eV) was used to study the surface chemical
states. Optical properties were assessed through UV-vis diffuse
reflectance spectroscopy (Persee TU-1901) across 200–1000 nm
wavelengths. Textural parameters including specific surface area
were determined by nitrogen physisorption measurements at 77
K (Micromeritics ASAP2020HD88), employing the Brunauer–
Emmett–Teller (BET) theory for quantitative analysis.
Photophysical characteristics were examined using fluorescence
spectroscopy (Edinburgh FLS920) with 400 nm excitation from a
450 W Xe arc lamp, recording emission spectra between 450
and 700 nm. Spin trapping experiments utilized electron
paramagnetic resonance spectroscopy (JEOL JES-FA300)
operating at 9.85 GHz microwave frequency under ambient
conditions (300 K).

2.3 Electrochemical measurements

Photoelectrochemical experiments were conducted using a
CHI 660E electrochemical workstation, following a traditional
three-electrode configuration. In this setup, a 0.5 M Na2SO4

aqueous solution served as the electrolyte, with an Ag/AgCl
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electrode (saturated KCl) as the reference and a platinum
plate as the counter electrode. To prepare the working
electrodes for photocurrent and electrochemical impedance
spectroscopy (EIS), 0.05 g of photocatalyst and 0.01 g of PVP
were mixed with 3 mL of ethanol, and then thoroughly
dispersed. After adding 0.03 mL of oleic acid, the mixture
was sonicated for 2 hours and spin-coated onto 1.0 cm2

indium–tin-oxide (ITO) substrates. The working, reference,
and counter electrodes were connected appropriately (for
photocurrent measurements, a light source and a dotting
timer set to 30 seconds were also connected). The
electrochemical workstation was activated, the appropriate
test mode was selected, and parameters were adjusted to
initiate the test.

2.4 DFT computation details

The DFT calculations for structural optimization were carried
out using the Vienna ab initio simulation package (VASP).
The exchange–correlation energy was modeled using the PBE
exchange–correlation function within the generalized
gradient approximation (GGA). A plane-wave kinetic-energy
cutoff of 400 eV was applied, along with a maximum force
tolerance of 0.05 eV Å−1, to ensure thorough convergence. To
prevent interactions between periodic slab images, a vacuum
thickness of 20 Å was maintained in the z-direction.

2.5 Photocatalytic HMF oxidation

The oxidation of 5-hydroxymethylfurfural (HMF) was
conducted in a batch-type photochemical reactor illuminated
by a 450 nm LED light source. In a standard procedure, 20
mg of the photocatalyst was suspended in 5 mL of
acetonitrile (ACN) containing 10 mM HMF within a 20 mL
reaction vessel. Prior to illumination, the mixture underwent
5 minutes of sonication to ensure uniform dispersion,
followed by oxygen saturation through continuous bubbling
for 10 minutes to establish an oxygen-enriched reaction
environment. Samples were taken after a certain reaction
time. The cyclic testing was also performed with a standard
concentration of 10 mM.

Quantification of 5-hydroxymethylfurfural (HMF),
2,5-diformylfuran (DFF), 5-formyl-2-furancarboxylic acid (FFCA)
and 2,5-furandicarboxylic acid (FDCA) was performed using an
Agilent 1260 Infinity II chromatographic system equipped with a
UV-vis detector. HMF conversion efficiency and DFF selectivity
were mathematically derived using the following equations:

Conversion %ð Þ ¼ CHMF;0 − CHMF

CHMF;0
× 100% (1)

Yield %ð Þ ¼ CDFF

CHMF;0
× 100% (2)

Selectivity %ð Þ ¼ CDFF

CHMF;0 − CHMF
× 100% (3)

More experimental details can be found in the SI.

3. Results and discussion
3.1 Characterization of Co/ZIS-x catalysts

Fig. 1a shows the preparation method of Co/ZIS-x catalysts.
The morphological characterization of the synthesized
material was performed using scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). SEM
observations (SI Fig. S3) showed that the pristine ZIS formed
nanoflowers assembled from nanosheets, with the individual
nanoleaves displaying a fluffy architecture on the surface.
The Co2+-doped ZIS retained its nanoflower-like structure, as
shown in Fig. 1b and c, suggesting that Co2+ incorporation
does not disrupt the ZIS morphology. High-resolution
transmission electron microscopy (HRTEM) revealed
interplanar spacings of 0.19 nm, 0.305 nm, and 0.321 nm,
corresponding to the (110), (008), and (102) planes of
hexagonal ZIS, as shown in Fig. 1d–g, respectively.35 The
elemental mapping results in SI Fig. S4 and 1h–l show that
Co, In, Zn, and S elements are uniformly distributed across
the material, closely matching the apparent molar ratios from
the synthesis. This confirms the successful synthesis of Co/
ZIS-2 nanoflowers.

XPS was utilized to precisely evaluate the state of the Co
element present in Co-ZIS, with all binding energies
calibrated to the C 1s peak at 284.8 eV. In the survey spectra
of Fig. 2a, both ZIS and Co/ZIS-2 show strong characteristic
peaks for S, In, and Zn, consistent with the composition of
ZIS. High-resolution spectral scans were performed for each
element to gain a more precise understanding of their
chemical environment, as shown in Fig. 2b–d. The two peaks
of ZIS, located at 161 eV and 162.1 eV, correspond to the S 2p
orbitals of 2p3/2 and 2p1/2, respectively.36 The two peaks at
444.4 eV and 451.9 eV correspond to the In 3d5/2 and In 3d3/2
orbitals, respectively, while the peaks at 1021.1 eV and 1044.2
eV correspond to the Zn 2p3/2 and Zn 2p1/2 orbitals,
indicating the presence of Zn2+.37,38 Compared to ZIS, the
XPS spectra of S 2p, Zn 2p, and In 3d for Co-doped ZIS show
an increase in binding energy, indicating changes in the
electronic structure and chemical interactions in Co/ZIS-2, as
seen in Fig. 2b–d. The increase in binding energy of the S 2p
orbital may be due to the weaker electron-donating ability of
Co compared to Zn. Upon doping, the electron density
around the sulfur atoms decreases, resulting in the upward
shift of the S 2p peaks.35 The increase in Zn 2p binding
energy suggests that Co replaces the tetrahedral Zn sites,
consistent with the XRD analysis results.35,39 The increase in
In 3d binding energy may result from the combined effects
of structural deformation, synergistic effects, and electron
compensation mechanisms, consistent with the literature
reporting a decrease in all energies.40 For Co, the binding
energies of Co 2p1/2 and 2p3/2 are 794.8 eV and 779.9 eV (SI
S5), respectively, consistent with the characteristic peaks of
Co2+.41 This indicates that Co is incorporated into the ZIS
lattice as Co2+, consistent with the XRD analysis results.

The crystalline structure of the synthesized materials was
characterized by X-ray diffraction (XRD), as shown in Fig. 2e.
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The characteristic peaks of all samples correspond to the
hexagonal phase of ZnIn2S4 (JCPDS 72-0773), exhibiting
strong peaks of ZnIn2S4.

35 No peaks corresponding to
impurities like ZnS or In2S3 are observed in the XRD patterns,
highlighting the purity of the prepared samples. The XRD
patterns of the prepared samples are similar, indicating that
Co2+ doping during the hydrothermal process does not affect
the crystalline structure of ZnIn2S4. This is because the ionic
radii of Co2+ and Zn2+ are nearly identical (0.072 Å and 0.074
Å), respectively.42,43 Therefore, when Co2+ substitutes for
Zn2+, the impact on lattice parameters is negligible. All the
synthesized samples show nearly identical peaks.
Additionally, Cu2+, with an ionic radius identical to Co2+,
easily substitutes Zn2+ during the hydrothermal process.44 As

the doping concentration increases, the diffraction peak
corresponding to the (110) plane shifts slightly towards
higher angles, indicating that doping reduces the crystal's
interplanar spacing (Fig. 2f). Combining the XRD, HRTEM,
and XPS results, it can be concluded that a series of Co-
doped ZIS materials have been successfully synthesized.

3.2 Photocatalytic HMF oxidation

First, we synthesized a series of metal sulfides: CdIn2S4, CuIn2-
S4, CuS, and ZnIn2S4. Under irradiation with 450 nm
monochromatic light, only CdIn2S4 and ZnIn2S4 showed
photocatalytic activity in acetonitrile (SI Fig. S6). The
photocatalytic activity of CdIn2S4 is lower than that of ZnIn2S4,

Fig. 1 (a)The synthesis schematic diagram of Co/ZIS-x; (b and c) SEM images of Co/ZIS-2; (d and e) TEM images of Co/ZIS-2; (f and g) HRTEM
images of Co/ZIS-2; (h–l) EDS characterization of Co/ZIS-2.

Fig. 2 (a) XPS survey spectra of ZIS and Co/ZIS-2; (b–d) XPS spectra of S 2p, Zn 2p, and In 3d. (e) XRD patterns of ZIS and Co/ZIS-x; (f) XRD
patterns of the (110) plane for Co/ZIS-x.
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and Cd is a harmful heavy metal to human health. Therefore,
we focused our study on ZnIn2S4. We further investigated the
photocatalytic activity of the prepared samples. Fig. 3a
illustrates the photocatalytic activity of ZnIn2S4 with varying Co
doping levels under a simple hydrothermal process and
exposure to 450 nm monochromatic light. As shown in Fig. 3a,
under 450 nm light, the pristine material exhibits photocatalytic
activity with a conversion rate of 70% and a yield of 53%, but its
selectivity is only 75%, suggesting relatively poor performance.
This is due to rapid electron–hole recombination and low
carrier utilization in unmodified ZnIn2S4. Upon doping with
varying amounts of Co, HMF activity was significantly
enhanced. The best catalyst Co/ZIS-2 achieved an 82% yield of
DFF with a selectivity of 87%. The optimal catalyst bar in Fig. 3a
(Co/ZIS-2) is the average of two independent runs (acetonitrile,
no scavenger), n = 2. Thus, the single-run values in Fig. 3c and d
differ slightly from the averaged bar in Fig. 3a. The yield of DFF
is 410 μmol g−1 h−1, which outperforms the photocatalytic
effects reported in previous studies (SI Fig. S7). This indicates
that Co strengthens the photocatalytic activity of ZnIn2S4. We
investigated the time-dependent variation curve of HMF
photocatalyzed by Co/ZIS-2, shown in Fig. 3b. HMF underwent
rapid conversion in the first hour, and the yield of DFF reached
its optimum at 5 hours, with a yield of 80%. As time progresses,
the yield of DFF gradually decreases, possibly due to over-
oxidation of DFF to by-products like FFCA (SI Fig. S8).
Therefore, the optimal reaction time was selected to be 5 hours.
The activity of Co/ZIS-2 under different reaction atmospheres is
presented in Fig. 3c. In the absence of light, HMF did not
undergo conversion, indicating that visible light is essential for

the transformation of HMF to DFF. We investigated the
conversion activity of Co/ZIS-2 under nitrogen conditions. The
experimental results showed that under a nitrogen atmosphere,
the yield of DFF was only 4.3%. Under an inert gas atmosphere,
Co/ZIS-2 showed poor photocatalytic activity. Interestingly,
under air and oxygen conditions, both the conversion rate of
HMF and the yield of DFF increased significantly, indicating
that oxygen plays a crucial role in the catalytic process. Under
an air atmosphere, the catalytic activity of Co/ZIS-2 towards
HMF is slightly lower than under an oxygen atmosphere. This
may be due to the lower oxygen concentration in air compared
to pure oxygen, resulting in insufficient ROS during the catalytic
process and slightly reduced catalytic activity. Since ROS are
required in this photocatalytic system, different quenchers were
added during the reaction to investigate the active species
involved, as shown in Fig. 3d. The addition of TEOA as a hole
scavenger significantly suppressed HMF conversion, indicating
that the photocatalytic transformation of HMF to DFF involves
holes. Upon adding DMPO, no corresponding products were
observed, and the conversion rate of HMF was significantly
reduced, indicating that the transformation of HMF to DFF is
mediated by radicals. Furthermore, adding BQ as a superoxide
radical scavenger markedly suppressed the yield of DFF, further
confirming the catalytic role of superoxide radicals as active
species. FA was also added as a scavenger for singlet oxygen,
and the yield of DFF was further suppressed. The trapping
experiments indicate that the active species in the
photocatalytic process include h+, ·O2

−, and 1O2. Additionally,
we investigated the effect of the reaction solvent on the
photocatalytic aerobic oxidation of HMF (Fig. 3e). In water,

Fig. 3 (a) Activity plot for photocatalytic HMF oxidation; (b) plot of Co/ZIS-2 reactivity over time; (c) activity plot under different reaction
atmospheres; (d) activity plot with various scavengers; (e) activity plot in different reaction solvents; (f) activity plot at different reaction
concentrations. Standard reaction conditions: 10 mM HMF, 20 mg catalyst loading, reaction temperature: 20 °C.
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HMF shows a high conversion rate but a very low yield. This is
due to the generation of hydroxyl radicals (·OH) in water, which
attack HMF molecules and lead to their mineralization into
H2O and CO2. In DMF, no DFF was formed, and in DMSO, Co/
ZIS-2 exhibited only weak photocatalytic activity. Clearly,
acetonitrile is the optimal solvent for the photocatalytic aerobic
oxidation of HMF, due to its suitable polarity, good oxygen
solubility, and minimal ·OH generation. Fig. 3f illustrates the
photocatalytic activity at different HMF concentrations. The
yield of DFF decreases as the reactant concentration increases.
This is because at low concentrations, ROS are efficiently
utilized, leading to the enhanced conversion of HMF and yield
of DFF. Conversely, at higher HMF concentrations, ROS are
insufficient for the transformation of HMF to DFF, reducing
reaction effectiveness and the yield of DFF.45 At the optimal
substrate concentration (5 mM), the yield of DFF can reach
88%, with selectivity close to 90%.

The optical absorption edges of the prepared samples were
characterized using UV-vis DRS (Fig. 4a). Pure ZIS exhibited a
maximum absorption wavelength of 506 nm, which shifted to
560 nm upon Co doping. Compared to the undoped ZIS, the
absorption edge of Co/ZIS-2 exhibits a redshift. Co/ZIS-2 exhibits
superior light absorption properties in the visible region, with
characteristic peaks located within the range of 600 to 800 nm,
which are attributed to the spin-state transitions from the 2E(G),
4T1(P), and

2A1(G) to
4A2(F) of Co

2+ with spin states. This result
further confirms the effective incorporation of Co, implying that

under visible light irradiation, electrons in the filled e energy
level can be excited to the unoccupied t2 energy level.46,47 The
Tauc plots shown in Fig. 4b were used to determine the band
gaps for both ZIS and Co/ZIS-2. The optical band gap (Eg) was
calculated by extrapolating the linear portion of the curve within
the band edge region to the (αhν) axis intercept, where (hν)1/2 =
0. The calculation formula is: (αhν)1/2 = A(hν − Eg).

48 After
calculation, the band gap energies (Eg) of ZIS and Co/ZIS-2 are
2.69 eV and 2.47 eV, respectively. This indicates that metal ion
doping narrows the band gap of ZIS, enhancing its visible light
absorption and potentially improving photocatalytic activity.
The valence and conduction band structures were further
investigated using XPS valence band measurements (SI S9).
According to XPS valence band measurements, the valence band
positions for ZIS and Co/ZIS-2 are found to be 1.49 eV and 1.4
eV, respectively. The conduction band positions were calculated
using the equation Eg = VB − CB, yielding values of −1.2 eV and
−1.07 eV, respectively. The band positions are detailed in SI S9,
and the results indicate that both materials can generate ·O2

−

under visible light.
Photoelectrochemical measurements were conducted on the

prepared samples to investigate the separation and transfer
efficiencies of photogenerated charge carriers. As shown in
Fig. 4c, Co/ZIS-2 exhibits a higher transient photocurrent
density than ZIS, indicating improved separation efficiency
of photogenerated e− and h+. Electrochemical impedance
spectroscopy (EIS) was used to investigate charge transfer

Fig. 4 (a and b) UV-vis and band gap plots of ZIS and Co/ZIS-2. (c) Transient photocurrent density and (d) Nyquist plots of Co/ZIS-x (x = 1, 2, 3,
and 4). (e and f) XPS VB spectra of ZIS and Co/ZIS-2. (e) ZIS. (f) Co/ZIS-2.
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resistance. In the Nyquist plot, Co/ZIS-2 exhibits a significantly
smaller arc than bare ZIS (Fig. 4d), indicating lower charge
transfer resistance for Co/ZIS-2 than for ZIS. This leads to higher
separation and transport efficiencies of photogenerated charge
carriers compared to pure ZIS, enhancing the photocatalytic
activity of doped ZIS.49 The work function, crucial for elucidating
interfacial charge transfer mechanisms, was further investigated
in ZIS after Co doping using UPS (Fig. 4e and f). The cutoff and
Fermi edge energies of ZIS are 17.37 eV and 1.19 eV, respectively,
while those of Co/ZIS-2 are 17.69 eV and 1.22 eV, respectively.
Using the work function calculation formula Φ = 21.22 − ΔE
(ΔE = Ecutoff − EFermi) and the He I UPS excitation energy of V eV,
the work functions of ZIS and Co/ZIS-2 were determined to be
5.04 eV and 4.75 eV, respectively.50 The calculated results
indicate that Co/ZIS-2 possesses a smaller work function, which
suggests that electron escape from ZIS becomes more facile after
Co2+ doping. This facilitates the accumulation of electrons on
the ZIS surface, which is conducive to the generation of more
ROS.51,52 The efficiency of photo-induced carrier separation was
investigated using photoluminescence spectroscopy (results in
SI S10). The lower the PL intensity of the photocatalytic material,
the greater the degree of suppression of carrier recombination
and the higher the photocatalytic activity.53 These samples
exhibit light absorption in the visible range. However, Co/ZIS-2
has lower PL intensity than pure ZIS, indicating that doping
enhances electron–hole pair separation efficiency in ZIS. This
accelerates the separation rate of photogenerated electron–hole
pairs and the migration of photogenerated carriers, thereby
significantly improving photocatalytic activity.

To elucidate the impact of doping on ZIS more
comprehensively, density functional theory (DFT) calculations
were performed on both pristine and doped ZIS. The calculated
results, as depicted in Fig. 5, include the band structure
(Fig. 5a and b) and work function of ZIS (Fig. 5c and d) before
and after the doping process. The results show that Co doping
decreases the band gap from 0.68 eV to 0.53 eV, and this trend
is consistent with UV data, indicating that Co doping reduces
the energy required for electrons to transition from the valence
band to the conduction band by altering the electronic state
distribution. The work function of pristine ZIS (6.056 eV) was
found to be significantly higher than that of Co/ZIS-2 (5.42 eV),
which is consistent with the experimental results obtained from
UPS measurements. DFT calculations further substantiate that
the incorporation of Co dopants into ZIS significantly enhances
its catalytic activity.

3.3 Photocatalytic mechanism

To gain deeper insights into the impact of Co site introduction
on ZIS, the in situ XPS technique was employed to analyze the
binding energy variations of S, In and Zn elements before and
after light irradiation. As illustrated in Fig. 6a–f, the in situ XPS
analysis reveals that under light irradiation, the binding
energies of S and Zn elements exhibit negative shifts, while
those of the In element remain essentially unchanged.
Following the introduction of Co sites, the S, In and Zn
elements exhibit more pronounced negative shifts in binding
energy compared to the pristine ZIS. This observation suggests

Fig. 5 (a and b) DFT calculated band structure. (a) ZIS (b) Co/ZIS-2. (c and d) Electrostatic potential and work function of ZIS and Co/ZIS-2. (c) ZIS
(d) Co/ZIS-2.
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that photogenerated electrons are transferred and accumulated
around these elements under light irradiation, subsequently
participating in photocatalytic reactions. In situ Fourier-
transform infrared spectroscopy (FTIR) was employed to probe
the oxygen adsorption dynamics on both pristine ZIS and Co/
ZIS-2 surfaces, as shown in SI Fig. S11. Interestingly, infrared
spectroscopy analysis revealed that neither ZIS nor Co/ZIS-2
exhibited corresponding oxygen adsorption peaks over time.
Oxygen adsorption spectroscopy revealed comparable
adsorption capacities between ZIS and Co/ZIS-2, suggesting that
cobalt incorporation exerts a negligible effect on enhancing the
chemisorption of molecular oxygen under ambient reaction
conditions. Complementary DFT calculations were
systematically conducted to probe the oxygen adsorption
energetics evolution upon cobalt doping, as detailed in SI Fig.
S11 and 6g and h. The DFT computations revealed nearly
identical adsorption free energies of −0.02 eV for pristine ZIS
and −0.03 eV for Co/ZIS-2, exhibiting no substantial disparity
(ΔG < 0.01 eV). This computational evidence conclusively
demonstrates the negligible enhancement in oxygen adsorption
capacity induced by cobalt modification under operational
conditions, in remarkable agreement with in situ FTIR
spectroscopic observations. Fig. 6i presents the EPR results of
·O2

−, exhibiting a characteristic four-peak pattern, which
confirms the presence of ·O2

−. At 0 minutes in the dark, the
spectrum displays minimal intensity, whereas under light
irradiation, its peak intensity is significantly higher than that of
ZIS. Under illumination, Fig. 6j shows the EPR results of 1O2,

revealing a characteristic three-peak pattern, which confirms
the presence of 1O2. The peak intensity of Co/ZIS-2 is
significantly higher than that of ZIS. The EPR results show that
the predominant ROS generated during the catalytic process are
·O2

− and 1O2. The in situ FTIR spectroscopy results
demonstrated that the oxygen adsorption capacity of ZIS was
not further enhanced after doping. However, the EPR analysis
revealed that Co2+-doped ZIS generated significantly more ROS.
This phenomenon can be attributed to the reduced carrier
recombination rate and improved utilization efficiency of
photogenerated charge carriers in the doped ZIS under visible-
light irradiation, which aligns with the findings from
photoelectrochemical characterization. Consequently, the
enhanced ROS generation in doped ZIS effectively boosted the
photocatalytic activity toward HMF oxidation.

Fig. 7a and b, and S12 illustrate the simulated density of
states (DOS) for both the unmodified ZIS and Co/ZIS-2
catalysts. The incorporation of Co2+ into the pristine ZIS
alters the composition and contribution of the conduction
band minimum (CBM), indicating the electron-rich nature of
Co2+. The adsorption energies of HMF and DFF molecules
were calculated and analyzed using DFT, both before and
after doping (Fig. 7c–g). The computational results show that
the adsorption energy of HMF molecules and the desorption
energy of DFF molecules on catalyst ZIS are −1.20 eV and
0.51 eV, respectively, while on catalyst Co/ZIS-2, these values
are −0.67 eV and −0.35 eV, respectively. The computational
results suggest that DFF molecule desorption from Co/ZIS-2

Fig. 6 XPS spectra of ZIS and Co/ZIS-2 in the dark and under light irradiation: (a and b) S 2p, (c and d) Zn 2p, and (e and f) In 3d. (g) The oxygen
adsorption model of ZIS. (h) The oxygen adsorption model of Co/ZIS-2. (i) Comparative EPR signals of ·O2

− for Co/ZIS-2 and ZIS. (j) Comparative
EPR signals of 1O2 for Co/ZIS-2 and ZIS.
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is thermodynamically spontaneous, while desorption from
ZIS requires a higher energy barrier. Prompt desorption of
DFF molecules facilitates the utilization of active sites,
thereby enhancing photocatalytic activity. Combining DFT
calculations with ESR evidence for enhanced ·O2

− and 1O2

formation, we find that Co sites exert a dual role: they
modestly amplify active oxygen species and, more critically,
lower the DFF desorption energy from +0.51 eV to −0.35 eV.
This thermodynamic shift enables spontaneous and rapid

DFF release, preventing over-oxidation and sustaining
efficient HMF → DFF turnover.57

The recyclability of the catalyst was also investigated. After
the reaction, the solution was washed alternately with ethanol
and acetonitrile, and then dried overnight for reuse. The
catalytic activity significantly decreased after three reaction
cycles (SI S13). To identify the cause of the photocatalytic activity
decline, the recovered catalyst was subjected to XRD analysis (SI
S13). After the cyclic reactions, the crystallinity of Co/ZIS-2

Fig. 7 DFT calculations and the proposed schematic reaction process. (a and b) TDOS of ZIS and Co/ZIS-2 and Co PDOS of Co/ZIS-2. (c and d)
Adsorption of HMF molecules by ZIS and desorption of DFF. (e and f) Adsorption of HMF molecules by Co/ZIS-2 and desorption of DFF. (g) DFT
calculations of adsorption/desorption free energy diagrams for HMF and DFF on ZIS and Co-doped ZIS-2.

Fig. 8 Schematic diagram of the photocatalytic mechanism.
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decreased significantly compared to the fresh catalyst, and the
(008) crystal plane disappeared. SEM images (SI S13) show that
the catalyst morphology after the reaction is no longer fluffy
nanospheres, but instead covered by a layer. This coverage
masks the active sites, reducing catalytic performance.
Moreover, metal sulfides are prone to photocorrosion under
aerobic conditions, which further degrades catalytic
performance.53 After adding a fresh catalyst, the DFF yield was
restored to 63%, with a selectivity of 81%.

In addition, a trace amount of hydrogen peroxide was
detected in the post-reaction solution (SI S14). Utilizing ESR
analysis alongside experiments for trapping active species, we
suggest a mechanism for the photocatalytic selective
oxidation of HMF to DFF as follows:25,31 under visible light,
photogenerated electrons migrate to Co sites, facilitating
adsorption and activation of molecular O2. Reactive oxygen
species (ROS) are formed as ·O2

− via direct reduction of O2 or
as 1O2 via further oxidation of ·O2

− through photogenerated
holes. Consequently, HMF molecules are selectively oxidized
to DFF through two pathways: involving ·O2

− and 1O2. In the
pathway dominated by ·O2

−, HMF molecules are attacked by
·O2

−, forming alkoxide anions and ·OOH intermediates,
which are subsequently transformed into alkoxide anion
radicals by photogenerated holes. In the pathway primarily
involving 1O2,

1O2 directly oxidizes HMF molecules to
produce alkoxide anion radicals. Ultimately, these radicals
and ·OOH intermediates lead to the formation of DFF
molecules and H2O2.The aforementioned mechanism can be
described by the reaction equations in Fig. 8.

4. Conclusion

In summary, we synthesized transition metal Co2+-doped ZnIn2-
S4 microspheres for the aerobic photocatalytic conversion of
HMF to the value-added chemical DFF. The Co/ZIS-2 nanoflower
spheres, with an appropriate bandgap, demonstrated efficient
separation of electrons (e−) and holes (h+) under visible light
irradiation, achieving a 98% conversion rate of HMF and an
88% yield of DFF (HMF, 5 mM). Quenching experiments and
electron EPR characterization were conducted to investigate the
reaction mechanism, elucidating the roles of reactive species
(·O2

− and 1O2) as well as photogenerated e− and h+ in the
selective oxidation process. Doping modification not only
enhanced the concentration of reactive species but, more
importantly, facilitated surface reactions by introducing doping
sites, which accelerated the desorption rate of DFF molecules
and ensured the efficient utilization of catalytically active sites.
This work emphasizes the role of transition metal doping in
enhancing the photocatalytic activity of ZnIn2S4, offering
insights into developing efficient photocatalysts for producing
higher value-added chemicals from biomass.
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