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Photocatalytic technology to convert CO, into a chemical fuel is one of the most promising ways to
alleviate the greenhouse effect. However, due to the low photocatalytic efficiency and poor product
selectivity, the application of photocatalytic CO, reduction is seriously limited. In this study,
a MoOs_,@ZnIny,S, composite with a core—shell structure is designed for the first time, and the
combination of an S-scheme heterojunction and photothermal synergistic catalysis is successfully
applied to full-spectrum solar photocatalytic CO, reduction. Thanks to the cooperative effects of its

unique hierarchical architecture, close interface contact, special charge-transfer pathway and high
Received 28th November 2022

Accepted 4th January 2023 photothermal efficiency, the MoOs_,@ZnIn,S, composite photocatalyst exhibits average yields of CO

and CH,4 up to 4.65 and 28.3 umol g™t h™ under UV-Vis-IR irradiation without a sacrificial agent and

DOI: 10.1039/d2ta092559 cocatalyst. The average yield of CH4 is 19.4 and 11.7 times that of pure MoOs_, and ZniIn,S4 samples,

Published on 05 January 2023. Downloaded on 6/22/2024 12:49:45 PM.

rsc.li/materials-a

Introduction

With the rapid growth of population and the continuous
expansion of industry, the consumption of fossil energy has
increased sharply, which brings about a serious greenhouse
effect and energy shortage. As a culprit of the greenhouse effect,
CO, can be converted into clean energy and additional chemical
products by various methods, which is able to not only effec-
tively alleviate environmental and climate problems, but also
provide a new path for energy production.™* So far, the prevalent
CO, reduction methods include photocatalysis,® electro-
chemical reduction,* and biological immobilization.” Among
them, photocatalysis has attracted much attention as
a sustainable, green and cost-effective technique. It has been
widely applied in various catalytic reactions such as CO,
conversion,® pollutant degradation,” water splitting,® and
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respectively. Moreover, it also shows a CH, selectivity as high as 85.89%.

nitrogen fixation.*'® However, the low photocatalytic efficiency
and poor product selectivity have greatly limited the application
of photocatalytic CO, reduction.

Since photocatalytic CO, reduction is endothermic in ther-
modynamics, in order to improve its conversion efficiency and
product selectivity, researchers have strived to introduce
thermal effects in photocatalytic reactions to achieve photo-
thermal synergistic catalysis."* Higher temperature can be
beneficial to improve the efficiency of photocatalytic CO,
reduction in several aspects: (1) accelerating the transfer of
photogenerated charges to the catalyst surface and improving
the separation efficiency of electrons and pores; (2) activating
specific chemical bonds of reactants and increasing the selec-
tivity of products; (3) providing some ability to cross the acti-
vation energy barrier and enhancing the reaction rate; (4)
intensifying the thermal motion of molecules, promoting the
adsorption and desorption of reactants and products, and
enabling the rapid regeneration of active sites on the catalyst
surface.”™'® Moreover, as a crucial factor affecting the reaction
direction, temperature also has a critical influence on photo-
catalytic CO, reduction. Generally, the increase of temperature
can change the balance of the chemical reaction, thereby
achieving higher reaction efficiency."”*® The local surface plas-
mon resonance (LSPR) effect produced by noble metal nano-
particles can effectively convert light energy into thermal
energy, thus significantly increasing the catalytic efficiency and
product selectivity without an additional external heat source.*®

This journal is © The Royal Society of Chemistry 2023
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In recent years, the LSPR effect has also been found in some
non-stoichiometric compounds, such as WO;_,,”* MoO;_,,**
W;5046,”> Cu,_,S,” and so on. Compared with noble metals,
these compounds are not only low-cost and environmentally
friendly, but also have semiconductor properties, allowing them
to generate high-energy hot electrons under light irradiation. As
a result, they themselves have the ability of photothermal
synergistic catalytic reactions.

Due to the large number of oxygen vacancies in MoO;_,,
Mo®" ions are reduced to low-valent Mo®", which leads to a great
increase in the concentration of free electrons, and thus makes
MoO;_, have a LSPR effect.* In this case, the light absorption
range of the material can be extended to the visible region and
even to the near infrared region on account of the resonance
absorption of free electrons. Under the excitation of light at
a specific wavelength, electrons transition to form high-energy
hot electrons and holes to participate in the corresponding
reactions. At the same time, the conversion of these high-energy
hot electrons into phonons converts chemical energy into
thermal energy, which raises the surface temperature of the
material, thus promoting certain catalytic reactions.*® Based on
these advantages, the photothermal effect of MoO;_, has been
widely used in photocatalytic reactions such as CO, reduction,*
water splitting,”” and pollutant degradation.”® Unfortunately,
because of the low efficiency of photogenerated charge separa-
tion, the photocatalytic performance of a single-phase MoO;_,
material is greatly reduced, which limits its extensive
application.

Combining two semiconductor materials with appropriate
energy band structures to form a heterojunction has always
been an effective strategy to improve the charge separation
efficiency and catalyst performance. In addition, the reduction
of CO, to CH, is an eight-electron reaction process, which
requires more effective electrons to participate in the reaction to
improve the CH, selectivity.” Therefore, the construction of
a heterojunction can also increase the selectivity of products in
photocatalytic CO, reduction.*® Although the traditional type-I
and type-II heterojunctions can improve the charge separa-
tion, the reducibility/oxidizability of photogenerated electrons/
holes are greatly diminished. Furthermore, owing to the elec-
trostatic effect, the electrons and holes in the heterojunction
interact with each other, thereby inhibiting the charge transfer
at interfaces.>® Recently, an S-scheme heterojunction has been
demonstrated to provide a new way for the transfer of photo-
generated charges under the action of an internal electric field
(IEF) and electrostatic attraction, which not only essentially
facilitates the separation and migration of photogenerated
charges, but also maximizes the retention of the strong redox
capacity of charges.*

Znln,S, is a kind of multinary sulfides with excellent pho-
tocatalytic performance. Its suitable band gap and tunable
morphology make it widely applicable in photocatalytic CO,
reduction.*® However, the poor light stability, narrow photo-
absorption range and low charge separation efficiency are
important bottlenecks restricting its practical application.
Researchers have successfully combined numerous materials
such as Bi Tiz04,,>* 2-C3N,,* ZnWO,,* and CeO, (ref. 37) with

This journal is © The Royal Society of Chemistry 2023

View Article Online

Journal of Materials Chemistry A

ZnIn,S, to construct S-scheme heterojunctions and applied
them to various fields of photocatalysis. In this case, the pho-
tocorrosion phenomenon can be substantially improved, and
the photocatalytic performance is greatly enhanced. Mean-
while, the effective contact area in the heterojunction also has
great influence on the charge transfer. Generally, the
construction of a core-shell architecture using one-dimensional
(1D) and two-dimensional (2D) structures can form more
effective interfacial contacts, which are more favorable for the
transfer of photogenerated charges at the interface.*®

Herein, 1D needle-like MoO;_, submicron rods are fabri-
cated via a solvothermal reduction route, and the MoO;_,@-
ZnIn,S,; composites with a core-shell structure can be
successfully prepared by in situ growth of ZnIn,S, nanosheets
on the surface of MoO;_, by a low-temperature reflux method.
Although the ZnIn,S,;@Mo00; composite has been previously
reported for photocatalytic degradation of tetracycline hydro-
chloride,* to the best of our knowledge, the construction of
a MoO;_,@ZnlIn,S, composite has not been reported. In
particular, the synergistic effect of photothermal conversion
and the S-scheme heterojunction for photocatalytic CO,
reduction is rarely studied. The results demonstrate that the
unique charge transfer mode of the S-scheme heterojunction in
the prepared MoO;_,@ZnIn,S, system is more beneficial to the
photocatalytic reaction. Additionally, the LSPR effect due to the
high concentration of oxygen vacancies in MoO;_, leads to
more energetic hot electrons and higher catalyst surface
temperature, which improves the reaction efficiency and
product selectivity of CO, reduction.

Experimental
Chemicals and materials

All chemicals and materials in this work were directly used
without further purification. Anhydrous zinc chloride (ZnCl,)
and thioacetamide (CH3CSNH,, TAA) were supplied by Macklin
Biochemical Co., Ltd. (Shanghai, China). Nitric acid (HNO3) and
indium chloride tetrahydrate (InCl;-4H,0O) were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Ammonium molybdate tetrahydrate [(NH,)sMo0,0,, 4H,0],
glycerol (CH,OHCHOHCH,OH), and absolute ethanol (CHj;-
CH,OH) were obtained from Xilong Science Co., Ltd. (Shantou,
China). Deionized water was produced by using a Milli-Q pure
water system (Merck, Germany).

Synthesis of 1D MoO;

MoO; rod-shaped crystals were prepared by a solvothermal
method. (NH4)sMo0,0,,-4H,0 (1.5 mmol, 1.854 g) was dispersed
in 40 mL of deionized water and stirred at room temperature for
5 min. Subsequently, 10 mL of concentrated nitric acid was
added to the suspension and stirred for 30 min to obtain
a transparent solution, which was then transferred to a 70 mL
Teflon lined stainless steel autoclave (Anhui Kemi Machinery
Technology Co., Ltd., Hefei, China) and heated at 180 °C for
17 h. After cooling down to room temperature naturally, the
white precipitate was isolated by centrifugation, washed
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alternately with deionized water and absolute ethanol three
times, and finally dried under vacuum at 60 °C for a day.

Synthesis of 1D MoO;_,

MoO; rod-shaped crystals were transformed into MoO;_,
needle-like crystals by solvothermal reduction using absolute
ethanol as the reducing agent. Typically, 0.5 g of 1D MoO;
precursor was added into 50 mL of absolute ethanol and stirred
at room temperature for 30 min. The obtained suspension was
transferred to a Teflon lined stainless steel autoclave and heated
at 140 °C for 12 h. After cooling naturally to room temperature,
a dark blue precipitate was collected by centrifugation, washed
three times alternately with deionized water and absolute
ethanol, and finally dried under vacuum at 60 °C for a day.

Synthesis of M0oO;_,@ZnIn,S, composites

The MoO;_,@ZnIn,S, core-shell composites were fabricated
via a low-temperature reflux route. First, 100y mg (y = 1, 2, 3, 4,
and 5) of the as-obtained 1D MoO;_, powder precursor was
ultrasonically dispersed in 50 mL of glycerol aqueous solution
(Vig0: Vay = 4:1) for 15 min. Afterwards, ZnCl, (1 mmol,
0.1363 g), InCl;-4H,0 (2 mmol, 0.5865 g) and TAA (6 mmol,
0.4508 g) were added to the above-mentioned MoO;_, suspen-
sion, and stirred at room temperature for 30 min. The resulting
solution was transferred to a 100 mL round bottom flask, heated
to 85 °C in a mantle, and refluxed under continuous stirring for
2 h. After reaction, it was cooled to room temperature naturally,
and the powder could be separated by centrifugation. The
product was then washed three times alternately with deionized
water and absolute ethanol, and eventually dried under vacuum
at 60 °C for 24 h. The prepared composite sample was labeled
MO@®?ZIS-y. A ZnlIn,S, single phase sample was prepared under
the same experimental conditions without the introduction of
the MoO;_, precursor. The synthesis processes are illustrated in
Scheme 1.

Sample characterization and photoelectrochemical tests

The material characterization results including X-ray diffraction
(XRD) patterns, scanning electron microscopy (SEM) images,
energy dispersive spectrometer (EDS) spectra, transmission

electron microscopy (TEM) images, high resolution
tn-
S # 180°C;17h 140°C;12h;EtOH
(NH,)sM0,0,,-4H,0 [ 3| .
HNO,+H,0 I
: L | solvothermal solvothermal
L
MoO; MoO;,
H,0
Glycerol

ZncCl,
InCly-4H,0
TAA

MoO, ,@ZnIn,S,

Scheme 1 Schematic illustration for the preparation of the
MoOsz_,@ZnIn,S4 composites.
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transmission electron microscopy (HRTEM) images, selected
area electron diffraction (SAED) patterns, X-ray photoelectron
spectroscopy (XPS) spectra, valence band XPS (VB-XPS) spectra,
nitrogen adsorption-desorption isotherms and pore size
distribution curves, ultraviolet-visible-near infrared (UV-Vis-
NIR) absorption spectra, photoluminescence (PL) emission
spectra, and time-resolved photoluminescence (TR-PL) decay
spectra, as well as the photoelectrochemical tests can refer to
our previous work.* The EDS elemental mapping images in this
work were obtained by both SEM and TEM tests. In addition, to
determine the presence of oxygen vacancies, 10 mg of product
was put into the sample tube of a Bruker EMX-PLUS spec-
trometer for room temperature electron paramagnetic reso-
nance (EPR) spectroscopy. Inductively coupled plasma optical
emission spectroscopy (ICP-OES) tests were performed on an
Agilent 730 device (Agilent Technologies, USA). In situ XPS data
were obtained on an AXIS Supra X-ray photoelectron spec-
trometer (Kratos, Japan), during which a 300 W xenon lamp
(PLS-SXE 300+, Beijing Perfect Light Technology Co., Ltd.)
provided the simulated sunlight exposure. In the transient
photocurrent tests under different light source conditions, the
same 300 W xenon lamp as above was used as the simulated
solar light source (UV-Vis-IR full-spectrum). An infrared cut-off
filter (A = 780 nm) was used to provide ultraviolet-visible (UV-
Vis) light irradiation, and an infrared cut-off filter (A < 800
nm) was used to provide infrared (IR) light irradiation. The
amperometric I-¢ curves of the transient photocurrent response
were obtained by measuring the variation of photocurrent with
time under continuous application of 1.5 V voltage and repeated
intermittent illumination.

Photothermal-assisted photocatalytic CO, reduction tests

All the experiments of photothermal-assisted photocatalytic
CO, reduction were carried out in an enclosed reactor. First,
20 mg of catalyst was evenly coated on a round fiberglass
membrane with a diameter of 30 mm, and fixed inside the
reactor. Humid CO, gas (Vco,: Via,o = 95:5) was continuously
introduced into the reactor for 1 h to remove excess air from the
reactor. Then, the reactor was closed and exposed to a light
source for 3 h to conduct photothermal-coupled photocatalytic
CO, reduction experiments under UV-Vis-IR, UV-Vis and IR
illumination, respectively. A gas chromatograph equipped with
FID and TCD detectors regularly detected the output of CO and
CH,, and calculated the average yield and selectivity of prod-
ucts. At the same time, a thermocouple was in contact with the
surface of the catalyst to measure its surface temperature in real
time. The experimental operations for the photothermal-
assisted photocatalytic stability of the catalyst were the same
as described above, except that the reactor was purged with
moist CO, gas for 2 h after each cycle of experiment to
completely remove the gaseous products from the reactor for
the next cycle of the catalytic experiment. The production rate of
CH, (Rcu,) and CO (Rgo) was evaluated by using the following
equations:***>*

Q X VCH4

i x 224 (Hmol gt ) ®

Ren, =

This journal is © The Royal Society of Chemistry 2023
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0 x Vco

Reo = =2 "7€0
O e x 22.4

(umol g™ h™") (2)

The product selectivity of CH, and CO was estimated by
using the equations as follows:*>*"*>

Mcy
CH; (%)= ———*— 3
+ () Mcu, + Mco G)
Mco
CO %)= ————— 4
%) Mcu, + Mco @)

Herein, Q is the gas flow rate (mL h™ "), m., represents the
loading amount of catalyst, Vcy, and Vo denote the concen-
trations of CH, and CO detected with an online gas chroma-
tography system (vol%), and My, and Mc express the number
of moles of CH, and CO, respectively.

Results and discussion

Phase and composition analysis

In order to determine the phase structure of the prepared
samples, they are characterized by XRD. The XRD patterns of
the MoO; sample as well as the corresponding MoO;_, sample
obtained after solvothermal reduction are shown in Fig. S1.f
For the MoO; sample, it can be found that all the diffraction
peaks can be readily indexed to the orthorhombic structure of
MoO; (JCPDS card file no. 76-1003).** The diffraction patterns of
the MoO;_, sample correspond perfectly to the standard data of
the orthorhombic MoO;_, phase (JCPDS card file no. 70-0615).
The diffraction peaks at 12.6°, 23.8°, 25.3°, 27.1°, 29.9°, 33.9°
and 38.4° can be indexed to the (020), (110), (040), (020) and
(130) planes of orthorhombic MoOj;_,, respectively.* It is clear
that the relative diffraction intensity of (0k0) planes is extremely
prominent for both MoO; and MoO;_, samples, indicating that
there should be a significant growth orientation along the b-axis
in the prepared molybdenum oxides crystals. The XRD patterns
of the ZnIn,S, and MoO;_, single-phase samples together with
the MoO;_,@ZnIn,S,; samples with different composition
ratios are comparatively displayed in Fig. 1. Among them, all
diffraction peaks of the ZnIn,S, sample are in good agreement
with those of the hexagonal ZnIn,S, structure (JCPDS card file
no. 65-2023). The characteristic diffraction peaks located at
21.6°, 27.2°, 30.4°, 39.8°, 47.2° and 52.4° correspond to the
(006), (102), (104), (108), (110) and (116) reflections, respec-
tively.*® As for the XRD spectra of those MO@ZIS-y composite
samples, it can be observed that the diffraction peaks of the
MoO;_, phase become more and more obvious with the
increase of the y value (i.e., the increase of the MoO;_, content),
while the diffraction intensity of the ZnIn,S, phase gradually
decreases. It should be noted that in the MO@ZIS-1 sample, the
diffraction peaks of MoO;_, are difficult to identify due to its
low content, and the whole diffraction patterns are almost
dominated by the diffraction peaks of ZnIn,S,. Therefore, the
XRD results demonstrate that MoO;_,@ZnIn,S, composites
have been successfully fabricated. No diffraction peaks of
impurity phases are perceived. What's more, in order to prove

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 XRD patterns of the as-prepared MoOsz_,, Znln,S, and
MO@ZIS-y samples.

that oxygen vacancies can be introduced into the MoO; struc-
ture through the ethanol solvothermal reduction strategy, the
prepared MoO;, MoO;_, and MO®@?ZIS-3 samples are tested
with EPR, and the results are shown in Fig. S2.1 As expected, no
EPR signal is detected in MoOs, but a significant EPR signal
peak appears at g = 2.003 in both MoO;_, and MO@ZIS-3
samples, which is a strong indication of the successful intro-
duction of oxygen vacancies in MoO; to produce the non-
stoichiometric MoO;_, sample. Normally, the EPR peak inten-
sity is positively related to the oxygen vacancy concentration.
The signal intensity of oxygen vacancies in the MO®@ZIS-3
composite is higher than that in the MoO;_, sample. This
should be due to the strong reducibility of glycerol, which not
only protects the oxygen vacancies in MoO;_, from oxidation,
but also increases the number of oxygen vacancies in the
sample. Oxygen vacancies can generally be used as a trap for
photogenerated electrons in photocatalytic reactions, which
inhibits the recombination of electrons and holes and makes
more effective electrons participate in the CO, reduction reac-
tion, thus promoting its catalytic efficiency.

In order to understand the elemental composition and their
valence states, the MoOz;, MoO;_,, ZnIn,S, and MO®@ZIS-3
samples are characterized by XPS using C 1s binding energy
(284.8 eV) as a reference. The XPS survey spectrum of the MoOj3
sample is shown in Fig. S3a.T Except for the characteristic peaks
of Mo and O elements, no signals of other elements are
observed, suggesting the high purity of the prepared MoO;
sample. Meanwhile, there are only two characteristic peaks of
hexavalent Mo®" in the core-level spectrum of Mo 3d (Fig. S3bt),
which can be attributed to Mo®" 3ds, and Mo®" 3d,,,, respec-
tively.* In the core-level spectrum of O 1s (Fig. S3ct), it can be
divided into three peaks, which are ascribed to lattice oxygen

J. Mater. Chem. A, 2023, 11, 2178-2190 | 2181
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(Ojate, i.e. O-Mo), adsorbed oxygen (O,qs) and H,0.*” The survey
spectra of the ZnIn,S,, MoO;_, and MO®@ZIS-3 samples are
presented in Fig. 2a. In the bare ZnIn,S, and MoO;_, samples,
only those peaks of the constituent elements can be detected. As
expected, for the MO@ZIS-3 sample, the characteristic peaks of
both MoO;_, and ZnIn,S, phases are observed, confirming
their successful compositing. The high-resolution XPS spectra
of all elements in the ZnIn,S,, MoO;_, and MO®@ZIS-3 samples
are provided in Fig. 2b-f. In the ZnIn,S, sample, the two strong
peaks in the core-level spectrum of Zn 2p can be assigned to Zn
2p32 (1021.80 eV) and Zn 2p,, (1044.84 eV), which proves that
Zn exists in the form of +2 valence.*® For the core spectrum of In
3d, the two prominent peaks are ascribed to In 3ds,, (445.06 eV)
and In 3d;, (452.64 eV), corresponding to the In*' state.*®
Meanwhile, the S 2p spectrum can be fitted into two component
peaks, which are associated with S 2p;/, (161.67 eV) and S 2p;,,
(162.76 eV).*® As for the MoOj;_, sample, the core spectrum of
the Mo 3d orbit has two more Mo’ characteristic peaks
(231.49 eV and 234.47 eV) in addition to two Mo®" characteristic
peaks (232.86 eV and 236.01 eV) compared with the MoOj;
sample.* This indicates that the use of ethanol as a solvent
successfully reduces part of Mo®" to Mo®”, resulting in a large
number of oxygen vacancies.*® The core-level spectrum of O 1s
for the MoO;_, sample is similar to that of MoO; with three
characteristic peaks corresponding to O-Mo (530.43 €V), O,qs
(531.86 eV), and H,O (533.20 eV). However, it should be noted
that the relative intensity of the O,q45 peak is obviously enhanced
in MoO;_, due to the formation of oxygen vacancies. By
comparing the core spectrum of each element in ZnIn,S,,
MoO;_, and MO®@ZIS-3 samples, it can be found that there are
two new characteristic peaks in the Mo 3d spectrum of
MO@®?ZIS-3. Among them, the peak at 226.2 eV is related to S 2s,
while the peak at 230.05 eV can be considered to be part of Mo**
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in the form of the Mo-S bond under the strong reduction of
glycerol.>* Moreover, the peak intensity ratio of O,qs t0 Oja
(Oads/O1art) is greatly increased after compositing. The larger the
O,4s/O1ate Value, the higher the oxygen vacancy concentration in
the product,” signifying a significant increase of oxygen
vacancy concentration in the MO®@ZIS-3 composite, which is
consistent with the EPR results. The large number of oxygen
vacancies allows Mo atoms to have more unpaired electrons,
which greatly increases the chance of Mo atoms binding to S
atoms to form Mo-S bonds. More importantly, after compos-
iting, the characteristic peaks of Zn, In and S elements all shift
to higher binding energy, while those of Mo and O elements all
shift to lower binding energy, which means that the electron
density in ZnIn,S, decreases and becomes an electron donor,
while the electron density in MoO;_, increases and becomes an
electron acceptor. This result demonstrates that there is
a strong interaction between ZnIn,S, and MoO;_,, providing
a suitable foundation of the IEF for the construction of an S-
scheme heterojunction.®

Morphology and structure analysis

The interface and contact between the two components in
composites usually have a huge impact on the transfer of pho-
togenerated charges. The morphology and microstructure of the
fabricated photocatalysts are observed by SEM and TEM
measurements. The SEM images of the oxygen-vacancy-free
MoO; sample are shown in Fig. S4a and b,f which is
composed of massive and uniform rod-shaped crystals with
a length of about 10 pm and a diameter of about 200 nm. When
the MoO; sample is solvothermally reduced to MoO;_, with
ethanol, its morphology changes from rod-shaped crystals to
needle-like crystals, as shown in Fig. S4c and d.f Their length
and diameter are similar to those of the MoO; precursor, but
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the diameter at the tip is about 30 nm. The submicron needle-
like structure of the MoO;_, sample is further confirmed by the
TEM images (Fig. S4e and ft). The HRTEM image taken from
a single MoO;_, crystal (Fig. S4gt) displays well-defined lattice
fringes, demonstrating its good crystallinity. The lattice fringes
with a d-spacing of 0.35 nm correspond to the (040) crystal plane
of orthorhombic MoO;_,, revealing that these 1D crystals grow
along the b-axis direction, which is totally consistent with the
preferred orientation in the XRD results. The SAED patterns
(Fig. S4ht) exhibit clear 2D diffraction spots, further confirming
the good single crystal nature of MoO;_, 1D crystals. In the EDS
spectra of MoO; and MoO;_, (Fig. S5a and bt), except for Si, Au
and C signals originating from the silicon substrate, gold
spraying and carbon conductive tape during the SEM test, there
are only the characteristic peaks of Mo and O elements. Addi-
tionally, from the elemental mapping images of the MoO;_,
sample (Fig. S6a-dt), it is observed that Mo and O elements are
uniformly distributed in the entire needle-shaped crystals. All
results verify the successful synthesis of MoO; and MoO;_, with
high purity. The SEM images (Fig. S7a and bf) of the bare
ZnlIn,S, sample show that it consists of nanosheets with
a thickness of about 10-20 nm in flower-like clusters. The TEM
images (Fig. S7c and df) also confirm the hierarchical archi-
tecture composed of nanosheets. In the HRTEM image of
ZnIn,S, (Fig. S7et), distinct 2D lattice fringes can also be
observed, and the interplanar spacings can be measured to be
0.32 and 0.33 nm, corresponding to the (102) and (100) lattice
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planes of the hexagonal ZnIn,S, phase, respectively. The poly-
crystalline diffraction rings in the SAED patterns (Fig. S7f}) can
be readily indexed to the ZnIn,S, hexagonal structure. The EDS
spectrum (Fig. S81) and the elemental mapping images
(Fig. S9a-df) of the ZnIn,S, sample reveal the presence of Zn, In
and S elements and their uniform distribution. Therefore, high
purity ZnIn,S, nanosheets have been successfully synthesized.

The MO@?ZIS-3 sample was taken as a representative to
explore the composite and interface between ZnIn,S, and
MoO;_,. From the low-magnification SEM images in Fig. 3a and
b, it can be observed that the original smooth surface of MoO;_,
needle-like crystals is densely covered by a layer of interlaced
nanosheets, thereby forming a unique core-shell structure. The
morphology and thickness of these nanosheets are basically the
same as those of the pure ZnIn,S, sample. Therefore, it can be
inferred that MoO;_, 1D crystals provide a good nucleation and
growth substrate for the formation of ZnIn,S, nanosheets,
which makes ZnIn,S, grow uniformly on the surface of MoO;_,
instead of spontaneously aggregating into flower-like clusters.
The high-magnification SEM image (Fig. 3c) evidently shows the
close contact between ZnIn,S, and MoO;_, at the interface,
which is favourable for charge transfer in the photocatalytic
reactions. The TEM images of the MO@®@ZIS-3 composite
(Fig. 3d-f) further verify the core-shell structure with the tight
growth of ZnIn,S, nanosheets on 1D MoO;_,. This 1D/2D core-
shell growth not only affords a large effective contact area and
a convenient charge transfer channel, but also increases the

Fig. 3 (a—c) SEM images, (d—f) TEM images, (g) HRTEM image, (h) SAED patterns, and (i) EDS elemental mapping images of the prepared

MO@ZIS-3 composite.
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specific surface area and the catalytically active sites. The
microstructure of MO@?ZIS-3 is studied by observing the
HRTEM images at the interface between ZnIn,S, and MoO;_,.
As displayed in Fig. 3g, two groups of lattice fringes with
a spacing of 0.32 nm and 0.35 nm can be ascribed to the (102)
plane of ZnIn,S, and the (040) plane of MoOj;_,, respectively.
Furthermore, the polycrystalline diffraction rings of ZnIn,S,
and the single crystal diffraction spots of MoO;_, can also be co-
observed in the corresponding SAED patterns (Fig. 3h). These
results clearly demonstrate that ZnIn,S, 2D nanosheets and
MoO;_, 1D acicular crystals form a close contact composite
material, rather than a simple mechanical mixture. The signal
peaks of Mo, O, Zn, In and S are simultaneously observed in the
EDS spectrum of the MO@ZIS-3 sample (Fig. S10%). Further-
more, except for Si, Au and C, there are no signal peaks of other
impurity elements. As shown in Fig. 3i, the elemental mapping
images of the MO@ZIS-3 sample reveal that Mo and O elements
are distributed in the needle core, while Zn, In and S elements
are distributed in the nanosheet shell. All these microscopic
analyses once again prove that the MoO;_,@ZnlIn,S, core-shell
composite with a direct intimate contact is successfully
fabricated.

It is widely aware that a higher specific surface area can
supply more adsorption sites for catalytic reactions, increase
the contact probability between reactants and catalysts, and
thus improve the catalytic activity. In order to explore the
specific surface area and pore size distribution of samples,
nitrogen (N,) adsorption-desorption isotherm tests are per-
formed on the ZnIn,S4, M0oO;_, and MO@?ZIS-3 samples. Fig. 4a
presents their adsorption-desorption isotherms, and the BET
model is used for analysing and calculating the specific surface
area. According to the IUPAC classification, ZnIn,S,;, MoO;_,
and MO@ZIS-3 all exhibit type IV adsorption-desorption
isotherms with H3-type hysteresis loops, implying that these
samples should be mesoporous materials. The specific surface
area of MoO;_, and ZnIn,S, is 166.8352 and 171.6381 m? g,
respectively, while that of the MO@ZIS-3 composite is as high as
237.3724 m> g~ . The increase of the specific surface area can be
attributed to the uniform growth of ZnIn,S, nanosheets on the
surface of MoO;_, 1D crystals, which effectively avoids the
agglomeration of ZnIn,S, nanosheets and then provides richer
active sites for CO, adsorption and photocatalytic reactions. The
pore size distribution and average pore volume of the ZnIn,S,,
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Fig. 4 (a) N, adsorption—desorption isotherms and (b) the corre-
sponding pore size distribution curves for the prepared MoOs_,,
MO@ZIS-3, and ZnIn,S4 samples.

2184 | J Mater. Chem. A, 2023, 11, 2178-2190

View Article Online

Paper

MoO;_, and MO®@ZIS-3 samples are determined using the BJH
model, and the results are depicted in Fig. 4b. The porous
structure of the MoO;_, sample is mainly provided by the
surface pores, so its average pore diameter and average pore
volume are relatively small. Hierarchical ZnIn,S, flower clusters
have porous structures formed by interlacing and stacking of
nanosheets, and thus the average pore size is relatively large.
When ZnIn,S, nanosheets are in situ grown on the surface of
MoO;_, crystals, the nanosheets are significantly closer to each
other, and the average pore diameter become smaller, between
ZnIn,S, and MoO;_,. Meanwhile, the number of pores on the
sample surface is greatly increased, resulting in an enhance-
ment of the average pore volume.

Optical absorption properties and energy band structure

As we all know, the low utilization rate of solar energy by pho-
tocatalysts has been one of the most important reasons
restricting the development of photocatalysis technology. Since
visible light accounts for only about 43% of sunlight, it is
particularly vital to broaden the light absorption range of the
catalysts. The UV-Vis-NIR absorption spectra of the MoO; and
MoO;_, samples are shown in Fig. S11.7 Apparently, the light
absorption of the MoO; sample is mainly in the ultraviolet
region, with low utilization of visible and near infrared light.
However, as for the MoO;_, sample, the oxygen-vacancy-
induced LSPR effect gives rise to strong absorption perfor-
mance in both visible and near infrared regions. The absorption
at 200-420 nm should be the intrinsic absorption of MoO;_,,
while the broad absorption at 420-2500 nm can be attributed to
the absorption band caused by the LSPR effect. The evident
color change (from white to dark blue) of the powdery products
also reflects a change in their light absorption. The optical
absorption properties of the ZnIn,S;, MoO;_, and MoO;_,@-
ZnlIn,S, samples are contrastively analyzed in Fig. 5a. The
absorption edge of the pure ZnIn,S, sample is near 520 nm,
while the optical absorption range can be extended to the near
infrared region after ZnIn,S, is composited with MoO;_,. With
the increase of the MoO;_, content in the composites, the
optical absorption intensity of the samples increases gradually,
indicating that the compositing of MoO;_, and ZnIn,S, can
elevate the utilization efficiency of sunlight. The Tauc equation
is employed to convert the optical absorption data, and the
hv—(ahv)® curves are plotted in Fig. 5b. By extending the linear
part near the band edge to (ahv)* = 0, the optical bandgap
values of the synthesized ZnIn,S, and MoO;_, samples are
evaluated to be 2.53 eV and 2.42 eV, respectively. Moreover, the
valence band (VB) potentials of ZnIn,S, and MoO;_, samples
are 1.61 V and 3.04 V (versus the normal hydrogen electrode,
NHE) according to the VB-XPS results (Fig. 5¢ and d), and then
the conduction band (CB) potentials of ZnIn,S, and MoO;_,
samples can be calculated to be —0.92 V and 0.66 V (vs. NHE),
respectively. Based on the above results, the schematic diagram
of the energy band structures of ZnIn,S, and MoO;_, is illus-
trated in Fig. 5e. The staggered energy band structure between
them is an essential condition for the formation of an S-scheme
heterojunction.* For the overpotential conditions required for
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Fig. 5 (a) UV-Vis-NIR absorption spectra and (b) the corresponding
Tauc plots of all the as-prepared samples. VB-XPS spectra of (c)
Znin,S4 and (d) MoOs_,. (e) Energy band structures of ZnIn,S,; and
MOOZ—X-

CO, reduction, although the conduction band electrons of
MoO;_, are not negative enough to reduce CO, to CO and CH,,
the electrons in the ZnIn,S, conduction band are fully satisfied.

Photothermal-coupled photocatalytic CO, reduction
performance

In order to evaluate the photothermal synergistic catalytic
performance of the developed catalysts, photocatalytic CO,
reduction experiments are carried out in a gas-solid mode
without sacrificial agents and co-catalysts. At the same time, the
surface temperature of the catalysts is detected by using a ther-
mocouple during the experiments, and the results are shown in
Fig. 6. It can be evidently observed from Fig. 6a and b that the
MoO; sample fails to reduce CO, and no gas products can be
detected after 3 h of UV-Vis-IR full-spectrum irradiation.
However, all other samples are subjected to photocatalytic CO,
reduction, and the presence of CH, and CO is detected in the
gaseous products. The production of CH, and CO gases
increases almost linearly with the irradiation time, indicating
that these samples have stable photocatalytic CO, reduction
performance under continuous illumination. It is apparent that
the yields of CH, and CO for all composite samples are higher
than those for pure MoO;_, and ZnIn,S, samples. Fig. 6¢ shows
the average yields of the CH, and CO products, the selectivity of

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 (a) CH4 production and (b) CO production as a function of
irradiation time under full-spectrum illumination over the prepared
samples. (c) Product yields, CH, selectivity and surface temperature of
the as-prepared samples under full-spectrum illumination. (d) Product
yields, CH4 selectivity and surface temperature of the MO@ZIS-3
sample under different light irradiation.

the CH, product, and the surface temperature of the catalyst for
all samples under UV-Vis-IR illumination for 3 h. The average
CO production rate (Rco) and average CH, production rate
(Rcu,) of the MoO;_, sample are 7.34 ymol g~ ' h™' and 1.46
umol g~' h™", respectively, and the selectivity of CH, is only
16.39%. The Rco and Rcy, of the ZnIn,S, sample are 4.56 pmol
g " h " and 2.43 umol g * h™?, respectively, with a CH, selec-
tivity of 34.76%. However, after MoO;_, and ZnlIn,S, are
successfully composited, the Rco of MO@ZIS-1, MO@ZIS-2,
MO@ZIS-3, MO@ZIS-4 and MO@ZIS-5 is 9.23, 7.72, 4.65, 7.48
and 8.55 pmol g~ ' h™", respectively. Meanwhile, the Rcy, of
each MO@ZIS-y composite is 10.81, 16.64, 28.3, 19.22 and 13.41
pumol g~* h™'. Accordingly, in these MO®ZIS-y composite
photocatalysts, the yield and selectivity of CH, first rise and
then fall with the increase of MoO;_, content. Among them,
MO@®?ZIS-3 exhibits the best performance, and the average CH,
yield is 19.4 and 11.7 times that of MoO;_, and ZnIn,S,,
respectively. Furthermore, for the MO®@ZIS-3 catalyst, the
selectivity to the CH, product can reach 85.89%. Considering
the high concentration of oxygen vacancies and their induced
LSPR effect, the photothermal effect of MoO;_, as well as the
composite samples is expected to effectively raise the surface
temperature of the catalysts. During the photocatalytic CO,
reduction process, the surface temperatures of MoO3z, M0oO;_,,
Znin,S,, MO@ZIS-1, MO@ZIS-2, MO@ZIS-3, MO@ZIS-4 and
MO@?ZIS-5 catalysts are measured, reaching 103 °C, 192 °C,
121 °C, 165 °C, 172 °C, 180 °C, 186 °C and 190 °C, respectively. It
should be noted that although the oxygen vacancy concentra-
tion in MoO;_, is not as high as that in MO@ZIS-y, its surface
temperature will be higher than that of the MO®@ZIS-y
composite, because it is a pure MoO;_, sample without the
covering layer of ZnIn,S,. However, the surface temperature of
all composite samples is much higher than that of the pure
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ZnIn,S, sample, which indicates that the coating of ZnIn,S,
nanosheets affects the LSPR effect of MoO;_,, but does not
cause its complete loss.

In order to verify that IR light itself cannot generate photo-
excited charges, but only raises the catalyst surface temperature
to promote the photocatalytic activity, the MO@ZIS-3 sample is
used for photocatalytic CO, reduction experiments with
different light sources, and the results are presented in Fig. 6b.
Firstly, under IR illumination, the sample does not cause the
reduction of CO,, which indicates that IR light cannot excite the
catalyst to produce photogenerated charges to participate in
CO, reduction. At the same time, the surface temperature of the
sample reaches 179 °C under IR illumination, reflecting that
thermocatalysis alone does not enable the reduction of CO,.
Secondly, under UV-Vis illumination, the surface temperature
of the MO@ZIS-3 sample only reaches 126 °C. The Rco and Rcy,
are 2.98 and 5.56 pmol g~ ' h™', respectively, and the CH,
selectivity is only 65.11%. The above results reveal that the role
of IR light is mainly to raise the surface temperature of the
catalyst through the photothermal effect, rather than to stim-
ulate the photocatalytic reactions. To investigate the effect of
temperature on the photocatalytic CO, reduction, the MO@ZIS-
3 sample is taken as a representative catalyst, the surface
temperature is controlled by using an external heater, and UV-
Vis light is used as the illumination condition. Then thermal
assisted photocatalytic CO, reduction experiments are carried
out at different temperatures. From Fig. S12,7 it can be found
that the higher the temperature, the higher the photocatalytic
CO, reduction efficiency and the better the CH, selectivity,
which unambiguously shows that the temperature is also
a favorable factor affecting the photocatalytic CO, reduction. In
light of the above results, the main reasons for the substantially
improved photocatalytic performance of the MoO;_,@ZnIn,S,
composites can be attributed to three aspects. First, the unique
3D hierarchical architecture together with the novel LSPR effect
greatly enhances the light absorption efficiency of the catalyst.
Second, the close contact growth and the matching band
structures between MoO;_, and ZnIn,S, allow them to build
a good heterojunction, which can effectively promote the
separation and transfer of photogenerated charges and enable
more electrons to participate in the photocatalytic reaction.
Finally, the photothermal effect effectively elevates the catalyst
surface temperature and accelerates the catalytic reaction via
photothermal synergistic catalysis.

The stability of the catalyst is always one of the decisive
factors for its practical application. The best-performing
MO@®ZIS-3 sample is subjected to five rounds of
photothermal-assisted photocatalytic CO, reduction experi-
ments, and the results are shown in Fig. S13a and b.} After five
cycles, the yields of CH, and CO do not decay significantly,
indicating excellent catalytic stability. Fig. S13ct further pres-
ents their average yields during the five cycles of catalytic
reactions. In the fifth round, Rco and Rcy, remain at 4.05 and
27.35 pmol g h™", respectively, with only a very slight decline
in catalytic activity compared to the first round. Moreover, as
revealed in Fig. S13d,} the surface temperature of the catalyst is
still up to 172 °C in the fifth round of the catalytic experiment,
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which demonstrates that the as-prepared catalyst also possesses
outstanding photothermal stability. The XRD patterns
(Fig. S141) of the MO®@?ZIS-3 sample before and after the cycling
experiments do not change obviously. The characteristic peaks
of both phases in the composite can be clearly observed, and
there are no impurity peaks of newborn phases. Furthermore,
the SEM images (Fig. S15a-df) show that the morphology of
MO@®@?ZIS-3 is almost unchanged after five runs of catalysis,
keeping the core-shell structure of ZnIn,S, nanosheets tightly
wrapped on the surface of MoO;_, needle crystals without
perceptible dissociation and shedding. The ICP-OES results
(Table S1t) reveal no significant decrease in the contents of Zn,
In and S elements of the MO@ZIS-3 catalyst before and after the
cycling catalytic tests, further proving the good stability of the
ZnIn,S, shell during the catalytic reaction. Therefore, the
developed MoO;_,@ZnIn,S, composite catalyst not only has
superb performance stability, but also exhibits extremely high
structural stability, which makes it promising for practical
applications.

Charge separation and transfer analysis

The efficient separation and migration of photogenerated
charges are prerequisites for remarkable photocatalytic perfor-
mance. To this end, photoluminescence and photo-
electrochemical tests are conducted on the prepared catalysts.
As the catalyst is photoexcited, the photogenerated electrons
transition and separate from the holes. After they are trans-
ferred to the surface of the photocatalyst, some of them will be
recombined by emitting fluorescence. Therefore, the intensity
of the steady-state PL emission spectrum can often reflect the
separation efficiency of photogenerated carriers in the photo-
catalyst. The PL spectra of the MoO;_, and MO®@?ZIS-y samples
are shown in Fig. 7a. Compared with the pure MoO;_, sample,
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Fig. 7 (a) Steady-state PL spectra of the MoOs_, and MO@ZIS-y
samples, (b) TR-PL decay spectra of the ZnIn,S;, MoOs_, and
MO@ZIS-3 samples, (c) transient photocurrent responses of the
Znln,S4, MoOs_, and MO@ZIS-y samples, and (d) EIS Nyquist spectra
of the ZnIn,S4, MoOs_, and MO@ZIS-y samples.
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the PL intensity of the MO@ZIS-y composite is obviously
weaker, and the emission intensity of the best-performing
MO@®@ZIS-3 sample is the lowest. This signifies that the
compositing of MoO;_, and ZnIn,S, provides a new pathway for
the separation and transfer of photogenerated electrons and
holes, thereby inhibiting their recombination and allowing
more effective carriers to participate in the photocatalytic
reactions on the catalyst surface. Fig. 7b exhibits the TR-PL
spectra of the ZnIn,S,;, MoO;_, and MO@?ZIS-3 samples. The
results reveal that the average fluorescence lifetime of the
MO@ZIS-3 composite (T4 = 2.26 ns) is much shorter than that
of pure ZnIn,S, (tave = 9.83 ns) and MoO;_, (Tae = 3.60 nS),
which implies that the photogenerated charges can be rapidly
transferred at the interface to ensure more effective carriers.* In
addition, for the MoO;_, sample, the proportion of short-lived
components (4;) due to non-radiative recombination is far
greater than that of long-lived components (4,) due to free
exciton interband recombination. Generally, the non-radiative
recombination of photogenerated carriers is an important way
to convert light energy into heat energy. That is, a higher
proportion of non-radiative recombination will exert a more
significant photothermal effect on catalysts.*® It can be found
that the A; value of MO®@ZIS-3 is larger than that of pure
MoO;_,, which may be due to the higher concentration of
oxygen vacancies in MO@ZIS-3.

As shown in Fig. 7c, the transient photocurrent response
results of different catalysts are measured under UV-Vis-NIR
full-spectrum illumination at a switching interval of 20 s.
Obviously, the photocurrent response of the MO®@ZIS-y
composite is stronger than that of pure ZnIn,S, and MoO;_,
samples. The photocurrent intensity of all samples shows
a positive correlation with their photocatalytic performance,
and the best-performing MO®@ZIS-3 composite has the largest
photocurrent intensity as expected. The results further validate
that the charge separation efficiency of the composites is much
higher than that of the single-phase component. What's more,
in order to ascertain that the photothermal effect accelerates
the charge separation, the transient photocurrent responses of
the ZnIn,S,, MoO;_, and MO®@?ZIS-3 samples are tested under
different light sources, and the results are included in Fig. S16.1
Compared with UV-Vis illumination, the photocurrent intensity
of the ZnIn,S, sample increases slightly under full-spectrum
illumination, while that of MoO;_, and MO®@ZIS-3 increases
greatly, especially for the MO@ZIS-3 composite. This clearly
demonstrates that the photothermal effect can significantly
enhance the separation efficiency of photogenerated charges,
thereby greatly boosting the photocatalytic performance of the
catalyst. From the EIS Nyquist spectra of the samples (Fig. 7d), it
can be observed that the arc radius of the MoO;_,@ZnIn,S,
composite is notably smaller than that of the others, suggesting
less resistance to the transfer of photogenerated charges.>”

S-scheme heterogeneous structure analysis

To probe the charge transfer mode in the MoO;_,@ZnIn,S,
heterojunction, an in situ XPS test is performed to investigate
the transfer direction of photogenerated electrons, and the
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results are displayed in Fig. 8a—e. The XPS results in Fig. 2 have
demonstrated that after the compositing of ZnIn,S, and
MoO;_,, an IEF is formed at their interface, with the ZnIn,S,
side becoming the electron depletion layer and the MoO;_, side
being the electron accumulation layer. After the application of
light, the in situ XPS results in Fig. 8 reveal that the character-
istic peaks of Zn, In and S elements in ZnIn,S, are shifted
toward the low-energy region, while those of Mo and O elements
in MoO;_, are shifted toward the high-energy region. These are
exactly opposite to the XPS results of the sample without illu-
mination, manifesting that the CB electrons of MoO;_, are
transferred toward ZnIn,S, and the VB holes of ZnIn,S, move
toward MoOj;_, under the coulomb force of the IEF. This charge
transfer mode is strictly in line with the S-scheme mecha-
nism.*®* In addition, the hydroxyl radicals ("OH) in the pho-
tocatalytic process are detected by EPR radical capture
experiments using DMPO as the trapping agent, and the results
are provided in Fig. 8f. For the ZnIn,S,;, MoO;_, and MO@ZIS-3
samples, ‘OH cannot be detected under dark conditions,
proving that illumination is a prerequisite for triggering the
photocatalytic reactions. After the application of light, "OH still
fails to be detected in the ZnIn,S, sample. Based on the band
structure of ZnIn,S,, its VB potential (1.61 V vs. NHE) is far from
the potential condition for "OH generation (2.40 V vs. NHE).
However, the production of "OH is evidently observed in both
MoO;_, and MO®@ZIS-3 samples under light irradiation, and
the signal intensity of MO@ZIS-3 is considerably higher than
that of MoO;_,, suggesting that the VB holes of MoO;_, are
more retained in the MO®@ZIS-3 composite, inhibiting their
transfer to the VB of ZnIn,S,. The EPR results once again
provide strong evidence that the charge transfer between
ZnIn,S,; and MoO;_, does not follow a conventional type-II
heterojunction, but a unique S-scheme mechanism.

Fig. 8g details the formation process and charge transfer
path of the MoO;_,@ZnIn,S, S-scheme heterojunction. In
general, the Fermi level (Ey) of an n-type semiconductor is near
the CB bottom. Both ZnIn,S, and MoO;_, are n-type semi-
conductors, and the E; of ZnIn,S, is higher than that of
MoO;_,.°**" In this case, their compositing will generate an IEF
at the interface, whereupon the energy bands of ZnIn,S, and
MO;_, are bent upward and downward, respectively, so that
their E; reaches equilibrium. Eventually, an electron depletion
layer is formed on the ZnIn,S, side and an electron accumula-
tion layer is formed on the MoOj;_, side.®> Under light excita-
tion, the electrons in the VB of ZnIn,S, and MoO;_, transition
to the CB, leaving holes in their VB. Driven by the Coulomb
attraction of the IEF and the Coulomb repulsion between the
same charges, the photogenerated holes in the VB of ZnIn,S,
are transferred toward MoOs;_,, while the photogenerated
electrons in the CB of MoO;_, are transferred toward ZnIn,S,,
which are thus recombined at the interface, leaving the VB holes
of MoO;_, and the CB electrons of ZnIn,S, to participate in the
corresponding photocatalytic reactions. This charge transfer
mechanism of the S-scheme heterojunction not only largely
enhances the separation efficiency of photogenerated charges,
but also preserves the strong reduction capacity of electrons and
the strong oxidation capacity of holes to the greatest extent,
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the S-scheme transfer mechanism between MoOs_, and ZnIn,S,.

bringing about a significant improvement in the performance
of photocatalytic CO, reduction.*®

Photothermal synergistic photocatalysis mechanism

Scheme 2 elucidates the energy band structure and the charge
transfer path in the MoO;_,@ZnIn,S, heterojunction, as well as
the positive effects of LSPR-induced high-energy hot electrons
and high-efficiency photothermal conversion on the photo-
catalytic reactions, so as to discuss the mechanism of
photothermal-coupled photocatalytic CO, reduction. Based on
band structure analysis, it is true that the CB potential of
MoOj;_, (0.62 V vs. NHE) is not negative enough to reduce CO,
to CO (—0.53 Vvs. NHE) and CH, (—0.24 V vs. NHE). The results
of photocatalytic CO, reduction experiments prove that
a portion of high-energy hot electrons with plasma energy level
potential higher than the CO, reaction potential are involved in
the photocatalytic reactions, which exactly confirms the gener-
ation of high-energy hot electrons in MoO;_, due to the LSPR
effect. Based on the S-scheme mechanism as deliberated above,
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the VB holes of MoO;s_, (3.04 V vs. NHE) are consumed by
involvement in the OH /'OH reaction (2.40 V vs. NHE), while
the CB electrons of ZnIn,S, (—0.92 V vs. NHE) reduce CO, to CO
and CH,. Meanwhile, electrons near the E; of MoO;_, reach
a high-energy surface plasma state due to LSPR excitation,
resulting in a large number of plasma hot electrons. They can
radiate outward in the form of thermal energy, thereby drasti-
cally raising the catalyst surface temperature to boost the pho-
tocatalytic reduction efficiency and the CH,; product
selectivity.**%

Conclusions

In summary, MoO;_,@ZnIn,S, composites have been success-
fully constructed by in situ growth of ZnIn,S, nanosheets on
MoO;_, 1D needle-shaped crystals through low-temperature
reflux. The unique 1D@2D core-shell architecture allows
a tight interfacial contact and facilitates charge transfer. The
results demonstrate that the transfer path of photogenerated
charges in the MoO;_,@ZnIn,S, composite follows a unique S-
scheme mechanism, which improves the charge separation
efficiency and enables the highest charge reactivity. Moreover,
the LSPR effect triggered by abundant oxygen vacancies in
MoO;_, produces a large number of high-energy hot electrons,
which greatly increases the surface temperature of the catalyst
and effectively accelerates the charge transfer and the CO,
adsorption-desorption. The MoO;_,@ZnIn,S, composite is
applied to photothermal-assisted photocatalytic CO, reduction
by combining the above multiple advantages. Under UV-Vis-IR
full-spectrum illumination, the average yields of CO and CH,
over the optimal MO®@ZIS-3 catalyst reach 4.65 and 28.3 pmol
g~' h™', respectively, and the CH, selectivity is as high as
85.89%. The average yield of CH, is 19.4 and 11.7 times higher
than those of bare MoO;_, and ZnIn,S,, respectively. This
significantly enhanced photocatalytic CO, reduction perfor-
mance reveals that the combination of the S-scheme hetero-
junction and photothermal synergistic effect has very attractive
application prospects in the field of photocatalysis.
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