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Construction of Bi,S3/TiO,/MoS, S-Scheme
Heterostructure with a Switchable Charge Migration

Pathway for Selective CO, Reduction

Khaled Alkanad, Abdo Hezam, Qasem Ahmed Drmosh, Sujay Shekar Ganganakatte
Chandrashekar, Abeer A. AlObaid, Ismail Warad, Mohammed Abdullah Baijiri,

and Lokanath Neratur Krishnappagowda*

Switching between the redox potential of an appropriate semiconductor hetero-
structure could show critical applications in selective CO, reduction. Designing a
semiconductor photocatalyst with a wavelength-dependent response is an effective
strategy for regulating the direction of electron flow and tuning the redox potential.
Herein, the switching mechanism between two charge migration pathways and
redox potentials in a Bi,S;/TiO,/MoS, heterostructure by regulating the light
wavelength is achieved. In situ irradiated X-ray photoelectron spectroscopy (ISI-XPS),
electron spin resonance (ESR), photoluminescence (PL), and experimental scav-
enger analyses prove that the charge transport follows the S-scheme approach under
UV-vis—NIR irradiation and the heterojunction approach under vis—NIR irradiation,

1. Introduction

Despite ongoing attempts to minimize the
emission of CO, since the Industrial
Revolution, CO, emissions continue to
increase at a higher rate. Consequently, cli-
mate change has already affected human
health, water supplies, agriculture, and
the biodiversity of the oceans and soil."]
Photocatalytic CO, reduction is a multi-
functional strategy, which not only reduces
the emission of CO,, but also transfers it to

confirming the switchable feature of the Bi,S;/TiO,/MoS, heterostructure. This
switchable feature leads to the reduction of CO, molecules to CH;0OH and C,H;OH
under UV-vis—NIR irradiation, while CH, and CO are produced under Vis—NIR
irradiation. Interestingly, the apparent quantum efficiency of the optimal composite
at A=600 nm is 4.23%. This research work presents an opportunity to develop
photocatalysts with switchable charge transport and selective CO, reduction.

usable fuels such as methane (CH,), car-
bon monoxide (CO), ethanol (C,HsOH),
formaldehyde (HCHO), methanol
(CH;0H), ethylene (C,H,), and formic
acid (HCOOH), based on the number of
reductions in the electrons and their redox
potential*~! Therefore, efficient photoca-
talytic CO, reduction is measured by the
electronic structure of the photocatalyst
and its light absorption and the redox
potential of exciting charges.[*"® Therefore, an excellent photo-
catalyst should feature broad light absorption, proper heterojunc-
tion interfacial contact, a low electron/hole recombination rate,
high charge transport, an appropriate redox potential, and CO,
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product selectivity.”~'" Particularly, for an effective reduction
reaction, the heterostructure should have a proper conduction
band minimum (CBM) potential, which should be higher than
the potential of the selective reduction product.

Although many promising photocatalysts for CO, reduction
have been fabricated, they suffer from poor light harvesting, high
recombination rate of electrons/holes, weak redox potential, and
poor product selectivity or the requirement of a sacrificial agent,
which  massively restrict achievable practical uses.
Semiconducting metal oxide and sulfide photocatalysts were
regarded as the most efficient approaches among the other meth-
ods of CO, reduction.®*** TiO, is a typical semiconductor
photocatalyst that can be formed in three different crystal phases:
anatase, rutile, and brookite,**! where the anatase phase has
been frequently used for CO, reduction due to its stability
and morphological calibration."®?% The large bandgap of
TiO, limits the absorbance of the full light spectrum because
it absorbs only light in the UV region. Therefore, TiO,-based
photocatalysts with different molecular surface morphologies
play an important role in determining surface adsorption capaci-
ties and surface charge separation.[m MoS, and Bi,S; are con-
sidered desirable catalysts or cocatalysts in the photocatalytic
system due to their morphology tuning and low bandgaps, which
improve their light harvesting, optical properties, and charge
mechanism transfer.!'*22

Multidimensional structure architecture results in a higher
surface area and optimal interfacial interaction of semiconduct-
ing photocatalysts, contributing to higher photocatalytic effi-
ciency by accelerating electron and hole transportation, and
impeding their recombination.""****>? The conversion of
CO, to a specific product is highly desirable for energy conver-
sion. However, the CO, conversion product depends primarily
on the CB redox potential of the accumulated elec-
trons.[1232>3%34 Consequently, the regulation of the charge car-
riers can tune the redox potential and strongly affects the
photocatalytic activity of the heterostructure.

In van der Waal heterostructures, Z-scheme and heterojunc-
tion systems are two well-known charge migration pathways for
efficient heterostructure photocatalysts.*>*¢) However, the direct
Z-scheme photocatalytic mechanism has been gradually replaced
by a new step-scheme (S-scheme) heterojunction mechanism to
solve the high recombination rates of photogenerated electron—
hole pairs in the Z-scheme system and their low reduction and
oxidation abilities in type-II heterojunction photocata-
lysts.®313738 Tnitially, the proposed S-scheme heterojunction
stated that the two selected semiconductors constructing the
S-scheme photocatalyst must be n-type semiconductors.?”*
Recent investigations indicate that the S-scheme heterojunction
is also constituted of n-type and p-type semiconductors.?*~*2
Nevertheless, it is challenging to construct S-scheme or type-II
heterojunctions for a specific target. Various factors need to
be optimized to attain the ideal junction system, such as the dis-
persion of the coupling semiconductors, and the nature of con-
tact at the interface. Heterostructure materials of S-scheme
charge migration have gained remarkable research attention
as they facilitate the separation of the free carriers, expand the
spectral response to the visible range, and optimize the redox
potential. B2137~** Recent studies reported that regulation of
the electron flow could be achieved by selecting the proper
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synthesis method,>***"! selecting the proper type of coupled

semiconductors,!*!! and varying the nature of the interface con-
tact through the creation of vacancies,® an ultrathin layered het-
erojunction,®! or by the electrostatic self-assembly method.[**!
In this research work, we used the wavelength of irradiated
light to regulate the charge transfer pathway. A Bi,S;/TiO,/
MoS,; heterostructure was prepared by a microwave hydrother-
mal method and it exhibits excellent photocatalytic efficiency
toward CO, reduction. The prepared heterostructure showed a
switchability of the charge transfer with different wavelengths
of irradiation light. Under UV-vis-NIR, all the electrons in
the valence band (VB) of TiO,, Bi,S3, and MoS, can be excited
to the conduction band (CB), generating an internal electrical
field from TiO, to Bi,S; and MoS,. The experimental result
revealed that under UV-vis—NIR, the binding energy of TiO,
experiences a slight positive shift, whereas the Bi,S; and
MoS, binding energies show a negative shift, implying the
migration pathway of charge carrier follows the S-scheme sys-
tem, whereas under vis-NIR only, the electrons in the VB of
Bi,S3; and MoS, can be exited to the CB, resulting in a positive
shift of their binding energies and a slight negative shift of the
binding energy of TiO,, indicating a form of type II heterojunc-
tion system. Interestingly, the tuning of the composite junction
results in switching between the accumulated charge carriers’
redox potentials, which promotes the CO, reduction selectivity.

2. Results and Discussion
2.1. Structural Studies

The crystallites of TiO,, MoS,, Bi,S3, MoS,/Bi,S3; (BTMO0), and
Bi,S3/TiO,/MoS, (BTM1.5) were investigated by a powder X-ray
diffractometer (PXRD), as shown in Figure 1. All the diffraction
peaks of the pristine TiO, are indexed to the (101), (103), (004),

+ TiO, ¢
% MoS2

BTM1.5

L
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Figure 1. PXRD pattern for Bi,S;, TiO,, MoS,, BTMO, and BTMT.5
samples.
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(112), (200), (105), and (211) planes, which revealed that TiO, has
an anatase phase (JCPDS 21-1272), the sharpness in the peaks
indicating the excellent crystallinity of the TiO,. For the pristine
MoS,, all X-ray diffraction (XRD) patterns are well indexed to the
hexagonal phase of MoS, with diffraction peaks assigned to
(002), (100), (105), and (110) planes (JCPDS 37-1492).*”) The
XRD patterns of the pure Bi,S; are indexed to the (020),
(120), (220), (101), (310), (021), (211), (221), (410), (311), (240),
(231), (041), (141), (421), (002), (431), (160), (222), (351), (161),
and (242) planes of the orthorhombic Bi,S; structure (JCPDS
00-017-0320). The XRD pattern for the binary BTM0 sample
revealed the composite formation. Most of the diffraction peaks
of TiO, and Bi,S; were detected with some overlapping for some
peaks, revealing the good dispersion of TiO, among Bi,S;. In the
ternary BTM1.5 composite, the XRD pattern consists of all TiO,,
Bi,S3, and MoS, diffraction peaks that confirm the composite
formation. This suggests that Bi,S; nanorods and TiO, nanopar-
ticles roped with MoS, effectively, resulting in a typical stacking
of MoS, during the growth phase.

2.2. Morphology Studies

Field emission scanning electron microscopy (FE-SEM) and trans-
mission electron microscopy (TEM) analyses were used to confirm
the morphology of the synthesized samples. Figure 2a shows a 3D
flower-like structure assembled by 1D Bi,S; nonuniform nanorods
with smooth surfaces. MoS, exhibits a 3D marigold flower-like
buildup of 2D-morphology nanosheets (Figure 2b). The FE-SEM
image of the ternary composite exhibits the heterostructure con-
sisting of an agglomeration of nanoparticles, nanorods, and nano-
sheets. The established Bi,S3/TiO,/MoS, heterostructure acquired
three different phases, nanorods, nanosheets, in addition to nano-
spheres clustered among Bi,S; nanorods and MoS, nanosheets,
which is attributed to TiO, nanoparticles (Figure 2c). The interfaces
between these different phases lead to large active sites to provide
an excellent light response to enhance the photocatalytic properties.

Bi,S,
d = 0.376 nm

www.solar-rrl.com

The morphology of the sample BTM1.5 was elucidated by TEM
(Figure 2d) to provide more insight into the crystalline structure
and size distribution of the engineered ternary heterostructure.
TiO, nanoparticles’ size varies between 170 and 40 nm, where
the Bi,S; nanorods have lengths up to 590 nm and diameter
around 25nm. Figure 2f displays TiO, nanoparticles, and Bi,S;
nanorods are well wrapped by the MoS, nanosheet with an intimate
interfacial contact among all the phases of the heterostructure. The
interfaces between the Mo$S, nanosheet, Bi,S; nanorod, and TiO,
nanoparticles are magnified in high-resolution TEM (HR-TEM)
imaging of BTM1.5. The lattice plane of a Bi,S; nanorod with a
lattice spacing (310) is well covered with multilayers of the
MoS, nanosheet of an interlayer spacing of 0.62 nm (Figure 2e).
In addition, Figure 2g displays that MoS, multilayers of an inter-
layer spacing of 0.64 nm are well wrapped around the TiO, nano-
particles. This indicates an excellent interfacial interaction among
Bi,Ss, TiO,, and MoS,. Therefore, higher charge separation and
large active sites lead to efficient photocatalytic performance.

2.3. Surface Elemental Study

X-ray photoelectron spectroscopy (XPS) was performed to investigate
the composite composition and chemical state and to understand the
possible charge migration pathway in the heterostructure. The survey
spectrum indicates the purity of the composite, which includes only Bi,
Ti, Mo, S, and O (Figure 3a). For much more relevant information on
the chemical state of the obtained heterostructure, high-resolution XPS
(HR-XPS) has been applied to Bi, Ti, Mo, S, and O core-level regions.
Figure 3b shows two binding energies of 158.65 and 163.78 eV (Bi*"),
demonstrating the Bi 4f core-level spectrum ascribed respectively to Bi
4f;> and Bi 4f;,. The peak’s broadness and separation between them
(5.1 eV) indicates the existence of a Bi** oxidation state in Bi,S;. The
Gaussian fitting method was applied, and the chemical state of Bi 4f;
was elaborated into two-component peaks with binding energies of
163.8eV (Bi-S) and 121eV assigned to S 2ps),, indicating strong
Bi-S bonds. The HR-XPS spectrum of Ti 2p shows two strong peaks

A B R

Figure 2. FSEM images of a) Bi,S;, b) MoS,, and c¢) BTM1.5; d-g) TEM and HR-TEM images of BTM1.5.
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Figure 3. a) XPS survey spectrum of BTM1.5; HRXPS spectra of b) Bi 4f, c) Ti 2p, d) Mo 3d core level, and €) O Ts core level.

located at 459.05 and 465.05 eV, which are ascribed to Ti 2p;/, and Ti
2p, o, respectively, arising from spin—orbit splitting. These peaks sug-
gest the existence of Ti in the form of a Ti*" state.

Using the Gaussian fitting method, two shake-up satellites
located at 459.6 and 467.6 eV were observed, decreasing the area
of the peak of Ti*" (Figure 3c); the reduction of Ti*" to the Ti’*
state resulting in the formation of oxygen vacancies on the surface
of the composite.l*®! The Mo 3d spectrum shows two intense high
peaks at 229.3 and 232.5 eV arising from spin—orbit splitting of
3.2 eV, which correspond to Mo 3ds,, and Mo 3d;,, respectively,
indicating the existence of Mo in the form of the Mo*" state
(Figure 3d). The peak centered at 226.5 eV belongs to the S 2s

Sol. RRL 2021, 2100501

2100501 (4 of 13)

state,*” where the peak at 235.7 eV corresponds to Mo 3ds),

in MoOs;, indicating that MoS, slightly oxidized during the
migration from the state of Mo*" to Mo®". Such oxidation
can enhance the electronic properties and produce more active
sites with excellent photocatalytic efficiency.***% Based on the
studies mentioned earlier, the nanoheterostructure consists of
Bi,S3, TiO,, and MoS,. O 1s XPS spectra ensure the presence of
oxygen vacancies on the heterostructure surface (Figure 3e).
The O 1s spectrum consists of two fitted peaks observed at
529.05 and 531.1 eV ascribed respectively to the lattice oxygen
and oxygen vacancies, which indicates an abundance of oxygen
vacancies in the sample.

© 2021 Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.solar-rrl.com

ADVANCED
SCIENCE NEWS

; ‘RRL

www.advancedsciencenews.com

www.solar-rrl.com

a b) — c
(@) ——MBT1.5 () Bi,S; ©) TiO,
— Bi,S,
- ——MosS, ey S
3 —Tio, s s
> 2 2
e b R e
= ®
: g g
[}
2 S €
(= ] -
X
|k B I
300 450 600 750 900 1050 0 2 4 6 8 10
Wavelength (nm) Binding Energy (eV)
(d) (e) )
Mos, 21 Bi,S; 16{TiO, .
.
181" —~4 &
—_ 164 5 [ 12
z o 141 “.‘0
e L 12 b0
& 2, 10 S 81
c - 8l T 6
@ - 1
- N6 N
= Q™ Q 4
-~ 44 v .. - 51}
: 24 ' - 3 BRI
2 0 2 4 6 8 10 12 R e A 1.0 -08 0.6 -04 -02 0.0 02 04 06
Binding Energy (eV) B Potential (V vs. NHE) . Potential (V vs. NHE)
@, (h) ()
Mos, —Bi,S; Eve Ecut-off —Bi;Ss
20 —Tio, —Tio,
% = ——Mos, " MoS,
) 3 n
“i‘_l_ 15 & g
e 2> -
S5 i £
:\Z; E 0.39 (eV) 2
Q
= (=
< s = = E
en,
coo /A% 15.54 (eV) \A5:57 (eV)
G === . : :
1.0 11 1.2 13 0 14 15 16 17 18

Potential (V vs. NHE)

1 2 3 4
Binding Energy (eV)

Binding Energy (eV)

Figure 4. a) DRS UV-vis spectra of Bi,S3, TiO,, MoS,, and BTM1.5; VB-XPS spectra of b) Bi,Ss, c) TiO,, and d) MoS,; Mott Schottky of e) Bi,S3, f) TiO,,

and g) MoSy; and h,i) UPS of Bi,Ss, TiO,, and MoS,.

2.4. Band Position Determination

A catalyst with high light absorption capability exhibits efficient
photocatalytic performance and enhanced electrocatalytic prop-
erty. Figure 4a shows UV-vis diffuse reflectance spectroscopy
(UV-vis DRS) absorption spectra of pure Bi,S;, TiO,, MoS,,
and ternary BTM1.5 nanoheterostructure. High light absorption
is observed across the UV-vis wavelength spectrum with an
absorption edge of about 838 and 846 nm for the Bi,S; nanorod
and MoS, nanosheet, respectively. A significant absorption edge
of about 386 nm was observed for the pure TiO, nanoparticles.
The flat plot of the MoS, spectrum can be credited to the intrinsic
background absorption of the black color of the MoS, nano-
sheet.?8] The ternary Bi,S;/TiO,/MoS, nanoheterostructure
exhibits high absorption exceeding the visible light spectrum
toward the NIR region with an absorption edge around
826 nm. The charge flow direction and energy gaps of Bi,Ss,
TiO,, and MoS, were calculated wusing the equation
E; =1240/4, where 1 is the absorption edges obtained from
the DRS spectra.’"! The energy gaps (Ep) for Bi,S;, TiO,,
MoS,, and the ternary Bi,S3/TiO,/MoS, nanocomposite were
calculated as 1.48, 3.21, 1.46, and 1.5 eV, respectively.
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The CB edge and VB edge of the pristine Bi,S;, TiO,, and
MoS, were estimated using Equation (1) and (2).

CBM =y — E, — 0.5E, (1)

VBM = CBM + E, 2)

“CBM?” is the CB minimum; “VBM” is the VB maximum of the
pristine semiconductors; y is the semiconductor electronegativity;
E.r is the energy of a free electron on the hydrogen scale (about
4.5 eV); and E, is the semiconductor bandgap energy. y values are
5.3,5.8, and 5.32 eV for Bi,S;, TiO,, and MoS,;, respectively.[sz"54]
CBM and VBM values were found to be 0.06 and 1.54 V for Bi,Ss,
—0.305 and 2.905V for TiO,, and 0.09 and 1.55V for MoS,.
However, the VBM was further confirmed experimentally by
valence band XPS (VB-XPS) for all the pristine semiconductors
(Figure 4b-d). The VBM was calculated to be 1.53, 2.91, and
1.56 V for Bi,S;, TiO,, and MoS, respectively, correlated with
those measured by DRS UV-vis. Bi,S;, MoS,, and TiO, semicon-
ductors’ conductivity types were determined using Mott-Schottky
(M-S) measurements. The plot of M-S (1/C, versus the applied
potential) was linearly fitted with the M—S equation; C is the capac-
itance. Figure 4e—f shows that TiO, has a positive slope, whereas

© 2021 Wiley-VCH GmbH
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Bi,S3 and MoS, have a negative slope, indicating that TiO, is an n-
type semiconductor, whereas Bi,S; and MoS, are p-type semicon-
ductors, which is in line with the reported literature.'”*>~# The
flat band potential determined from the X-axis intercept was found
to be 1.17, —0.22, and 1.2V versus NHE for Bi,S;, TiO,, and
MoS,, respectively. These corresponding flat bands refer to the
Fermi level of the semiconductor.”” To further confirm the
energy band structure, ultraviolet photoelectron spectroscopy
(UPS) measurements were conducted to determine their work
functions (@) and VBM according to Equation (3)—(5).°>%")

@ = hv — Ey_ofr (Vs vacuum) (3)
Eyp = VBM — Eg(vsvacuum) 4
VBM (vs NHE) = VBM (vsvacuum) — E¢ (5)

where hy = 21.22 eV, which is the photoenergy of the monochro-
matic He [ source; E.of is the secondary electron cut-off edge of
the samples. Figure 4i shows that Bi,Ss, TiO,, and MoS, had E .o
at 15.54, 16.97, and 15.57eV, respectively. Considering
Equation (3), the corresponding @ values are 5.65, 4.25, and
5.68 eV, which are the energy difference of vacuum and Eg
for Bi,S3, TiO,, and MoS,, respectively (Figure 5a). This indicates
that Bi,S; and MoS, have lower Eg close to their VB, where
TiO,’s Eg is close to its CB. These results are congruent with
the earlier M—S measurements. Eyp is the VBM with respect
to the Ep; Figure 4h shows that the Eyr of Bi,S;, TiO,, and
MoS, was measured to be 0.37, 3.155, and 0.39 eV, respectively.
The equivalent VBM (vs NHE) of Bi,S3, TiO,, and MoS, is 1.52,
2.9, and 1.57 eV, respectively (Equation (4) and (5)), which is con-
sistent with the previous VB-XPS and UV-DRS results.

Based on these analyses, the band structures of Bi,S3;, MoS,,
and TiO, before the junction construction are shown in
Figure 5a. The Fermi level of TiO, is higher than that of
Bi,S; and MoS,, hence combining n-type TiO, with p-type
Bi,S; and MoS, results in the formation of a nanoscale n—p het-
erojunction. This junction could efficiently create a sufficient

(a) Vacuum scale (eV)

Vacuum
0
-2.5
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-3.5 T
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2 45 + =
g :
w % g
-5.5 T Ert----- [T
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Before contact

www.solar-rrl.com

space charge layer to enhance the charge carrier transportation.
The thermal equilibrium of distinct Fermi levels results in a
realignment of valence and conduction bands, causing the
TiO, energy bands to move downward and those of Bi,S; and
MoS, to move upward. The energy band structure of BTM1.5
after junction formation is shown in Figure 5b.

2.5. Photocatalytic CO, Reduction

To investigate the advantage of the switchability of the electron flow
for the developed material upon light sources with different wave-
lengths, photocatalytic CO, reduction was performed for Bi,Ss,
TiO,, MoS,;, Bi,S3/TiO,, and the Bi,S;/TiO, nanocomposite with
different ratios of MoS, under UV-vis-NIR (4 = 190-1200 nm)
and vis-NIR (4 = 400-1200 nm) lights for 1 h. Gas chromatography
verifies that, under UV—vis—NIR, a remarkable amount of CH, is
released in the presence of pristine TiO, nanosphere or MoS,
nanosheets (Figure 6a), whereas in the presence of pristine
Bi,S; nanorods, CH30H and C,HsOH are produced. Compared
to the pristine Bi,Ss;, the binary BTM0 and BTM1.5 enhance the
reduction rate by 2.8 and 5.8 times, respectively (Figure 6a).

In contrast, no output is observed for the TiO, nanosphere
under vis-NIR, and a small amount of CH, is produced by
MoS, nanosheets, whereas for Bi,S; nanorods, minor products
such as CH;0OH and C,HsOH are detected (Figure 6b).
However, the solar fuel produced by BTMO under vis—NIR
switches from CH3;OH and C,HsOH (under UV-vis-NIR) to
CH, and CO (Figure 6b). Moreover, the production of CH,
and CO is increased four times higher than the binary productions
for BIM1.5. As a result, the charge pathway and its accumulation
position varied with the applied light. Therefore, by switching
from UV-vis—NIR to vis-NIR, the produced products by
BTM1.5 changed from CH, and CO to CH3;OH and C,HsOH.
The detailed reactions and the mechanism involved are summa-
rized subsequently. Moreover, the reactions were conducted with-
out the catalyst and in darkness. Neither of those products was

(b) NHE (V) at (PH =7)
—+ -45

h* h* h*

Potential

After contact

Figure 5. Energy band structure of Bi,Ss;, MoS,, and TiO, a) before and b) after contact.
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Figure 6. Photocatalytic CO, reduction of all the prepared photocatalysts for 1 h under a) UV-vis—NIR and b) vis—NIR irradiation; reusability and recy-
clability of BTM1.5 under c¢) UV-vis—NIR and d) vis—NIR irradiations; and e) photocurrent responses and f) photoluminescence spectra of the pristine

samples and their composites.

detected, suggesting that the generated products are optimistically
UV-vis—NIR/vis—NIR photocatalytic CO, reduction products.
For the optimum composite, a *C-labeled isotope experiment
was conducted to ensure that the injected CO, is the only carbon
source for the generated products. The reduction products of
13C0O, photoreduction under vis-NIR irradiation on the
BTML1.5 photocatalyst can be detected in the MS spectra in
Figure Sla, Supporting Information, where two indicated signals
at m/z=17 and 29 attributed to 13CH, and ¥CO reduction,
respectively, whereas under UV-vis—NIR irradiation, the reduc-
tion product from >CO, is seen in the MS spectra located at
m/z =33 for >)CH;0H (Figure S1b, Supporting Information)
and m/z=48 for C,HsOH (Figure Slc, Supporting
Information). Additional traces of 12CH,0H and *C,HsOH with
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minimal intensity were detected due to their ion fragmentation.
This finding demonstrates that the generated products are the
result of photocatalytic reduction of CO, molecules.

Irrespective of the applied light, it can be seen from Figure 6a,
b that the nanocomposites exhibit higher activity for the produc-
tion of CH30H, C,HsOH, CH,, and CO than pristine ones and
the binary sample. This is due to the efficient charge transfer of
photogenerated electrons and holes between the bands of the
Bi,S;, TiO,, and MoS,, promoting the charge separation and
inhibiting the carriers’ recombination rate. Figure 6e shows that
BTM1.5 gains the highest photocurrent response compared to
the binary BTMO and the pure Bi,S;, TiO,, and MoS,, demon-
strating that the charge separation is highest in BTM1.5.1°%
Furthermore, the photoluminescence (PL) spectrum of the
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ternary BTM1.5 exhibits the lowest intensity compared to the
BTMO, BTMO0.5, BTM1, BIM2, Bi,S;, TiO,, and MoS, samples.
This reveals that BTM1.5 has the lowest recombination rate of
the charge carriers (Figure 6f).”! However, the nanostructure’s
surface area and porosity play an effective role in separating and
transporting charge carriers.® The prepared samples’
Brunauer-Emmett-Teller (BET) surface area and Barrett—
Joyner—Halenda (BJH) pore volume are shown in Figure S2.
The samples showed porous structure, and the measured surface
areas are 32m”g ' for Bi,S3, 43m”g ! for MoS,, 87 m*g ™' for
BTMO, and 142m?g™' for BTM1.5. BTM1.5 showed an
improved surface area and pore size, which account for its higher
photocatalytic activity. The highest surface area, photocurrent
density, and charge separation of BTM1.5 are the main factors
behind the highest photocatalytic CO, reduction. It is worth
mentioning that the yield of the product increases with the
increase of MoS, content up to a certain amount (optimal ratio
BTM1.5). On further increase in the amount of MoS,, a decrease
in the yield of the produced product was observed. This might be
due to the self-aggregation of MoS, in the composite and the
lower rate of the interface’s interaction with other contents of
the composite.”®*! In addition, the maximum yield after 4 h
of reaction for BTM1.5 is 119 and 102.7 pmol g~ ' for CH;0H
and C,HsOH, respectively, under UV-vis-NIR (Figure 6c¢)
and 180.5 and 398.6 pmolg™' for CH, and CO, respectively,
under vis—NIR (Figure 6d). This indicates the stability and recy-
clability of the prepared composite. Moreover, the calculated

www.solar-rrl.com

apparent quantum efficiency (AQE) of BTM1.5 at 4= 600nm
is 4.23%.

To understand the mechanism of CO, photoreduction into
selective product(s) with a particular light source, certain vital
points should be considered, such as the pathway of the charge
carriers with regard to the light source and the band position of
the accumulated charge carriers (DRS-UV-vis, Mott—Schottky,
and VB-XPS have addressed the same). In situ irradiated XPS
(ISI-XPS) was conducted to understand the feasible charge
migration mechanism in the heterostructure®***¢%7}; and con-
firm the charge migration pathway is switchable from a type-II
heterojunction system to an S-scheme system under selective
light wavelength.

In the absence of light irradiation, Ti 2p;),, Bi 4f;,, and Mo
3ds), peaks are respectively positioned at 459.05, 158.65, and
229.3eV. Under UV light irradiation, Ti 2p binding energies
showed a slight positive shift (by 0.45 eV) (Figure 7a), implying
a decline in their electron density. This energy decrease confirms
that the electron transition is from TiO, to either Bi,S; or MoS,
during UV-vis—NIR light irradiation. In contrast, a negative shift
(by —0.35eV) during visible light irradiation is observed
(Figure 7a), implying a rise in their electron density. The increase
in the TiO, electron density during visible light irradiation con-
firms the transition of electrons from Bi,S; or MoS, to the con-
duction band of TiO,. Meanwhile, during UV-vis—NIR light
irradiation, the Bi 4f and Mo 3d binding energies showed a neg-
ative shift by 0.35 and 0.5 eV, respectively, implying a rise in their
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Figure 7. ISI-XPS of a) Ti 2p, b) Bi 4f, and c) Mo 3d; ESR spectra of BTM1.5 sample with DMPO obtained under both UV-vis—NIR and vis—NIR irradiation
d) in aqueous suspension to detect DMPO—+OH species and e) in methanol to detect DMPO—+O, " species; f) changes of the TA-PL spectra at 425 nm
obtained by BTM1.5 sample under UV-vis—NIR and vis—NIR irradiation over time.
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electron density and confirming the electron accumulation on
their surfaces. This indicates that Bi,S; and MoS, are the active
sites under UV-vis—-NIR irradiation.

Contrarily, under visible light irradiation, Bi 4f and Mo 3d
binding energies showed positive shift by 0.5 and 0.6 eV, respec-
tively (Figure 7b,c), indicating a decline in their electron density
and confirming the transformation of electrons to the surface of
TiO,, implying that TiO, is the active site under vis—NIR irradia-
tion. Such binding energy transition under different light irradi-
ations represents a clear picture of charge carriers’ migration
pathway across the Bi,S3/TiO,/MoS, interface. In particular,
the transitions of excited electrons between Bi,S;, TiO,, and
MoS, are in excellent accordance with the S-scheme system
under UV light irradiation and with the heterojunction system
under visible light irradiation. Furthermore, from the positions
of Bi 4f, Ti 2p, and Mo 3d binding energies without light irradia-
tion, the Ti 2p binding energy experienced a positive shift,®!
whereas the Bi 4fand Mo 3d binding energies underwent a neg-
ative shift.® This observation indicates the strong interfacial
interaction among TiO,, MoS, and Bi,S;.[7¢

To further verify the charge carrier migration in the Bi,Ss/
TiO,/MoS, heterostructure, spin-trapping electron spin reso-
nance (ESR) analysis was performed in which the superoxide
(+Oz7) and hydroxyl (+OH) radicals were detected using 5,5-
dimethyl pyrroline N-oxide (DMPO) as the free radical trapping
agent in aqueous and methanol solution, respectively.®? The
ESR signals of BTM1.5 for «O,  detection under UV-vis—NIR
are shown in Figure 7d, where the signals show higher intensity
than that under vis—NIR irradiation. This indicates more <O, is
generated under UV-vis—NIR due to higher charge carrier sepa-
ration and enhanced charge accumulation band potential posi-
tion (S-scheme pathway). In contrast, for «OH detection
(Figure 7e), no peaks are observed under vis—-NIR, whereas
the characteristic peaks of DMPO--OH strongly appear under
UV-vis—NIR irradiation.

Thus, the production of «OH under UV-vis—NIR indicates
that the charge migration pathway follows the S-scheme
approach, whereas under vis—NIR, the heterojunction system
proceeds. However, the generation of «OH was further investi-
gated through terephthalic acid photoluminescence (TA-PL)
technique (Figure 7f). No PL spectra of the TA solution in the
presence of BTM1.5 was detected for the first 10 min of vis—
NIR irradiation. Under UV-vis—NIR irradiation, PL spectra of
the TA solution in the presence of BTM1.5 appeared, with the
intensity increasing with irradiation time. This result confirms
the ISI-XPS and ESR result of the charge migration pathway.
Moreover, a radical scavenging experiment was conducted for
RhB photodegradation under UV-vis—NIR and vis—NIR irradia-
tion to further confirm the dominant radicals generated when the
light wavelength range is changed. Figure S3ab, Supporting
Information, shows the photocatalytic reaction of BTM1.5 toward
RhB dye degradation in the presence of BQ, Na,SO,4, TBA, and
K1, which are the scavenging materials for «O,, electrons, «OH,
and holes, respectively.****72l Under UV-vis-NIR, the charge
carriers, «O,  and +OH, effectively contributed for the degrada-
tion of RhB, whereas under vis—NIR, only electrons and +O,~
were the major responses for the photocatalytic reaction.
These results clearly demonstrate that under UV-vis-NIR, the
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charge migration pathway follows the S-scheme system, and
under vis-NIR, the heterojunction system is followed.

In principle, electron-hole pairs are initiated with irradiation
energy equivalent to or higher than the photocatalyst’s bandgap
energy (Equation (6) and (7)). In our case, Bi,S; (E; = 1.48eV),
TiO, (Ey = 3.21 eV), and MoS, (E; = 1.46 eV) are the heterostruc-
ture components. TiO, has a large bandgap that restricts the cat-
alyst from absorbing only UV light to achieve photoactivation,
whereas Bi,S; and MoS, have smaller bandgaps that facilitate
the sample photoactive under visible irradiation. The production
of CH,, CO, CH3;0H, and C,HsOH is a multistep reaction. As
per band theory, the selectivity of the products is related to the
redox potentials at the conduction band. Therefore, the CB poten-
tial of the composite must be more negative compared with the
gaseous CO, products, CH, (—0.24 V vs NHE), CO (—0.53 V vs
NHE), CH30H (—0.38V vs NHE), and C,HsOH (—0.33V vs
NHE).5620]

Based on the previous discussion, results, and analyses, photo-
catalytic CO, reduction was proposed with two promised mech-
anisms, S-scheme and heterojunction systems. Under UV-vis—
NIR irradiation, the electrons in the VB of TiO,, Bi,S3, and MoS,
are excited to the CB, and due to the generated internal built-in
electric field from TiO, to Bi,S; and MoS,, the electrons in the
TiO, CB would transfer and recombine with the holes in the VB
of Bi,S; and MoS, forming a double S-scheme junction
(Figure 8a). This S-scheme configuration improved the separa-
tion of the charge carriers and the redox potential. Eventually,
the photogenerated electrons would accumulate in the CB of
Bi,S; and Mo$S, CBs and interact with the ionized CO, molecules
to generate CH;OH and C,HsOH with water vapor as the proton
source (H™). Considering the redox potential, the CBM of Bi,S;
and MoS, are sufficient for CO,/CH30H (—0.38 V) and CO,/
C,HsOH (—0.33 V) production (Equation (8) and (9)). The emis-
sion rate of CH;OH is much greater than that of C,Hs;OH
because the redox energy of CH3;OH is more well correlated with
the Bi,S; conduction band energy than that for the C,HsOH."!
Moreover, the production of CH3;0H through CO, adsorption
involves 6H" paired with 6e~, while the production of
C,HsOH through CO, adsorption involves 12H™ paired with
12e”. Consequently, the transformations are also in line with
CH3;0H emission.

In contrast, in the photoreaction with vis—NIR irradiation, the
electrons in the VB of Bi,S; and MoS, can be excited to their CB,
and TiO, works as an electron acceptor (due to the large
bandgap). In other words, as the position of the TiO, CB is lower
than that of MoS, and Bi,Ss;, the electrons on the CB of Bi,S; and
MosS, will transfer and accumulate to the CB of TiO,, forming
type-1I heterojunctions between TiO,/Bi,S; and TiO,/MoS,
(Figure 8b). Ultimately, the accumulated photogenerated elec-
trons upon the TiO, CB would interact with the ionized CO, mol-
ecules to generate CH, and CO with water as the source of the
H™. As per the redox potential scale, the CBM of TiO, is —0.3V,
which is appropriate for CO,/CH; (—0.24V) reaction
(Equation (10)) but not for CO,/CO (—0.53V) reaction
(Equation (11)).

However, the XPS study showed the development of reactive
oxygen vacancy (Vo)/Ti*" sites on the surface of BTM1.5. These
defects would easily include an active reactant (electrical conduc-
tivity), leading to efficient electron or hole transfer between CO,/
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Figure 8. Proposed mechanism of CO, reduction a) under UV-vis—NIR and b) vis—NIR irradiation.

H,O and the irradiated TiO, , surface.l'> Thus, the formation of
CO is shown by Equation (12)—(17), starting with H,O dissocia-
tion (Equation (12)) and intermediate production (CO,, HCO3 ™)
on the surface of TiO, (Equation (13) and (14)).*>7>731 CO,™ can
be converted to CO via reaction with H* (Equation (15)) or
self-recombination (Equation (16)) or immediate deactivation
by the restoration of Vg sites (Equation (17)). Moreover, the abun-
dance of Ti*" plays an important role in the production and selec-
tivity of CH,,”® which might be the reason for the higher
production of CH,4 over CO.

BizS}/TiOZ/MOSZ + UV—VlS—NIR(hl/)

i (ei)Bizsg and MOSZ + (h+)Blzs3/T102/MOSZ (6)
BizS3/TiOZ/MOSZ —+ VlS—NIR(hl/)

— (e7)TiO, + (h*)Bi,S;/TiO, /MoS, 7)
CO, + 6H* + 66~ — CH;0H + H,0(—038VvsNHE) (8

2CO, + 12H* + 12¢~ — C,H;OH + 3H,0(—0.33Vvs NHE)
9)
CO, + 8H* +8e~ — CH, + 2H,0(—0.24VvsNHE)  (10)

CO, + 2H* + 2~ — CO + 2H,0(—0.53VvsNHE)  (11)

H,0 + h* — H* + .OH (12)
CO, + Ti** — Ti** 4 CO; (13)
.OH + CO; — HCOj; (14)
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- T, -0.24eV €O,/ CH,
L 1
L 2
okt bt .
€O, + CO; — CO + CO3~ 16)
CO; + Vo — CO + 05 (17)

In summary, the electrons’ flow direction strongly affects the
photocatalytic activity of the heterostructure. The prepared com-
posite showed switchable electron flow and improved redox poten-
tial with respect to a wavelength range of light. This selective redox
potential resulted in the desired CO, reduction product.

3. Conclusion

A multidimensional Bi,S3;/TiO,/MoS, heterostructure was pre-
pared via a microwave hydrothermal method and used for pho-
tocatalytic CO, reduction. XRD and XPS results confirmed the
structure formation. FE-SEM and TEM exhibit that the heter-
ostructure is built up with excellent interfacial contact, where
the TiO, nanosphere and Bi,S3; nanorods were wrapped and
embedded within the MoS, nanosheets. DRS-UV showed that
the heterostructure is responsive to the entire spectrum of radi-
ation. ISI-XPS analysis proved that the electrons’ flow direction
could be switched by varying the light wavelength range.
Under UV-vis-NIR, the electrons tend to transfer from
TiO, to MoS,; and Bi,S; forming an S-scheme heterojunction,
whereas under vis—NIR, the electrons tend to transfer from
Bi,S; and MoS, to TiO,, forming a type-II heterojunction,
which is further supported by the ESR, TA-PL, and scavenger
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experiments. As a result, changing the wavelength of the
applied light changed the composite junction, leading to a
switch in the redox potential of the accumulated charge car-
riers. The designed Bi,S;/TiO,/MoS, heterostructure exhib-
ited selective photocatalytic CO, reduction (CH3;0OH and
C,Hs;OH under UV-vis—-NIR and CH, and CO under vis—
NIR). Interestingly, the quantum efficiency of the composite
is 4.23% at 600 nm wavelength. These findings showed that
tuning the photoinduced charge transport pathway and devel-
oping a direct S-scheme and/or type-II heterojunction may be
done by selecting optimal heterostructure responses to differ-
ent frequencies, which would improve the CO, reduction
selectivity.

4. Experimental Section

Regents: Anatase TiO; nanoparticles (>99%), bismuth nitrate pentahy-
drate (>98%), and sodium molybdate dehydrate (>99%) were purchased
from Sigma-Aldrich. Sodium hydroxide (>98%), hydrochloric acid (37%),
sodium bicarbonate (98%), thiourea (99%), and acetone (>99.5) were
purchased from Alfa Aesar. All the reagents were used with no further puri-
fication. Nanopure water was used for all the experiments.

Synthesis of TiO,/Bi,S3/MoS,: The heterostructure was prepared simi-
larly to a previous report;” however, commercial anatase TiO, nanoparticles
was used and the molar ratio of MoS; instead of TiO, was varied. Typically,
2.7 g of Bi(NO;)35H,0 and 5.4 g of thiourea were dissolved in 90 mL of
water (labeled as S1). More suspension was made by sonicating 1.8 g of ana-
tase TiO, nanoparticles in 90 mL of water for 3 min (labeled as S2). Another
suspension was prepared by dissolving 1.8 g of sodium molybdate dihydrate
and 5.4 g of thiourea in 60 mL of water (labeled as S3). Ten milliliters from S1
and S2 each was added into five different Teflon vessels with different vol-
umes (2.5, 5, 10, 15, and 20 mL) of S3. The samples were labeled as BTM-
0.25, BTM-0.5, BTM-1, BTM-1.5, and BTM-2, respectively. Similarly, BTM-0
was prepared without the addition of S3. An appropriate amount of water
was applied to each Teflon vessel to sustain 40 mL of the total volume of the
solution. Other pristine photocatalysts, Bi,S; and MoS, were synthesized
using S1 and S3 solutions for the photocatalytic efficiency comparison.
The solutions were eventually moved to a microwave reaction system
(Anton-Paar Multiwave PRO). Microwave heating conditions were as follows:
heating temperature = 200 °C, heating time = 30 min, pressure = ~80 bar,
holding reaction time = 60 min, and cooling time = 60 min. The substance
was centrifuged after the reaction and washed with absolute ethanol and dis-
tilled water. Finally, the samples were dried for 12 h in a hot-air oven at 60 °C.

Analytical Methods: A Rigaku diffractometer investigated the crystallites
of the samples, equipped with a Cu Ka radiation source (1= 1.5406 A).
The prepared samples’ morphology was examined using FE-SEM
(Tescan Lyra 3) and HR-TEM (Joel/ JEM 2100 model). The elemental anal-
ysis was approved using XPS (ESCALAB 250Xi, Thermo Scientific). Optical
properties were investigated using UV-vis DRS (Shimadzu UV- 3600 UV)
and PL (Hitachi, F-2700) spectrophotometers. BET surface area
(Micromeritics Tristar |l Plus analyzer) was measured by N, adsorption;
UPS was used to obtain the work function and VB potential.

Photocatalytic CO, Reduction: The efficiency of the synthesized photo-
catalysts was examined toward CO, reduction at room temperature upon
300W xenon lamp (UV-vis—NIR =200-1200 nm) and (vis—NIR =400-
1200nm). In a 150mL quartz reactor (Scheme S1, Supporting
Information), 50 mg of the selected sample was dispersed in 10 mL nano-
pure water and sonicated for 30 min, then placed in a hot air oven at 70 °C
for 10 h, resulting in a thin film at the bottom of the reactor. The reactor
was then loaded with 0.12 g of NaHCO3, sealed with a rubber septum, and
purified with Ar gas for 30 min prior to the illumination to achieve anaero-
bic conditions. CO, gas and H,O vapor were in situ produced by injection
of 0.35 M HCl aqueous solution. A GC-2014C Shimadzu gas chromato-
graph equipped with a flame ionization detector (FID) and a methanizer
were used to detect the mixed gas (250 pL) withdrawn from the reactor
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after an hour’s irradiation. The stability test and recyclability test of the
optimized sample were recorded after 4 h of photoreaction. To quantify
the AQE, the photoreaction of all BTM samples was performed at
600 nm bandpass filter, and Equation (18) calculated the photocatalytic
products.

AQE = [N,(mols~")/N,,(mols~")] x 100 (18)

Np = number of reductions in the electron x moles of product yield
(mols™"), and N,, denotes moles of photon flux (mols™"). Ny, was cal-
culated using Equation (19).

Nop = I(Wm~2) x A(m?) x t/[(hc/2) x Ny (19)

where [ is the intensity of incident light, A is the light illumination area, t is
the illumination time, h is Planck’s constant, ¢ is the speed of light, and Na
is Avogadro’s constant (6.022 x 102 mol™").

Electrochemical Measurements: A CHI 608e electrochemical analyzer was
used to determine the photocurrent densities of the synthesized samples.
The working electrode was made of fluorine-doped tin oxide (FTO) glass
spin coated with the examined sample. Platinum wire and Ag/AgCl electro-
des were used as reference and counter electrodes, respectively, and
Na,SO, (0.5 M) was used as an electrolyte. Before immersing the three elec-
trodes in the electrolyte, Na,SO,4 was purged with argon for 0.5 h. A 150 W
xenon lamp was used to irradiate the working electrode at 50 mW cm?, and
the current density was recorded at 0V during light off-on cycling.

In situ Irradiated X-ray Photoelectron Spectroscopy: The chemical compo-
sition and the corresponding states of the BTM1.5 sample were investi-
gated by XPS using a Thermo Scientific (ESCALAB 250Xi) instrument. To
explore the electron density changes caused by light irradiation, an ISI-XPS
investigation was performed using the same instrument supplied with a
low-power 365 nm UV lamp and 600 nm visible lamp as light source illu-
mination (Shenzhen LAMPLIC Science Co. Ltd., China).

Spin-Trapping Electron Spin Resonance: To confirm the switchability of
the charge carrier’s migration pathway, ESR was utilized to determine the
+0, " and +OH by incorporating DMPO as the reactive species scavenging
agent in methanol and aqueous solutions, respectively. At room temper-
ature, 5 mg of BTM1.5 was sonicated for 10 min in 1 mL water/methanol
and 50 mL DMPO. The signals were recorded on a JES FA200 spectrome-
ter upon UV-vis—NIR and vis—NIR illumination.

Terephthalic Acid Photoluminescence: The generation of «OH during UV—
vis—NIR and vis—-NIR irradiation upon BTM1.5 was further confirmed using
the TA-PL technique. 30 mm of terephthalic acid was used to trap the gen-
erated «OH during UV—vis—NIR or vis—NIR illumination, which resulted in
2-hydroxy terephthalic acid detection under a PL spectrometer at fluores-
cence peak position around 425 nm, which was increasing over the time of
irradiation.
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