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Synthesis of MoS,/MoO3z nano-heterojunction
towards enhanced photocatalytic activity under
LED light irradiation via in situ oxidation sinteringt

Jianfeng Qiu, ©22° Yanping Liu,? Minxian Cao,® Lugi Xie,? Yongkun Liu,” Hongwen Li,°
Jungiang Lu,® Qifeng Liang,” Jiagi Pan {23 and Chaorong Li*®

The MoS,/MoOz nano-heterojunction photocatalyst was synthesized via the in situ oxidation sintering
method. The properties of the samples were characterized by XRD, SEM, EDX, TEM, UV-vis, PL, FT-IR,
BET and electrochemical techniques. The MoS,/MoOs nano-heterojunction (MS-400) exhibited
significantly better photocatalytic activity toward Rhodamine B degradation (0.42634 h~?%) than monomer
MoS, (~8.0-folds) and MoOs (~25.6-folds). This is mainly attributed to the MoS,/MoOs heterojunction
interface having an appropriate potential gradient that can promote the interface carrier transportation/
separation to optimize the carrier efficiency and increase the solar absorption and specific surface areas/

rsc.li/rsc-advances active sites via microstructures.

1. Introduction

With the increasing concern over environmental degradation,
the use of semiconductor photocatalysts to degrade organic
pollutants in water has been rapidly developed in recent
years."” It has been shown that heterogeneous photocatalytic
oxidation based on oxides is one of the most promising
methods for the treatment of water pollutants due to its suitable
potential structure for pollutant oxidation and its excellent
stability for long-term applications.®'* However, solar energy is
inefficient because of the wider bandgap and the high carrier
recombination, limiting its further commercialization. There-
fore, the light absorption and carrier efficiency must be devel-
oped so that the drawbacks of most oxides can be overcome.*>**
So far, semiconductor photocatalysts, such as Ag-based,"”™*
Bi,WOg-based'®'” and g-C;N,-based photocatalysts,'®'* have
been reported to exhibit remarkable visible photocatalytic
activity.

Notably, molybdenum (Mo) oxides and sulfides have attrac-
ted growing research interest as promising electrocatalysts and
photocatalysts owing to their unique electronic structures and
surface active sites. They are even being explored as photo-
electrocatalysts for a variety of applications in addressing
environmental and energy issues.’*** Molybdenum sulfide
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(MoS,) is a well-studied semiconductor with superior catalytic
properties and stability and is extensively used as active mate-
rials in photo-electrocatalysis, sensors, supercapacitors and
lithium ion batteries. In particular, the few-layered 2H-MoS,, as
a n-type semiconductor, possesses unique optical properties
such as a layer-modulated narrow band gap,”® strong light-
matter interaction,* and anti-photocorrosion®**¢ and has been
illustrated to be a better catalyst for visible-light-driven photo-
catalysis, e.g., CuS/MoS,,”” Au/MoS,,*® Ag/MoS, (ref. 29) and
MosS,/graphene.** In addition, the few-layered MoS, with suffi-
cient surface areas and edges can provide numerous active sites.
It can also promote carrier diffusion and decrease the over-
potential for accelerating the photocatalytic process.>* However,
as a monomer photocatalyst, the high carrier recombination
and low carrier mobility have restricted its further applications.
Thus, further improvement would be necessary, such as surface
modification, doping, or barrier regulation. As reported previ-
ously, for a heterojunction, the electric field force caused by an
intrinsic built-in electric field can rapidly drive the transfer and
separation of electrons and holes, forming a region of space
charge that enhances the carrier concentration and mobility for
effectively improving the carrier. This development opens up
new avenues for solar-driven photocatalytic water splitting and
wastewater treatment, offering sustainable solutions for
generating clean energy and addressing water pollution
challenges.

Matched heterojunction materials are clearly important.
Molybdenum trioxide (MoOj3), as an intrinsic n-type semi-
conductor, possesses a suitable band gap of approximately
2.89 eV, matched crystalline structure and homologous Mo-
based compound.’> MoO; is deemed as one of the most
matched layered transition-metal oxides to form a surface

© 2024 The Author(s). Published by the Royal Society of Chemistry
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heterojunction, showing high stability and high-quality,*
including for use as an interconnection layer for polymer
tandem solar cells or pseudocapacitors.**** Moreover, the
surface MoO;-based heterojunction modification with remark-
able light absorption can further enhance the solar efficiency, as
well as provide a mass of activated carrier injection caused by
Mo°®" ions for improving the carrier efficiency.***” Furthermore,
the good physical-chemical stability can effectively enhance the
photocatalytic stability for actual applications.***°

In this work, we discover the novel photocatalyst MoS,/MoO;
type II heterojunction*"** using the simple in situ oxidation sin-
tering method. Significantly, molybdenum oxide and molyb-
denum sulfide share the same Mo-based cation, providing
a more intimate heterojunction interface in the formed type 1I
heterojunction for accelerating the carrier separation and
inhibiting recombination. Furthermore, a series of characteris-
tics were detected by SEM, HRTEM, XPS, among other methods.
The results clearly showed that the obtained MoS,/MoO; heter-
ojunction (MS-400) had excellent photocatalytic activity toward
Rhodamine B degradation under LED light irradiation.

2. Experimental

All of the reagents were used directly without further purifica-
tion after purchase. Molybdenum disulfide (MoS,, 99.5%) was
purchased from Shanghai Aladdin Biochemical Technology Co.,
Ltd (Shanghai, China). A weighed mass of 0.5 g MoS, was added
to the bottom of an alundum crucible. It was then placed into
a muffle furnace, heated at a rate of 5 °C min~" in air, and kept
at a certain temperature for 1 h. Subsequently, the sample was
cooled to room temperature naturally, and the holding
temperature was changed. The samples obtained at different
sintering temperatures were respectively named MS-300, MS-
350, MS-400, MS-450, MS-500 and MS-600, and the original
molybdenum disulfide was labelled as MS-0.
Further details and characterizations are shown in ESL.}

3. Results and discussion
3.1 Structure of the photocatalyst

The XRD pattern is shown in Fig. 1. The diffraction patterns for
MS-0 and MS-300 exhibit sharp and intense peaks at 14.38°,
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Fig.1 XRD patterns of the samples.
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32.68°, 39.54°, 44.15° and 49.79°, corresponding to the (002),
(100), (103), (006) and (105) planes of MoS, (JPCDS 37-1492),
respectively. This indicates that the in situ oxidation process
does not occur before 300 °C. With the increase of sintering
temperature, the new diffraction peaks at 12.72°, 23.28°, 25.69°
and 27.28° clearly correspond to MoOj3; (JPCDS 76-1003), indi-
cating the proceeding of the in situ oxidation process. Corre-
spondingly, the peaks of MoS, gradually diminish. These
results correspond with the Raman and FTIR spectral infor-
mation shown in Fig. S1 and S2,} respectively. The grain size of
the sample by Scherrer formula is also consistent with it
(Fig. S3t). It is worth noting that the mass also begins to
decrease with the increased temperature (Table S1t). Further-
more, the color of the sample gradually changed from black to
white (Fig. S47), i.e., the microstructure begins to change at
350 °C. With the sintering temperature further increasing, the
in situ oxidation process for MS-600 is thoroughly accom-
plished. Thus, all of the peaks are ascribed to MoOj;. These
results confirm that the MoS,/MoO; heterojunction was
successfully obtained.

Scanning electron microscopy (SEM) was utilized to examine
the morphology and size of the prepared catalysts. Fig. 2
displays representative morphologies of the synthesized nano-
catalysts. MoS, (MS-0) exhibits a typical stratified structure
(Fig. 2a). However, MoO3; (MS-600) shows the typical plate-
shaped morphology (Fig. 2g). The average size estimate is ~2-
5 um, and is obviously much bigger than the former. As shown
in Fig. 2b—f, the formed composites exhibit a gradual change
process, corresponding to the characteristics of the monomer
MoS, and monomer MoO;. Interestingly, the obtained MoS,/
MoO; heterojunction (MS-400) still maintained a lamellar
structure that was similar to MoS,, exhibiting good structural
stability. The specific surface area of the MoS,/MoO; hetero-
junction (MS-400) is 5.9375 m> ¢~ ', which is more than twice as
much as that for MO-0 (2.7417 m”> g~ "), providing sufficient
specific surface areas and active sites for photocatalysis
(Fig. S57). It corresponds with the grain size (Fig. S37).

The TEM and HRTEM images of the MS-400 nano-composite
are displayed in Fig. 3. As shown in Fig. 3a, the MoO; layers
appear at the outer surface of the MoS, crystal. The obvious

Fig. 2 SEM images of the samples. (a—g) SEM images of MS-0, MS-
300, MS-350, MS-400, MS-450, MS-500 and MS-600. (h) The EDS of
MS-400.
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Fig. 3 (a) TEM of the MS-400 nanocatalyst, and HRTEM of (b) MoOs
and (c) MoS,.

boundary indicates the presence of a heterostructure and
formation via the in situ oxidation process. In HRTEM, the
observed lattice spacing of 0.32 nm clearly corresponds to the
(021) planes of MoO; (JPCDS 76-1003, Fig. 3b), and the lattice
spacing of 0.22 nm corresponds to the (103) plane of MoS,
(JPCDS 37-1492, Fig. 3c). These results confirm that MoO; has
been successfully combined with MoS,, forming a hetero-
junction between MoS, and MoO; through in situ oxidation.
The chemical state of the samples was carried out using X-
ray photoelectron spectroscopy (XPS) measurement. The
typical XPS of MS-0, MS-400 and MS-600 are illustrated in Fig. 4.
All peaks were calibrated by the C 1s peak at 284.6 eV. Elements
of Mo, S, O and adventitious C existed in the MS-0, MS-400 and
MS-600 composites (Fig. 4f). High-resolution spectra of Mo 3d
(MS-0) are shown in Fig. 4a. Two bands at 229.7 and 232.9 eV are
ascribed to the Mo*" 3ds/, and 3dsj, binding energies, respec-
tively.** The Mo 3ds/, and Mo 3d;,, binding energies for MS-600
are observed at 232.8 and 235.9 eV, respectively, and ascribed to
Mo®" (Fig. 4c).** Thus, the Mo""/Mo®" mixed state can be
observed in Fig. 4b, and confirms that the MoS,/MoO; hetero-
junction was successfully obtained. The XPS spectra of S 2p and
O 1s for MS-0, MS-400 and MS-600 were also obtained. As shown
in Fig. 4d, the decreased S 2p manifests the continuously in situ
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Fig.4 The Mo 3d and S 2p XPS survey spectra of samples: Mo 3d of (a)
MS-0, (b) MS-400, (c) MS-600. (d) The S 2p XPS survey spectra, (e) the
O 1s XPS survey spectra, and (f) the XPS full survey spectra.
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oxidation process, i.e., MoS, gradually converts into MoOj;. It
can also be supported by Fig. 4e; i.e., the major peak of O 1s
obviously increases with the decreased S 2p. However, O 1s can
also be observed in MS-0, which is ascribed to the hydroxyl
group from the surface absorbed water, and exhibits an obvious
shift that is different from that in MoOs. All these observations
manifest the fabrication of the MoS,/MoO; heterojunction via
in situ oxidation process.

3.2 Photocatalytic performance

The photocatalytic activity of the samples for the degradation of
Rhodamine B under LED light is shown in Fig. 5. As shown in
Fig. 5a, with increasing sintering temperature, the photo-
catalytic degradation performance of the samples clearly
increases (MS-0-400), and then decreases (MS-450-600). Herein,
MS-0 (MoS,) and MS-600 (M0O;) exhibit lower intrinsic photo-
catalytic activities, while MS-400 exhibits the best activity, i.e.,
the degradation reaches ~56% after 2.5 h under LED light. This
indicates that the formation of a heterojunction would be the
core issue for photocatalysis. The first order kinetic plots of the
samples were performed and are shown in Fig. 5b. The obtained
results show that the RhB degradation of the formed hetero-
junction (MS-400) exhibited 8.0-fold (MS-0)/25.6-fold (MS-600)
enhancement when compared to the monomer.

3.3 Optical properties of photocatalyst

Ultraviolet-visible diffuse reflectance spectra (UV-Vis DRS) were
used to evaluate the optical properties of the as-prepared
samples (Fig. 6a). The sample labeled MS-600 exhibits an
absorption edge at around ~450 nm, corresponding to a band
gap (E,) of ~2.75 eV for MoO5.** For MS-0, the absorption edge
around ~700 nm manifests a band gap of ~1.77 eV for MoS,.
Due to the unique surface state caused by mixed MoS, and
MoO;, MS-400 shows stronger light absorption than MS-0,
which is also the reason for the enhanced photocatalytic
performance. However, the slight increase in the light absorp-
tion causes a remarkable photocatalytic enhancement, indi-
cating the important role of the formed type II heterojunction.

The photoluminescence (PL) spectra of MS-0, MS-400 and
MS-600 are displayed in Fig. 6b. The as-prepared samples
exhibit a series of peaks at around ~450-480 nm, which is from
the recombination of the photo-generated electron and hole
pairs.*® Significantly, compared with MS-0 and MS-600, the PL
emission intensity of MS-400 displayed a significant decrease.
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Fig. 5 (a) Photodegradation efficiency of RhB and (b) the photo-
catalytic kinetic curves of the RhB degradation.
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Fig. 6 (a) UV-Vis spectra of photocatalysts; (b) Photoluminescence
spectra.

This suggests that the recombination rate of the photo-
generated electron-hole pairs has been effectively suppressed
through the formation of a type II heterojunction structure
between MoS, and MoO;. The efficient separation of the photo-
generated electron hole pairs leads to enhanced photocatalytic
degradation performance, which is consistent with the
observed photocatalytic activity of the MS-400 sample.

3.4 Photo-electrochemical measurements of samples

The transient photocurrent responses of MS-0, MS-400 and MS-
600 were recorded via several on-off cycles of irradiation, as
evidence of the activity. MS-400 clearly shows the best photo-
current under light irradiation, in comparison with MS-0 (MoS,)
and MS-600 (MoO3).

The behavior of the photocurrent matches well with the on
and off switching of the illumination (Fig. 7a). Electrochemical
impedance spectroscopy (EIS) is regarded as an effective
approach for investigating the charge transfer process at the
interfacial contact,” i.e., the arc radius of the EIS Nyquist plot
reflects the reaction rate occurring at the interface. As shown in
Fig. 7b, the arc radius of MS-400 is smaller than that of MS-
0 and MS-600 under light irradiation, indicating that MS-400
exhibited a faster interfacial charge transfer and the most effi-
cient separation of the photogenerated charge carriers. Both
results indicate the remarkable optimization of the carrier
behaviors, which are beneficial for enhancing photocatalysis.

3.5 Possible photocatalytic mechanism

According to the above discussion, a proposed mechanism is
discussed to explain the enhanced photocatalytic activity and
stability of the MoS,/MoOj; type II heterostructure under led light
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Fig. 7 (a) i—t curves of the samples. (b) Electrochemical impedance
spectra (EIS) of the samples.
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irradiation. In this work, the MoO; molecule covered the surface
of MoS, to form the heterojunction. Subsequently, owing to the
existence and effect of the built-in electrical potential in the
heterostructure, a large amount of electron hole (e"-h") pairs are
generated under led light irradiation after the absorption of
photons via the well-connected interface. Thus, the rapid and
effective separation of the electron-hole pairs was accomplished.
The electrons accumulating on the surface of MoO; will directly
reduce the dye molecules, or react with O, at the surface of the
photocatalyst in the solution to form "O,, which could also
oxidize the dyes. Furthermore, the holes react directly with the
dye or with the water on the catalyst surface to form "‘OH, and
then participate in the oxidative degradation of the dye.

Based on the above discussion, the formed MoS,/MoO;
heterojunction exhibits decent photocatalytic activities in RhB
degradation, owing to the increased specific surface areas/active
sites and increased light absorption, including the carrier
transportation and separation.

4. Conclusions

In conclusion, a novel MoS,/MoO; type II heterojunction nano-
catalyst was successfully synthesized via a simple in situ oxida-
tion sintering method. The MoS,/MoO; heterojunction exhibits
significantly enhanced photocatalytic activity compared to
monomer MoS, (MS-0, ~8.7-folds) and monomer MoO; (MS-600,
~31.5-folds). The improvement of the photocatalytic activity can
be mainly ascribed to the existence of a built-in electric field from
the MoS,/MoO; type II heterojunction, which can regulate the
carrier behavior efficiently to promote the photocatalysis,
including the transportation and separation of photogenerated
electron and hole pairs, as well as increasing the solar absorption
and specific surface areas/active sites via microstructure. Thus,
this nano-photocatalyst prepared via in situ oxidation can provide
new insights for the energy-environment field.
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