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en valorization of 5-
hydroxymethylfurfural over a hollow
Co3O4@Zn3In2S6 nanocage in base-free water
under an air atmosphere

Rong Dang,a Kexin Fan,a Yan-Ning Wang, b Guangsheng Zhu,a Liu Liu,c Zifu Hu,a

Taolian Guo, *a Wu Chen*a and Fengxiang Chen *a

Visible-light-driven upgrading of biomass-derived 5-hydroxymethylfurfural (5-HMF) represents a green and

sustainable strategy. However, photocatalytic selective oxidation of HMF to generate 2,5-diformylfuran

(DFF), a highly promising biomass-derived molecule for pharmaceuticals and heterocyclic ligands, is

extremely challenging under green and mild conditions. Herein, we construct a hollow Co3O4@Zn3In2S6
(ZC–x) nanocage photocatalyst, which exhibits a remarkable photocatalytic activity for the oxidation of

HMF to DFF in base-free water under an air atmosphere. The optimal ZC-5 heterojunction achieves

95.4% HMF conversion and 94.1% DFF selectivity. The superior photocatalytic performance of the ZC-5

heterojunction is attributed to intimate interfacial contact between Co3O4 and Zn3In2S6, which is

beneficial to generate strong interfacial interaction and facilitate the separation of electron–hole pairs.

Characteristic analysis and density functional theory (DFT) calculations elucidate that the enhanced built-

in electric field (IEF) and S-scheme charge transfer mechanism within the ZC heterojunction effectively

drive the selective photo-oxidation of HMF to DFF. This work offers an efficient strategy to design

heterojunction photocatalysts for highly effective oxidation of HMF under mild conditions.
Introduction

Photocatalytic upgrading of renewable biomass resources is
a prospective avenue to produce high value-added chemicals and
simultaneously relieve the energy crisis and environmental
pollution.1–4 As an essential biomass-derived platformmolecule, 5-
hydroxymethylfurfural (HMF) can be converted into multiple
value-added products due to its different functional groups
including the alcohol hydroxyl group (–CH2OH) and aldehyde
group (–CHO).5–8 In particular, 2,5-diformylfuran (DFF) generated
by selective oxidation of HMF has been extensively utilized as
a highly promising intermediate for synthesizing pharmaceuticals,
resin and heterocyclic ligands.9,10 However, the highly selective
oxidation of –CH2OH to produce DFF is extremely challenging
during the photocatalytic HMF oxidation process, in which the
appropriate oxidation capacity of photocatalysts is vital to avoid
excessive oxidation.11–13 Therefore, it is crucial to design effective
photocatalysts for highly selective oxidation of HMF to DFF.
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Transition metal suldes, such as 2D layered Zn3In2S6, an n-
type semiconductor, have attracted widespread attention for
the selective oxidation of HMF to DFF due to its suitable band
energy and outstanding visible-light-responsive capability.14

Based on the Zn3In2S6 semiconductor, many efforts (morphology
engineering, heteroatom doping, defect engineering, and
heterostructure construction) have been adopted to further
improve its photocatalytic efficiency.15–19 Among them, the
construction of the Zn3In2S6-based heterostructure has been
proven to be an efficient strategy for facilitating charge carrier
separation, regulating the photoelectric characteristics, and
integrating the advantages of different components, eventually
improving photocatalytic performance.20,21 Recently, the step
scheme (S-scheme) heterojunction has emerged as an effective
heterojunction system to achieve efficient electron–hole separa-
tion and retains their high redox capacities in semiconductor-
based photocatalysts.22–25 Specically, the S-scheme hetero-
junction based on a p–n heterojunction system favors the
formation of a strong built-in electric eld (IEF), signicantly
improving photocatalytic activity.26,27 As a typical p-type semi-
conductor photocatalyst, Co3O4 has aroused wide concern due to
its non-poison, low cost, and tunable structural features.28–30

Accordingly, integrating Zn3In2S6 and Co3O4 to develop
a heterojunction composite maybe indeed an effective approach
for highly efficient photocatalytic oxidation of HMF into DFF.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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In this work, we constructed a hollow Co3O4@Zn3In2S6 (ZC)
heterojunction by uniformly coating Zn3In2S6 nanosheets (NSs)
on the surface of ZIF-67-derived hollow Co3O4 nanocages for
selective photo-oxidation of HMF to DFF.31 The hollow architec-
ture of Co3O4 nanocages afford large surface area to form inti-
mate interfacial contact with Zn3In2S6 NSs, which is benecial to
form strong interfacial interaction and facilitate the effective
separation of electron–hole pairs. The optimal ZC-5 hetero-
junction delivers a remarkable HMF conversion rate of 95.4%
with 94.1% DFF selectivity and a high yield of DFF (66.8%) under
visible light irradiation and an air atmosphere in base-free water.
Accordingly, characteristic analysis and density functional theory
(DFT) calculations elucidate the charge transfer mechanism of S-
scheme heterojunctions and the enhanced IEF effect, which
improved interfacial charge separation and facilitated selective
photo-oxidation of HMF to DFF. Moreover, a possible reaction
mechanism for photocatalytic oxidation of HMF over the ZC S-
scheme heterojunction has also been proposed. This work
provides inspiring ideas to design heterojunction photocatalysts
for upgrading biomass feedstock into higher-value chemicals
under green and mild conditions.
Results and discussion

The synthetic process of the ZC–x S-scheme heterojunction is
schematically illustrated in Fig. 1a. The high-quality Co3O4

nanocages were synthesized via the thermal treatment of ZIF-67
Fig. 1 (a) Schematic illustration of the preparation process of ZC. (b) XRD
of Co3O4, Zn3In2S6, and ZC-5.

© 2026 The Author(s). Published by the Royal Society of Chemistry
polyhedral precursors.32 Aerward, the hierarchical ZC hetero-
structure was constructed by in situ growing Zn3In2S6 NSs on the
surface of the Co3O4 nanocages. The characteristic ZIF-67 peaks
in the X-ray diffraction (XRD) pattern conrm its successful
synthesis with a high degree of crystallinity (Fig. S1).33 As
illustrated in Fig. 1b and S2, the derived Co3O4 displays distinct
diffraction peaks at 2q = 31.4°, 36.8°, 45°, 59.5°, and 65.3°,
corresponding to the (220), (311), (400), (511), and (440) lattice
planes of the spinel structure of Co3O4 (PDF#43-1003), respec-
tively.31 The diffraction peaks of Zn3In2S6 observed at 20.7°,
28.4°, 47.2°, and 56.2° can be attributed to the (005), (102),
(110), and (203) crystalline planes of hexagonal Zn3In2S6
(PDF#24-1453).34 Obviously, the ZC samples exhibit character-
istic diffraction peaks of both Co3O4 and Zn3In2S6, and no
impurity peaks were observed, further validating the successful
synthesis of the highly crystalline ZC heterojunction.

X-ray photoelectron spectroscopy (XPS) was further
measured to analyze the surface chemical compositions and
states of the samples. The ZC-5 composite displays the presence
of Co, O, S, Zn and In elements (Fig. S3). In the high-resolution
O 1s spectrum of Co3O4, the peaks at approximately 529.91 eV,
531.16 eV, and 532.22 eV are corresponding to lattice oxygen
(OL), oxygen vacancies (Ov), and hydroxyl species (O–H),
respectively (Fig. 1c).31 For ZC-5, the corresponding peaks of O
1s shi to higher binding energies compared with those of
individual Co3O4. In contrast, the peaks of S 2p, Zn 2p, and In
3d in ZC-5 shi toward the lower binding energy region
patterns of Co3O4, Zn3In2S6, and ZC-5. (c) O 1s and (d) S 2p XPS spectra

Chem. Sci., 2026, 17, 8076–8083 | 8077
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Fig. 2 (a–c) TEM images of ZIF-67, Co3O4, and ZC-5. (d) HRTEM and (e) elemental mapping images of ZC-5. (f) Photocatalytic oxidation of HMF
into DFF over different photocatalysts. (g) Time-dependent monitoring of HPLC in HMF oxidation over 3 h. (h) Time-dependent conversion of
HMF into DFF over ZC-5. (i) Comparison of DFF yield with reported studies. (j) Comparison of the photo-oxidation performance of HMF with
reported photocatalysts.
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compared with pure Zn3In2S6 (Fig. 1d, S4a and b).35–37 The peaks
of Co 2p are difficult to observe due to their low surface content
(Fig. S4c).33 The shis of binding energies imply the occurrence
of charge transfer within the ZC-5 heterojunction, conrming
the formation of a strong interaction between Co3O4 and
Zn3In2S6.

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were performed to characterize the
microstructures of as-prepared materials. ZIF-67 exhibits
a dodecahedral morphology with a diameter of approximately 2
mm (Fig. 2a and S5). Aer calcination, Co3O4 was presented in
the form of a hollow nanocage (Fig. 2b and S6). Zn3In2S6
exhibits a micro-owerlike structure consisting of multiple
nanosheets (Fig. S7). When Zn3In2S6 was in situ assembled on
8078 | Chem. Sci., 2026, 17, 8076–8083
the surface of hollow Co3O4 nanocages, Zn3In2S6 NSs were
uniformly and closely covered on Co3O4 nanocages (Fig. 2c and
S8). The high-resolution TEM (HRTEM) images (Fig. 2d) of ZC-5
demonstrate an intimate interfacial contact between Zn3In2S6
and Co3O4, which can effectively promote the charge carrier
transport. The lattice fringes observed at 0.20 and 0.32 nm are
ascribed to the (400) plane of Co3O4 and the (102) plane of
Zn3In2S6, respectively.38–40 Elemental mapping images indicate
the presence of Co, O, S, Zn, and In elements within ZC-5, where
S, Zn and In elements are uniformly distributed over the whole
surface of Co3O4 (Fig. 2e). In addition, nitrogen adsorption–
desorption measurements were conducted to analyse the
porosity structure of these samples (Fig. S9 and Table S1). The
ZC-5 heterojunction presents both the microporous structure of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) UV-vis DRS spectra and Tauc plots of Co3O4, Zn3In2S6, and ZC. (b) Mott–Schottky plots of Co3O4 and Zn3In2S6. (c) The band structures
of Co3O4 and Zn3In2S6. (d) HMF conversion rates with the addition of various scavengers during the photocatalytic HMF oxidation over the ZC-5
heterojunction. (e) UV-vis absorbance spectra of NBT degradation over ZC-5. (f) EPR spectra of cO2

− generated before and after light irradiation
for 5 min.
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Co3O4 and the mesoporous feature of Zn3In2S6, which are
advantageous for exposing more active sites.

Furthermore, the photocatalytic performance of the catalysts
for HMF oxidation was evaluated under visible-light irradiation
in base-free water and atmospheric oxygen. As shown in Fig. 2f,
pure Zn3In2S6 exhibits a high HMF conversion rate of 82.7%, yet
the yield of DFF is only 20.2%. When Co3O4 was alone used as
the photocatalyst, minimal activity was displayed and no DFF
was detected. Excitingly, the ZC heterojunctions enhanced
catalytic activity and signicantly improved the yield of DFF.
The ZC heterojunctions with varying amounts of Co3O4 show
distinct activity in the photocatalytic oxidation of HMF. Notably,
ZC-5 with the optimal proportion (5% Co3O4) demonstrated
exceptional performance, achieving 95.4% conversion of HMF
with a 94.1% DFF selectivity and only trace amounts of FFCA
detected as a byproduct (Fig. 2g, h and S10). More importantly,
the yield of DFF (66.8%) was increased to three times that over
Zn3In2S6, surpassing most reported photocatalysts under
aqueous conditions (Fig. 2i and Table S3). In summary, the
systematic comparison of HMF conversion rate, DFF yield,
reaction time, catalyst amount and lamp power is presented in
Fig. 2j, and ZC-5 exhibits superior photocatalytic performance
compared to all control samples. Besides, the activity of ZC-5
showed almost no attenuation aer ve cycles, indicating
excellent photocatalytic stability (Fig. S11), which was further
veried by the XRD and XPS analyses of the used catalyst
(Fig. S12 and S13).

UV-vis diffuse reectance spectroscopy (DRS, Fig. 3a) was
used to investigate the optical properties and band structures of
© 2026 The Author(s). Published by the Royal Society of Chemistry
the samples, which is critical for selective photocatalytic
oxidation of HMF. The ZIF-67-derived Co3O4 exhibits superior
visible-light response capacity, which is ascribed to its rough,
porous morphology and high surface area inherited from ZIF-
67, promoting light scattering and internal reection.41,42

Compared with pristine Zn3In2S6, the ZC composite shows
obviously enhanced visible-light absorption aer incorporation
of Co3O4. The band gap energies (Eg) of Co3O4 and Zn3In2S6
were calculated to be 1.93 and 2.80 eV, respectively, which were
determined from the corresponding Tauc plots (Fig. 3a inset).43

The Mott–Schottky (M−S) analysis indicates that Zn3In2S6 is an
n-type semiconductor, while Co3O4 is a p-type semiconductor
(Fig. 3b).31,44 The at-band potentials E of Co3O4 and Zn3In2S6
were 0.70 and −1.16 eV based on the M−S plots. Accordingly,
the valence band (VB) of Co3O4 is 0.92 eV and the conduction
band (CB) of Zn3In2S6 is −0.94 eV, respectively, which were
adjusted to account for the standard redox potential (0.22 eV) of
the Ag/AgCl electrode.11,12 Hence, the calculated ECB of Co3O4 is
−1.01 eV and the EVB of Zn3In2S6 is 1.86 eV. The above results
demonstrate that the ZC heterojunction exhibits a suitable
band structure for the photocatalytic oxidation of HMF (Fig. 3c).

To elucidate the photo-oxidation mechanism of HMF, scav-
enger tests were conducted through adding different
quenchers.45 The roles of electron–hole pairs and reactive
oxygen species (ROS) during the photocatalytic HMF oxidation
over the ZC-5 heterojunction are illustrated in Fig. 3d. With the
addition of KI and AgNO3 (h+ and e− quenchers, respectively),
the conversion rate of HMF (19.8% and 19.7%) was signicantly
decreased.36,46 b-Carotene and isopropanol (IPA) were added to
Chem. Sci., 2026, 17, 8076–8083 | 8079
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Fig. 4 (a) PL spectra and fluorescence life time spectra of Zn3In2S6 and ZC-5. (b) Transient photocurrent curves and (c) electrochemical
impedance spectra of Co3O4, Zn3In2S6 and ZC-5. (d) Calculated charge density difference for the ZC heterostructure. (e) Planar averaged
electron density difference for ZC (the green and pink areas indicate electron accumulation and depletion, respectively). In situ XPS spectra of (f)
O 1s and (g) S 2p for ZC-5 under light irradiation. (h) Possible charge migration and separationmechanism of the ZC S-scheme heterojunction. (i)
Illustration showing the photo-oxidation of HMF to DFF over ZC.
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inhibit the generation of 1O2 and cOH, respectively, and resulted
in a negligible variation in the conversion rate. When PBQ was
added into the photocatalytic system, the HMF conversion rate
was also reduced from 95.4% to 56.2%, suggesting that cO2

− is
the dominant ROS in the photo-oxidation of HMF over the ZC-5
heterojunction. Besides, the addition of 6-di-tert-butyl-4-
methylphenol (BHT) can inhibit the generation of the R-
cCHOH radical and results in the reduction of HMF conversion,
suggesting that R-CH2OH is oxidized by h+ to produce the R-
cCHOH radical during the photocatalytic oxidation process of
HMF to DFF. Nitroblue tetrazolium (NBT) was further utilized
as a probe to evaluate the ability of ZC-5 to generate cO2

−.47,48 As
shown in Fig. 3e and S14, upon irradiation, the conversion rate
of NBT by the ZC-5 photocatalyst can reach 100%within 20min,
demonstrating that cO2

− plays a crucial role in the catalytic
process. Compared with Co3O4 and Zn3In2S6, the higher NBT
degradation rate of ZC-5 demonstrates the enhanced generation
of cO2

−, thus promoting photocatalytic oxidation of HMF.
Electron paramagnetic resonance (EPR) measurements were
8080 | Chem. Sci., 2026, 17, 8076–8083
also performed using 5,5-dimethyl-1-pyrroline N-oxide (DMPO)
as a trapping agent to accurately identify the generation of cO2

−

by the ZC-5 heterojunction. The distinct DMPO-cO2
− signals

were detected upon irradiation, whereas no signals were
detected without light irradiation (Fig. 3f).49 These ndings
illustrate the main ROS (cO2

−) and the formation pathway (R-
cCHOH) in the photocatalytic conversion of HMF to DFF.

The efficiency of photogenerated carrier separation and
migration is vitally important for achieving high photocatalytic
performance. To elucidate the charge transfer kinetics on the
ZC catalyst, photoluminescence (PL) and photo/electrochemical
measurements were conducted. As shown in Fig. 4a, the ZC-5
composite exhibits signicantly weaker photoluminescence
(PL) intensity than that of Zn3In2S6, indicating that the
construction of the ZC S-scheme heterojunction can inhibit
charge recombination.33,50 In addition, the time-resolved pho-
toluminescence (TR-PL) decay spectra display that the average
uorescence lifetime of ZC-5 (1.42 ns) is shorter than that of
Zn3In2S6 (3.13 ns), demonstrating that the construction of the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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heterojunction signicantly suppresses the recombination of
photogenerated e−-h+ pairs (Fig. 4a and Table S2). The transient
photocurrent curve (Fig. 4b) reveals that the ZC-5 hetero-
junction displays much higher photocurrent density than
Co3O4 and Zn3In2S6, indicating that the ZC S-scheme hetero-
junction can efficiently facilitate the separation and transport of
photogenerated charges. Furthermore, the electrochemical
impedance spectroscopy (EIS, Fig. 4c) results show that ZC-5
exhibits a smaller semicircle and lower charge transfer resis-
tance in the Nyquist plot compared to Co3O4 and Zn3In2S6, and
thus electrons in ZC-5 can migrate more readily, resulting in
a faster transfer efficiency of photogenerated charge carriers.

Furthermore, density functional theory (DFT) calculations
were conducted to comprehend the detailed interface interac-
tion and charge transfer mechanism of the ZC composite. Upon
the formation of the heterojunction, the potential difference
between the surfaces of Co3O4 and Zn3In2S6 facilitates the
transport of free electrons, which can be reected through work
function determined by DFT calculation according to the
equation F = Evac– EF.51,52 The work functions of Co3O4 and
Zn3In2S6 are 5.1 and 6.5 eV, respectively (Fig. S15). Since the EF
of Co3O4 is higher than that of Zn3In2S6, electrons spontane-
ously migrate from high EF (Co3O4) to low EF (Zn3In2S6) until the
Fermi energy levels reach equilibrium, thereby establishing
IEF.53,54 As illustrated in Fig. 4d and e, the charge density
difference (CDF) of ZC shows that electron transfer occurs in the
interface between Co3O4 and Zn3In2S6, where electrons accu-
mulated on Zn3In2S6 and depleted on Co3O4, respectively. The
redistribution of electrons resulted in the establishment of IEF
(Fig. 4h). Under light irradiation, the IEF induces the recom-
bination of electrons in the CB of Zn3In2S6 and holes in the VB
of Co3O4, establishing an S-scheme electron transfer mecha-
nism between Co3O4 and Zn3In2S6. In situ XPS spectroscopy
measurements were conducted to further explore the transfer
direction of photogenerated electrons in the ZC heterojunction
during the photocatalytic process. As shown in Fig. 4f, g and
S16, the binding energy of O 1s shis toward lower values under
light irradiation, while those of S 2p, In 3d, and Zn 2p in ZC-5
shi toward higher values. These observations indicate that
the IEF drives charge transfer across the heterojunction inter-
face. Specically, photoexcited electrons in the conduction
band of Zn3In2S6 are transferred to Co3O4 under the inuence of
the IEF, thereby promoting the formation of an S-scheme
heterojunction within the ZC composite catalyst.

Based on the aforementioned characterization studies, the
underlying mechanism for the improved photocatalytic
performance of the ZC heterojunction for the oxidation of HMF
to DFF is preliminarily proposed (Fig. 4i). Upon light illumi-
nation, the photoexcited e−−h+ pairs are generated at the rst.
Subsequently, the strong IEF within the ZC S-scheme hetero-
junction effectively drove the separation of photoexcited e− and
h+ and facilitate their migration along the interface of Zn3In2S6
and Co3O4. Owing to the S-scheme electron transfer mechanism
of the ZC heterojunction, photogenerated e− in the CB of
Zn3In2S6 and photogenerated h+ in the VB of Co3O4 undergo
recombination at the interface. Meanwhile, the photogenerated
e− retained in the CB of Co3O4 efficiently reduce O2 to cO2

−

© 2026 The Author(s). Published by the Royal Society of Chemistry
radicals, while the photogenerated h+ le in the VB of Zn3In2S6
oxidize HMF to generate active intermediates, which then react
with cO2

− to produce DFF.

Conclusions

In summary, we have successfully constructed a hollow Co3-
O4@Zn3In2S6 nanocage photocatalyst for enhancing photo-
oxidation of HMF to DFF under visible light irradiation and
an air atmosphere in pure water. The intimate interfacial
contact between Co3O4 and Zn3In2S6 forms the strong interfa-
cial interaction and accelerates the transfer of photogenerated
charge carriers, resulting in remarkable photocatalytic perfor-
mance. The optimal ZC-5 heterojunction achieves the highest
HMF conversion rate (95.4%) and DFF selectivity (94.1%), as
well as an increased DFF yield (66.8%). The systematic experi-
ment analysis and DFT calculations elucidated that the forma-
tion of a strong IEF and an S-scheme charge transform
mechanism within the ZC heterojunction can effectively drive
the charge separation and migration, leading to enhanced
photo-oxidation of HMF to DFF. This study provides an effective
strategy for developing high-performance photocatalysts by
designing a hollow nanocage heterojunction for oxidizing HMF
to produce DFF under mild conditions.
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