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Interfacial engineering of a multijunctional In,Oz/
WOz@Ti4sN3T, S-scheme photocatalyst with
enhanced photoelectrochemical properties+

Antony Okinyi Onjwaya,® Majahekupheleni Livileyise Malati,® Jane Catherine Ngila®
and Langelihle Nsikayezwe Dlamini (2 2

Achieving high photoelectrochemical conversion efficiency requires the logical layout of a composite
photocatalyst with optimal charge separation and transfer with ideal light harvesting capabilities to
enhance the photocatalytic performance and the degradation rate towards organic pollutants. Herein, a
novel In,Os/WOs@TisN3T, S-scheme heterojunction was successfully synthesized and confirmed
through valence band VB-XPS and Mott Schottky combined analysis. The formed MXene-doped In,Os/
WOs@TizN3T, S-scheme significantly enhances the charge flow and spatial separation with an improved
oxidation and reduction ability. An in-built interfacial electric field at the WO3z—-In,O3 boundary enhanced
the light-harvesting capacity, whereas Ti4sN3T, MXene offers a unique electron trapping effect which
effectively lowers high charge carrier recombination rate-related photocatalytic deficit. It preserves the
exceptional redox potency of the photocatalyst by providing a directed acceleration and effective separ-
ation of the photogenerated charges. A high carrier density (Np = 7.83 x 102t cm™) with a lower negative
flat band (Vgg = —0.064 V vs. Ag/AgCl) was obtained by Mott—Schottky analysis for 3 wt% In,Os/
WOs@TizN3sT,, an indicator that a low overpotential is needed to activate photocatalytic reactions. This
study, therefore, provides a novel thought for the design and fabrication of an S-scheme heterojunction
for photocatalytic reactions for mineralization of organic pollutants in water and clean energy production.

Introduction

The Earth is rich in natural clean and sustainable solar energy.
However, intrinsic intermittence and solar radiation unpredict-
ability limit its in situ usage and storage. Its conversion into
alternative forms provides a remarkable greener energy solu-
tion. Photocatalysis, therefore, provides a cutting-edge solu-
tion. It can transform solar energy into storable and transport-
able chemical fuels." Photocatalysis occurs in three steps: light
absorption by a semiconductor, charge separation and trans-
fer, and surface redox reactions which are dependent on the
energy bandgap and redox potentials of a semiconductor.?

If a strong surface redox reaction is targeted, a photocatalyst
should possess a high conduction band (CB) and a deep
valence band (VB) position. However, if maximum solar energy
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harvesting is desired, a photocatalyst should have a low CB
along with a shallow VB. A photocatalyst must have a more
negative reduction potential and a much higher positive oxi-
dation potential value.

About 95% of solar radiation is constituted by visible light
(400 to 700 nm) and infrared light (above 700 nm).* Thus, a
photocatalyst that can harness solar radiation within this spec-
tral range is ideal. The minimum energy required to activate a
photocatalyst is inversely proportional to the energy bandgap.*
As a result, a narrow bandgap is appropriate for harvesting
maximum light. Single photocatalysts experience rapid elec-
tron-hole recombination. In conjunction with their large
bandgap energies, they can only maximize a small fraction of
the solar spectrum. Strong interparticle forces cause the com-
monly used commercial TiO, (DP25) photocatalyst, in particu-
lar, to exhibit individual particle agglomeration on a tiny
specific surface area.” This, therefore, limits its efficiency in
maximum light harvesting and possession of strong redox
potentials.

Heterojunctions formed from stable composite materials
can overcome the challenges faced by single photocatalysts.®
This facilitates maximum light harvesting, fast electron trans-
fer and strong redox potentials. In particular, an S-scheme het-

This journal is © The Royal Society of Chemistry 2024
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erojunction exhibits interesting features as a preferred
heterostructure.”” It is constructed from two n-type semi-
conductors, an oxidation photocatalyst (OP) with a higher
work function and a lower Fermi energy level and a reduction
photocatalyst (RP) having a small work function and a high
Fermi energy level. At the interface, an electron (e7) from an
RP flow to an OP resulting in an electron depletion layer and
an electron accumulation layer at the junction between two
interfaced semiconductors, respectively. Concomitantly, an in-
built internal electric field (IEF) points from the RP to the OP
facilitating electron-hole recombination in the CB of the OP
and in the VB of the RP, while preserving higher oxidative h"
in the VB of the OP and more reductive e” in the CB of the RP.
Similarly, a longer working life, higher transmission efficiency,
and higher photocatalytic performance of internal carriers are
obtained.

Visible-light photocatalytically active metal oxides like
In,0; nanoparticles have much low internal resistance and a
large specific surface area with a higher reduction potential
which make them ideal photocatalysts. But they suffer from
limitations of single photocatalysts mentioned previously like
fast recombination of separated charge carriers. Therefore,
there is a need for coupling them with other photocatalysts
which are ideal support carriers for loading other materials
with high oxidation activity. In contrast, WO5; possesses high
oxidation activity with a smaller bandgap suitable for loading
onto other semiconductors to construct composite materials.
Therefore, fabricating In,O; nanoplates together with WO;
nanoparticles can yield a stable S-scheme heterojunction
photocatalyst with suitable charge separation and strong redox
potentials.>®?

Studies on the physical properties and photocatalytic
activity have been reported for the synthesized pristine WOs;,
In,0; and their binary nanocomposites. Chico-Vecino et al. in
2023 fabricated WO3/In,O; nanocomposites using different
concentrations of WO; and found that the composites had
higher photocatalytic activity in continuous conversion of CO,
in a flow reactor compared to pristine WO; and In,0;."°

The enhanced photocatalytic properties of the WO3/In,03
binary composite can be further achieved by introducing a
special electron trapping agent. A co-catalyst provides a direc-
tional acceleration of the photogenerated electrons with the
effective preservation of the excellent redox potency of the indi-
vidual semiconductor.’ MXenes have good electron mobility,
rich active sites, high porosity, multiple surface functionalities
and high hydrophilicity. They provide excellent co-catalyst
effects on heterojunctions.’” Due to their electrical conduc-
tivity, they induce a directional, ideal and internal electric field
and collect electrons on the surface of a semiconductor, a
determiner in fine-tuning the photoactivity of heterojunction
materials."

MXenes form a new class of 2D transition metal materials
composed of a transition metal (M) layer stacked with layers of
carbon or nitrogen and surface terminations T, (-O, -OH, -F,
and -Cl). They have a general formula of M,,,X,T, where M
denotes a transition element, X is either a carbide or nitride

This journal is © The Royal Society of Chemistry 2024
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and T, is the surface termination formed in the etching
process. They are synthesized from their precursor MAX
phases (M,;,AX,,) by selectively etching A, a group 13 or 14
element and n = 1, 2 or 3 is structurally dependent. Functional
groups (-0, -OH, -F, -Cl) form on the surfaces of MXenes as a
result of etching and exfoliation, facilitating bond formation
with semiconductor surfaces. They form abundant active
metal sites at MXene terminals for higher reactivity. MXenes’
porosity and super electrical conductivity make them electron
sinkers, increasing their charge carrier densities."*

Nitride-based MXenes, however, show superior activity over
their carbide counterparts. Their increased electron conduc-
tivity is due to the increased electron count in N atoms that
supersedes the electron withdrawal effect by surface groups.
This preserves the metallic character in functionalized nitride
based-MXenes.'® Therefore, the interfacial addition of metallic
TiyN;T, MXene on a photoactive WO;/In,O; significantly
improves electron-hole separation. No report shows the
doping effect of nitride-based MXenes on the WO3/In,0;
intrinsic structure. Motivated by these findings, in this study,
therefore, we focused on synthesizing the WO;/In,O;@Ti4N3T,
S-scheme heterojunction photocatalyst and evaluated its
photocatalytic properties.

Experimental details
Materials

Analytical grade chemicals were utilized in this study.
Additional purifications were therefore not undertaken. The
following reagents were used: sodium tungstate dihydrate
(Nay,WO,-2H,0) powder (>99.9%, Sigma-Aldrich), hydrochloric
acid (HCl) puriss (>36.5%, Sigma-Aldrich), lithium fluoride
(LiF) powder (<100 pm, >99.98%, Sigma-Aldrich), urea
(CH4N,O) pellets (>99.5%, Ace), indium(m) acetate [In
(CH30,)5-4H,0] powder (anhydrous, 99.99%, Sigma-Aldrich),
tetrabutylammonium hydroxide (C;6H3,NO) (TBAOH) aqueous
solution (40%, Sisco chemicals), dimethyl sulfoxide (C,H¢OS)
anhydrous - DMSO (>99.9%, Sigma-Aldrich), titanium (Ti)
powder (325 mesh, Alfa Aesar), titanium nitride (TiN) powder
(<3 pm, Sigma-Aldrich), aluminium nitride (AIN) powder
(<10 pm, Sigma-Aldrich), isopropanol (C3HgO) 96% v/v (Sigma-
Aldrich), methanol (CH;0H) 96% v/v (Sigma-Aldrich), ethanol
(CoHg0) 96% v/v (Sigma-Aldrich), and deionized water (DI).

Methodology

Hydrothermal synthesis of WO;. The schematic procedure
for synthesizing pristine materials and their nanocomposites
is illustrated in Fig. 1.

Precisely, 7.0 mmol Na,WO,-2H,0 was dissolved in 20 mL
of DI H,O. The pH of the solution was adjusted to 2 by a drop-
wise addition of 8 M HCI and continuously stirring for 30 min
at room temperature (RT). The dispersed solution was hydro-
thermally heated at 180 °C in a stainless-steel, Teflon-lined
50 mL autoclave for 4 h and then left to cool to RT. The

Dalton Trans., 2024, 53, 7694-7710 | 7695
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Fig. 1 Schematic of the synthesis of the WO3/In,0z@ TizN3T, composite.

obtained suspension was then washed with DI H,O and
ethanol several times and allowed to dry at RT.

Hydrothermal synthesis of In,0;. A solution of indium
acetate salt was prepared by dissolving 1 g of In
(CH300)3-4H,0 in 10 mL of DI H,0 and stirred for 30 min. At
RT, precisely 2.5 g of urea was added and stirred for 1 h. The
mixed solution was then transferred to a 50 mL Teflon-lined
autoclave (stainless-steel), heated hydrothermally for 4 h at
180 °C and thereafter cooled to RT. The obtained suspension
was washed with DI H,O by centrifugation and allowed to dry
at 60 °C for 6 h. The obtained powder was subjected to calcina-
tion at 550 °C for 4 h (Fig. 1).

Synthesis of the WO;/In,O; binary nanocomposite. The
WO;/In,0; (WI) binary nanocomposite synthesis followed a
solvothermal procedure reported by Chico-Vecino et al'°
Different quantities of the prepared WO; nanoparticles were
dispersed in 20 mL DI H,O under continuous stirring for
30 min in separate 50 mL clean glass beakers. The desired
amount of In,0; was then added according to WO; to In,0;
ratios (5, 15, 30 and 50 wt% of WOj3;). The resultant binary
composites were labelled (WI: 5, 15, 30 and 50). The suspen-
sion was autoclaved (50 mL Teflon-lined), subjected to 180 °C
hydrothermal heating for 4 h, and thereafter, left to cool to RT.
The resultant dry product was calcined for 4 h at 550 °C,
allowed to cool to RT and then labelled WI (5, 15, 30 and
50 wt% of WO3).

Synthesis of Ti,AIN; and TisN;T,. A top-down approach was
followed in synthesizing TiyN;T, from its synthesized Ti AlN;
MAX phase precursor. Pure Ti, TiN and AIN powders (2:2:1)
were mixed via ball milling for 8 h, cold pressed into pellets
and calcined at 1275 °C for 6 h under argon in a tube furnace

7696 | Dalton Trans., 2024, 53, 7694-7710

and then crushed into fine powder. Precisely, 0.5 g of MAX was
etched by soaking in a 10 mL mild etchant mixture of LiF and
9 M HCI for 12 h. The aluminium fluoride compound was
removed by centrifugation at 350 rpm through washing with
isopropanol until a pH of 6.5 and the resultant multilayered-
TiyN;T, was obtained. This was followed by delamination in
10 mL TBAOH to obtain few-layered Ti;N;T,. Excess TBAOH
was removed via washing with isopropanol under centrifu-
gation (Fig. 1).

Synthesis of the In,0;/WO;@Ti,N;T, composite. The In,0s/
WO;@TiyN3T, (TWI) nanosheet was synthesised by suspend-
ing 0.3 g of In,03/WO; (WI) in 20 mL of methanol and hom-
ogenized at RT for 30 min in a separate 50 mL glass beaker.
TiyN3T, (1, 3, 5, 7 wt%) was dissolved in 10 mL DMSO in a
50 mL beaker at RT under stirring for 30 min. The mixtures of
WI and Ti,N;T, were transferred into a 100 mL beaker, stirred
for 30 min and then ultrasonicated at RT for 12 h. DMSO was
removed via centrifugation using DI H,O to obtain a pH of 6.5,
followed by calcination at 200 °C in an argon environment for
3 h. The resultant In,0;/WO;@Ti4N;T, ternary nano-
composites were formed by the introduction of varied weight
percentages of 1, 3, 5 and 7 wt% of Tiy;N;T, MXene into the
In,O; and WO; heterojunction. The resultant In,O;/
WO;@TiyN;T, samples were labelled 1-TWI-30, 3-TWI-30,
5-TWI-30, and 7-TWI-30, respectively, according to the Tiy;N;T,
MXene loading (Fig. 1).

Characterization. The crystalline structures of the syn-
thesized photocatalysts were captured by X-ray powder diffrac-
tion (XRD, Rigaku Ltd, Japan) by exposing the samples to Ni-
filtered CuKa (a = 1.54056 A) radiation at a working voltage of
40 kV and a current of 40 mA. Examination of the functional

This journal is © The Royal Society of Chemistry 2024
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groups with respect to the crystal structure of the synthesized
photocatalysts was performed by Raman spectroscopy (Micro
200, PerkinElmer) under working conditions of 532 nm wave-
length and an 8.0 mW laser power output. Fourier transform
infrared spectroscopy (FTIR) operating on a Bruker Alpha
model using KBr as a reference was further used in the identi-
fication of the functional groups present on the synthesized
nanomaterials. Scanning electron microscopy (SEM) (TESCAN
Vega TC) coupled with energy dispersive X-ray spectroscopy
(EDS) at a voltage of 20 kV were employed in the examination
of the morphology of the nanomaterial. Similarly, Thermo
X-ray photoelectron spectroscopy (ESCA lab 250 Xi) combined
with an AlKa monochromator of 1486.7 eV was used to
examine the chemical and electronic states of the obtained
nanomaterials. Utilizing a Shimadzu UV-2550, ultraviolet-
visible diffuse reflectance spectroscopy (UV-vis DRS) was per-
formed to assess the optical features of the fabricated photoca-
talysts. Using photoluminescence spectroscopy (PL) on an LS
45 fluorescence spectrometer, the photoinduced charge carrier
recombination rate for the synthesized photocatalyst was
assessed (PerkinElmer, precisely, South Africa, Aeycitation =
350 nm). The BET surface area, pore size distribution and pore
volume were analyzed by nitrogen adsorption-desorption ana-
lysis, which was conducted by flowing liquid nitrogen at 77 K
(=195 °C) at an equilibrium interval of 10 s with a silica alu-
minium material as a reference. The operation was undertaken
using the Micromeritics ASAP 2020 Physisorption analyzer.

Photoelectrochemical analysis. Photoelectrochemical prop-
erty determination was carried out using an Autolab
PGSTAT204 (Netherlands) Potentiostat via a three-electrode
system.'® This system is made up of 0.1 M potassium ferrocya-
nide (K Fe(CN)s) solution as the electrolyte, Pt wire as the
reference electrode, and a silver/silver chloride (Ag/AgCl) elec-
trode as the counter electrode.’”” The prepared photocatalyst
sample coated on a fluorine-doped tin oxide (FTO) glass elec-
trode acted as a working electrode. Polyvinyl difluoride (PVDF)
and the sample were mixed in a 10:1 wt% ratio to form a
homogeneous slurry that served as the working electrode.
N-Methyl pyrrolidone (NMP) was used to dissolve this mixed
slurry and form a sticky paste which was then coated onto a
FTO glass surface and allowed to dry in air overnight."® Visible
light was flashed onto the working electrode during the study
in a completely dark environment. The data collection was per-
formed using the Gamry instrument (mode reference 1000E)
operated at a frequency ranging from 10 kHz to 0.1 Hz with an
AC and DC voltage of 10 mV rsm and 0.45 V vs. E,.f, respect-
ively. 0.8 V was applied at a step size of 2 mV to generate a
Mott-Schottky plot at a frequency of 1000 Hz. Using the impe-
dance potentiostat and frequency response analyzer (FRA) soft-
ware, the charge carrier resistance was evaluated by electro-
chemical impedance spectroscopy (EIS). This was conducted
using an applied voltage of 0.25 V and a current set between
100 mA and 100 nA. With the voltage set at 1.2 V, the photo-
current response was measured using chrono amperometry (At
> 1 mV) to determine the lifespan of the photogenerated
charge carriers.

This journal is © The Royal Society of Chemistry 2024
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Results and discussion
Crystal structure

The obtained WO3; showed major diffraction peaks located at
23.1°, 23.5°, 23.6°, and 35.1°, which could be identified as the
(002), (020), (202), and (222) planes, respectively, as shown in
Fig. 2a. The crystalline structure of WO; was assigned to the
monoclinic form of crystalline WO;, in accordance with the
ICDD card no: 04-002-3163, the space group P21/c. The
primary growth direction of the WO; crystal lattice was
through the (202) facet, indicated by the intense diffraction
peak at 20 = 23.5°. Sharp and intense diffraction peaks showed
an outstanding degree of crystallinity for the obtained WO,
nanoparticles, which agrees with literature reports.® Powdered
X-ray diffraction (PXRD) patterns of In,0; showed major diffr-
action peaks at 21.5°, 30.6°, 33.1°, 35.4°, 37.7°, 41.8°, 45.6°,
50.9°, and 62.1° which could be identified as the (211), (222),
(321), (400), (411), (332), (431), (440), and (631) diffraction
planes, respectively (Fig. 2a). ICDD card no: 04-006-0857
ascribed the material to the cubic form of crystalline In,O3,
with the space group Ia3 (a, b, ¢ = 10.1260 A). The obtained
polymorph of In,O; with a body-centered-cube (bcc) structure
has an optimum band-edge position, excellent conductivity
and outstanding photoelectrochemical stability, making it
suitable for photocatalytic applications (Fig. 2a)."

In Fig. 2a, all major diffraction peaks belonging to pristine
WO; (%) and In,O; (&) were observed in binary composites.
There was an increased diffraction peak intensity for binary
composites compared to pristine materials. Adding WO; into
In,0; promoted crystal growth, changing their initial obtained
monoclinic and cubic phases into a general hexagonal phase
structure.’®?® The improved crystalline phase regulation opti-
mizes the bandgap and significantly impacts charge carrier
recombination inhibition.>* However, further increase of WO,
content beyond 30% resulted in the loss of crystallinity.
Transformation of the crystalline phase of the binary nano-
composite into the amorphous nature at 50% WO; was indi-
cated by the reduction in the sharpness of characteristic peaks
(Fig. 2a). This was attributed to the masking effect induced by
the phase structure of WO; onto the In,O; crystal structure.®
Hence, 30% WO; (WI-30) content in the composite was there-
fore used for the fabrication of ternary composites due to its
outstanding degree of crystallinity.

The XRD patterns of Ti;AIN; MAX and TiyN;T, MXene are
displayed in Fig. 2b and the extract of the patterns (5-20° (26))
is shown in the ESI (Fig. S1}). The synthesized Ti,AIN; MAX
phase showed peaks at approximately 5.8°, 13°, 18°, 36°, 44°
and 62° which corresponded to the (002), (004), (103), (101),
(104), and (110) hexagonal phases of Ti,AlN;, respectively
(Fig. 2b and S1%). These peaks matched the reference Ti,AIN;
phases reported in the literature.>”> The aluminium layer was
etched out following an in situ prepared HF from LiF and HCI
treatment. The (103) peak disintegrated into reflection peaks
(®) in TiyN;T,, as shown in Fig. S1.f Consequently, the (002)
peak broadened and shifted from 5.8° to 5.4°, indicating the
change in the lattice parameter (c-LP) of the cell. This is

Dalton Trans., 2024, 53, 7694-7710 | 7697
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Fig. 2 XRD patterns for (a) pristine WOs3, In,O5, and binary nanocomposites; (b) Ti4AIN3s MAX, TizNsT, MXene and ternary nanocomposites.

evident by the shift in d-spacings from 6.73 A in Ti,AIN; MAX
to 7.47 A. Similarly, lattice parameter changes in the unit cell
of TiyN,T, were due to the introduction of functional groups
(-0, -OH, -F) and Li" intercalation between the interspaces. In
ternary nanocomposites, PXRD patterns for 1, 3, 5, and 7 wt%
showed a TiyN,T, (110) peak (/) along with other peaks belong-
ing to WO; (%) and In,O; (&),further confirming a successful
fabrication of the TWI-30 ternary heterojunction (Fig. 2b).
However, 3-TWI-30 showed the best crystallinity.

Herein, the PXRD results ascertained the successful syn-
thesis of all nanomaterials. Using the Scherrer equation, grain
sizes (WOj3, In,03, WI-30, and 3-TWI-30) in the nanostructure
were calculated using their diffraction peak broadening in
accordance with eqn (1):**

092
~ pcosé

(1)

where 1 corresponds to the monochromatic X-ray wavelength,
p represents the peak width at half maximum height and @ is
the diffraction angle. Pristine WO; (23°), In,0; (30°), WI-30
(24°) and 3-TWI-30 (30°) exhibited crystalline sizes of 57, 48,
33 and 38 nm, respectively. In the nanocomposites, a decrease
in crystal size with an increase in WO3 content into In,O; was
observed. A reduction in crystal size indicates increased crys-
tallinity, a contributing factor in suppressing the e /h" recom-
bination rate. The suppression of crystal growth is attributed
to the heterojunction formation.*®

Raman findings shown in Fig. S2a and bf ascertain
vibrational modes in the as-synthesised material. The phonon
bands of WO; confirmed PXRD findings which showed sharp

7698 | Dalton Trans., 2024, 53, 7694-7710

well-defined peaks at 806, 717, 326, 269 and 135 cm™" corres-
ponding to the monoclinic phase of WO; (Fig. S2at). The band
peaks at 717 and 806 cm ™" were assigned to O-W-O stretching
modes while 326, 269 and 135 cm™ to O-W-O bending
vibrations.** The cubic In,O; structure belongs to the space
groups I,> and Tj,’. Two types of cations are present in the
structure: 24 (point groups) In*" with the point symmetry C,
and 8 (side groups) In** with the side symmetry S¢.>* In a
body-centered cell, the existing 48 oxygen atoms retain the C;
site symmetry and are arranged in general places (e). Such a
structure is described by the following vibration modes as
given in eqn (2):*°

(2)

While the T, vibrations are both infrared active and Raman
inactive, the A,, E, and T, symmetry vibrations are both
Raman active and infrared inert. However, A, and E, vibrations
are both infrared and Raman inactive. Unambiguous Raman
spectra signatures of the cubic In,0; structure with phonon
modes at 305, 363, and 495 cm™" were also observed for our
synthesized sample and indexed to E,g, Ag, and Eg with refer-
ence to a literature report (Fig. S2af).>® The nanocomposite
structures comprised of individual pristine WO; (*) and In,O3
(#) phonon modes (Fig. S2at). The binary peaks slightly broad-
ened, became less intense and slightly shifted to higher wave-
numbers. These slight shifts were related to the increase in the
length of the In-O bond induced by substitution of In*" by
W°. Additionally, the observed small line width in each spec-
trum contributed to the nanocrystalline structure with good
crystallinity as observed in the XRD patterns.

4Aq + 4By + 14Ty + 5A, + 5E, + 16Ty

This journal is © The Royal Society of Chemistry 2024
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Raman spectra for MAX and MXene were labelled after
Gaussian and Lorentzian function fitting (Fig. S2bf). The
peaks were indexed as w, (134.6 cm™') and o (558.6 cm™)
which belong to Eq, group vibrations. They contained in-plane
modes of Ti and N atoms. Similarly, o4 (212.5 cm™), e
(251.2 em™), w, (378.1 em™"), and wg (548.5 cm™') modes cor-
responded to A;, symmetry out-of-plane vibrations of Ti and N
atoms. These peaks were present in the Ti,AIN; MAX phase
while wy, ®e, 07, and wg (548.5 cm™") modes were observed in
the TiyN;T, spectrum. After etching Al, a reduction in peak
intensity was observed. The peaks shifted to lower energy. The
induced structural surface moieties during etching and dela-
mination processes resulted in peak broadening with an
increased interlayer d-spacing.”” Addition of TisN,T, into the
binary nanocomposite further resulted in increased peak
intensities. The observed optical phonon modes of WO;, In,0;
and Ti,N;T, in the nanocomposite suggested the effective
development of 3-TWI-30 which indicated a clear fabrication
of a ternary nanocomposite (Fig. S2at).

Functional groups

Functional groups of the pristine and nanocomposites were
further ascertained from the FTIR spectrum in Fig. S2c.f
Stretching and bending modes which correspond to the W-O
vibrations of the material were seen in the FTIR spectrum of pure
WO, as reported in the literature.®® The peak observed at
3429 cm ™" was due to the stretching vibration of the surface O-H
group. The minor peak at 1624 cm™ was the W-OH vibration
and the strong peak at 766 cm™" was ascribed to the W-O-W
bridging mode.*® Similarly, peaks at 440 and 557 cm™" were
attributed to In-O stretching vibrations in cubic In,0;. The bands
at 602 and 827 cm™' were characteristic of In-O bending
vibrations in In,0.2% Broad characteristic peaks at 557 em™ and
827 ecm™" present in In,O; corresponded to the B-In,O; phase.
Additionally observed peaks at 3424 and 1646 cm ™" belonged to
the stretching and bending vibrations of O-H bands.*
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The Ti,AIN; MAX phase exhibited a broad peak at
~675 cm™', which was ascribed to a Ti-Al-N vibration as per
literature reports.®" After etching and delamination to Ti;N;T,,
disappearance of this broad spectral feature and formation of
a new peak at 537 cm™" were observed. This was attributed to
the successful removal of the Al layer and formation of a new
Ti-N vibration. Notably, in the exfoliated TiyN;T, spectrum, a
much broader peak centered at ~3424 cm™" was observed to
be a characteristic O-H/N-H stretch. Similarly, formation of a
new peak at 537 cm™ "' was observed which could be ascribed
to the Ti-F stretching. This was related to the hydrophilic
nature of TiyN;T, due to terminal functional groups (O-F, Ti-
F, OH, and NH).

Furthermore, FTIR spectra for binary nanocomposites com-
prised of prominent peaks of WO; and In,0; (Fig. S2ct).’ The
vibrational peak intensity of TiyN;T, belonging to Ti-N, Ti-F
was observed in the case of the ternary nanocomposite.
Concomitantly, a broad band and sharp intense peak at 3424
and 1637 cm™ " were assigned to the v(O-H) stretching modes
as a result of §(H-O-H) bending vibration modes, respectively.
This O-H stretching showed a much broader peak in the
ternary nanocomposite due to the contribution of the O-H
functional group from Ti,N;T,. All surface functional groups
belonging to Tiy,N;T, (O-F, Ti-F, OH, and NH) were observed
in the ternary nanocomposite, indicating the successful
addition of Ti,N;T, to the binary nanocomposite.

Morphology

The shape and microstructure of the as-synthesized materials
were investigated using SEM and TEM as shown in Fig. S3}
and Fig. 3. In Fig. S3a,T 2D WO; nanoparticles exhibit a rod-
like morphology and their composition was confirmed by EDS
to be W and O. The SEM image of pristine In,O3; nanoparticles
in Fig. S3bt shows a cube-like morphology, which agglomer-
ated to exhibit a flower-like comb.?* Their EDS spectrum con-
firmed the presence of In and O. In Fig. S3c,T the 2D WO,
nanoparticles were finely disseminated over In,O; nanosheets

Fig. 3 TEM images for (a) WOs3, (b) In,O3, (c) WI-30, (d) Ti4N3T, MXene, (e) 3-TWI-30 ternary and (f) HRTEM 3-TWI-30 ternary heterostructures.

This journal is © The Royal Society of Chemistry 2024
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resulting in the formation of the WO;/In,O; binary nano-
composite. This was further confirmed by the EDS spectrum
indicating the elemental composition to be W, In and O.
Fig. S3d and et show the SEM images of Ti,AIN; and Ti,N;T,
MXene, respectively. The SEM images of Ti,AIN; MAX
(Fig. S3dt) and TiyN3T, in Fig. S3et display a morphological
change before and after etching.*® Their EDS analysis was con-
sistent with previous literature reports, which showed the pres-
ence of Ti, N, Al and O in the MAX phase.?* The removal of Al
in MXene was confirmed by the disappearance of the Al peak
in the EDS spectrum (Fig. S3et). In Fig. S3f,} there was an
over-layer of the TiyN;T, structure on the binary nano-
composite as evidenced by the appearance of a disintegrated
layer. The elemental composition was confirmed by EDS ana-
lysis to be In, W, N, F, and O. The elemental mapping for the
3-TWI-30 ternary composite is indicated in Fig. S4f to include
Ti, W, In, N, O and F.

Fig. 3a shows TEM images of pristine WO; with a 2D rec-
tangular shape-like structure.’® In,O;, in Fig. 3b, shows a
body-centered cubic morphology. Fig. 3c confirms the for-
mation of a binary composite with In,0; cubes decorated onto
the rectangular-shaped structure of WOj;. TiyN;T, MXene in
Fig. 3d shows a nanosheet-like morphology.*® The formed
ternary composite in Fig. 3e was confirmed by the layering of
TiyN;T, MXene nanosheets onto the rectangular WO;. The
cubic In,0; is not clearly shown. This is due to the masking
effect of WO;. The SAED patterns for all the materials were
indexed by calculating the d-spacings for the individual
material using the Image] software. The SAED patterns for
WO; observed were (222), (202), (020) and (002) (Fig. 3a inset).
This is in agreement with the XRD pattern analysis.*®
Similarly, the In,O; cubic structure indicated the SAED sets of
(622), (440), (400) and (222) as shown in Fig. 3c inset. These
were further confirmed in the binary composite with those
belonging to WO; dominating as indicated in Fig. 3c. TiyN;3T,
exhibits two distinct crystal planes belonging to (002) and
(004) (Fig. 3d inset).

Furthermore, the presence of Ti;N;T, MXene nanosheets
on WO;/In,0; confirms the role of Ti,N;T, MXene as the elec-
tron sinks = in separating electrons from the CB of WO;. The
formation of the ternary nanocomposite was further confirmed
by the SAED sets of (110), (104), (200), and (222) to be a combi-
nation of the three as shown in Fig. 3e and HRTEM in Fig. 3f.

Elemental composition and chemical states

The chemical composition, oxidation states and the electron
migration route of the heterostructure were ascertained by ana-
lysing the change in binding energy using X-ray photoelectron
spectroscopy (XPS) (Fig. S5t and Fig. 4).

The survey spectra of the Ti;AIN; MAX phase, TijN3T,
MXene, WO;, In,0; nanoparticles,  WI-30, and
3-TWI-30 heterostructures are displayed in Fig. S51 (and its
extract) presenting Ti, N, W, O, In, and Al elements.

The F element observed on the Ti,N;T, MXene results from
etching with LiF salt and HCl. The W 4f spectrum shown in
Fig. 4a has two evident peaks at 35.3 and 37.4 eV, ascribed to

7700 | Dalton Trans., 2024, 53, 7694-7710
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W 4f;, and W 4f;5,, of WO;, respectively. In the WI-30 and
3-TWI-30 heterostructures, these W 4f peaks slightly shifted
toward lower binding energy in comparison to pristine WO;
nanoparticles implying electron depletion on WO;. The In 3d
spectrum in Fig. 4b consists of a doublet at binding energies
of 452.2 eV for In 3dj/,, and 444.6 eV for In 3ds,, which shifted
to higher binding energy in WI-30 due to electron accumu-
lation.>” Fig. 4c shows a high-resolution O 1s spectrum for
pristine WO3, In,03, and their composites, Ti;N;T, MXene and
Ti,AIN; MAX with two peaks at 530.3 and 532.1 eV. The
intense peak at 530.3 eV is attributed to the lattice oxygen in
WO; and In,0; species characteristic of metal oxides, and the
weak peak at 532.1 eV could be due to the adsorbed oxygen.*®
The 530 eV peak is more intense and broader in indium oxide
than in the WO; photocatalyst indicating more oxygen
vacancies in In,05.° O 1s for Ti,AIN; MAX and Ti,N;T, MXene
was fitted, and three sub-peaks observed were related to Ti-O
(528 eV), Ti-OH (532 eV) and adsorbed moisture (533 eV).
Fig. 4d indicates the observed Ti 2p peaks for both Ti AIN;
and Ti,N;T, nanocomposites. A more informative understand-
ing of the prevailing chemical state present in MAX and
MXene can be obtained from the Ti 2p spectra. Two transition
splits are produced by the Ti 2p spin-orbit splitting within the
range of 453-460 eV forming Ti 2p;/, and the peaks from 460
to 466 eV are due to the Ti 2p,,. A similar peak of Ti*" at 455.0
eV, and at 456.9 eV (Ti’") and 458.6 eV (Ti'") in TiN are also
observed in the Ti,AIN; MAX. After AI*" exfoliation, there is a
disappearance of the original Ti*" feature in Ti,N;T, MXene.
The observed peaks at 457.0 and 458.5 eV are ascribed to Ti**
and Ti*". Additionally, the Ti** peak at 457.0 eV in the Ti;N;T,
MXene spectrum broadened compared to the MAX phase
(Fig. 4d). The similarity in electronegativities exhibited by both
Ti and Al (1.54 for Ti; ¢f. 1.61 for Al) indicates the likelihood of
a shared Ti-Al bonding structure in the Ti,AIN; MAX phase to
include Ti**, Ti**, and Ti*" as well as AI**, as observed in its
XPS spectrum.’’ However, the two terminal Ti layers in the
7-atom layer Ti,N;T, sheets exhibit a Ti'* oxidation state in
Fig. 4d. The Ti*" peak is observed in the Ti 2p spectrum at 459
eV with a slightly lower energy Ti*" peak in the Ti,N;T, MXene
due to the Ti*" environment consisting of both Ti-O and Ti-N
characters. Similar to the Raman and FTIR spectroscopic data,
these XPS Ti 2p data also indicate the formation of surface
oxide (T, = O and/or OH). Two inner Ti layers in the 7-atom
layer Ti,N;T, sheet formally are in a Ti** oxidation state and
are bound only via Ti-N interactions in both the Ti,AIN; MAX
and TiyN;T, MXene phases. The shift to a higher binding
energy observed in Ti 2p in 3-TWI-30 is due to an increased
electron density flowing from the CB of WO; in WI-30.%7°
Fig. 4e and f illustrate the distinct variations in the spectrum
areas for Al 2p and N 1s for the Ti;AIN; MAX and Ti;N;T,
MXene phases, respectively. The Al peak position (about 75 eV)
in Fig. 4e is in line with an AP®" environment in the Ti,AIN;
MAX phase. This peak decreases in intensity and shifts to
lower binding energy after etching. This is due to distortion of
the Ti-Al-N bond and formation of new Ti-N weak van der
Waal bonds in the TiyN;T, MXene. The N 1s spectrum for the

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D4DT00135D

Open Access Article. Published on 28 March 2024. Downloaded on 4/7/2026 7:23:09 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Dalton Transactions Paper
W 4f 3+ A ‘ In3d
b)| &/ | (©)
(a) ( ) 3dspp ) I3t
3-TWI-30 ‘
=
o g =
< g &
£ — WI-30 g £
E : =
— W03
T T T T L) Ll L) Ll L) L] LJ L]
v v
32 34 ) 3.6 38 40 42 440 442 444 446 448 450 452 454 456 528 530 532 534
Binding energy (eV) Binding energy (eV) Binding energy (eV)
3-TWI-30 -Ti-0 i '
TiZp Al2p Ti-O N 1s

(e)

O} o ! -
s 5 < K
& s ' z
] > ' B
= 8 : =
= '
o |
Ti4AIN3
%
TigAIN3 F‘
B Sy,
——— A \appee] TTELLLOLUIELI UG,
 — T T T T T T T T T
440 450 460 470 480 70 72 74 76 78 80 392 394 396 398 400

Binding energy (eV)

Binding energy (eV)

Binding energy (eV)

Fig. 4 XPS spectra of the as-prepared materials (a) W 4f, (b) In 3d (c) O 1s; (d) Ti 2p and the intensity for (e) Al 2p and (f) N 1s.

Ti,AIN; MAX phase in Fig. 4f exhibits an intense peak at 397.3
eV which is consistent with the peaks present from a metal
nitride bond. After Al removal, an increase in peak intensity
was observed with a subsequent shift to a lower binding
energy in TiyN;T, MXene. However, after addition of the
Ti,N;T, MXene, the peaks shifted to higher binding energy.
The N 1s in TiyN;T, MXene shifted to lower binding energy
and broadened. This is relatable to the weakened bond due to
the Al removal.’” However, in 3-TWI-30, the N 1s peak
becomes more broader and uniformly distributed. This is due
to the effect of accepted electrons from WI-30.*°

Optical properties

UV-vis spectroscopy was used to examine optical band edge
absorption, bandgap and emission band peaks of the syn-
thesized materials. Pristine WO; and In,O; (Fig. 5a) dis-

This journal is © The Royal Society of Chemistry 2024

played relatively lower absorption intensities in the visible
light region with absorption edges at 520 and 420 nm,
respectively.

Introduction of WO; nanoparticles into the In,O; photo-
catalyst improved the photon absorption of the photocatalyst.
A red shift was observed upon increasing the WO; content in
the binary composite from 5 to 30% with a maximum absorp-
tion at 470 nm (WI-30).

A further increase in WO; content showed a blue shift in
absorption.

This could be attributed to the masking effect of WO; on
In,0;. TiyN;T, showed no absorption edge across the
200-800 nm, which was related to its metallic structure
(Fig. 5b). The observed absorption edge range for ternary
nanocomposites was 480 nm to 430 nm with 3-TWI-30 absorb-
ing within the visible range (463 nm) (Fig. 5c).

Dalton Trans., 2024, 53, 7694-7710 | 7701
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Fig. 5 (a and b) UV-vis absorption spectra and (c and d) Tauc plots of the as-prepared materials.

E, for the as-synthesized photocatalysts was examined
using the Kubelka-Munk eqn (3):

(ahv) = A(hv — Eg)'/" (3)
where a represents the optical absorption coefficient, /v is the
photon energy, and n determines the type of optical transition
where n = 2 or 3 for an indirect allowed and indirect forbidden
transition, respectively and n = 1/2 or 3/2 for a direct allowed
and direct forbidden transition, respectively. Both WO; and
In,O; have a direct allowed transition, n = 1/2, E, is the
bandgap energy and A is a material dependent constant.*’
From Tauc plots of different photocatalysts, E, values of pure
WO; and In,O; were 2.13 eV and 2.62 eV, respectively, while
those of WI-5, WI-15, WI-30 and WI-50 were 2.39 €V, 2.43 eV,
1.90 eV and 2.44 eV, respectively (Fig. 5c).

The introduction of WO; nanoparticles onto the In,O;
photocatalyst narrowed the E, of nanocomposites, hence pro-
moting visible light absorption, a first requirement step in a
photocatalytic reaction.*” Therefore, the constructed WI-30
binary heterojunction composite vastly improved the utiliz-

7702 | Dalton Trans., 2024, 53, 7694-7710

ation of broad light absorption in comparison to pristine
materials. Upon fabrication of the ternary nanocomposite,
there was a visible change in E, with 1, 3, 5 and 7 wt%
(TWI-30) having an E, of 2.36 eV, 2.33 €V, 2.56 €V and 2.55 eV,
respectively (Fig. 5d). A ternary nanocomposite, made up of
3 wt% MXene, showed the lowest E, of 2.33 €V, suggesting
superior absorption capabilities to the other MXene loading
wt%.

XPS valence band (VB) analysis further deduced the
changes in the position of the energy band edges due to the
bandgap position shift. The XPS VB spectrum for WO; in
Fig. 6a derives its VB potential (Eyg, vs. vacuum) to be 2.98 eV
(vs. vacuum), while that for In,O; was 2.03 eV (vs. vacuum)
(Fig. 6b)."* Based on their respective E, values, the conduction
band potentials Ecp (vs. vacuum) were estimated to be 0.85
and 2.03 eV, respectively. The extrapolated XPS Eyg average in
WI-30 and 3-TWI-30 was 2.21 and 2.12 eV (vs. vacuum),
respectively as shown in Fig. 6¢ and d. These confirm the suc-
cessful effect of heterostructure formation on influencing
band potentials and band edge deduction as summarized in
Table 1 and Fig. 7, respectively.

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 XPS VB spectra for (a) WO3, (b) In,O3, (c) WI-30 and (d) 3-TWI-30.

Table 1 Optoelectronic parameters of the photocatalysts: optical
absorption edge (Abs. edge), energy bandgap (Ey), XPS valence band
(XPSyg) and XPS conduction band (XPScg)

Absorption edge Bandgap XPSyp XPScp
Sample  (nm) (eV) (eV) (eV)
WO, 416 2.13 2.98 0.85
In,0, 455 2.62 2.03 —0.32
WI-30 470 1.90 2.21 0.31
3- 463 2.33 2.12 -0.21
TWI-30

Photoelectrochemical studies

The photoluminescence intensities for pure WO; and In,0;
photocatalysts exhibited the strongest PL peaks in the range of
340 nm-360 nm at an excitation wavelength of 350 nm, indi-
cating the highest recombination rate of photoinduced carriers
(Fig. 8a and b).

After loading WO; nanoparticles onto In,03, a reduction in
the PL intensities was observed for binary nanocomposites in
comparison to pristine WO; with WI-30 recording the least
peak intensity.

A decrease in PL intensity signified that there was a
reduction in photoinduced charge carrier recombination

This journal is © The Royal Society of Chemistry 2024
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rate.** The formation of the heterojunction contributed to
the change in the charge carrier transfer route. Similarly,
reduction in e”/h" recombination could be as well attributed
to improved crystallinity of composites. The smaller the
crystal size, the shorter the diffusion pathways of charge car-
riers as well as improved spatial separation of e /h*.*’
Consequently, increased content of WO; results in masking
of In,O; which caused an increase in the recombination
rate of nanocomposites. A consequential reason for the
observed increase in PL intensity is the increase in WO,
content to 50%.

MXenes are metallic compounds with high conductivity
properties, therefore exhibiting efficient charge transfer mobi-
lity.*® Hence, upon fabrication with Ti4N3T,, a much lower PL
intensity was recorded, with 3-TWI-30 reporting the lowest PL
intensity (Fig. 8b). The reduced PL intensity suggests the suc-
cessful formation of a Schottky barrier between the
WI-30 heterostructure and MXene.*® The Schottky barrier,
therefore, acted as a shuttle for e~ from WI-30 to TiyN;T,. In
addition to the metallic nature of the MXene, a reduction in
PL intensity might be related to the porous nature of Ti;N;T,
which acted as electron traps further separating and stabilizing
photoseparated electrons from active holes. However, MXenes
can behave as recombination centres at high Ti,N;T, loading,
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Fig. 7 Band edge position diagrams of the synthesized semiconductors based on the XPS data.
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evidenced by increased recombination rates as observed in
5-TWI-30 and 7-TWI-30 composites.

Considering the diameters of the semicircles, the Nyquist
plots reveal the generated charge carrier resistance (Fig. 8c and
d). The Nyquist plot has the imaginary impedance value (Z")
and the real impendence value (Z'), which show the charge
transfer resistance (Rcr) fitted by the Randles-Ershler equi-
valent circuit (Fig. 8c and d: inset). A smaller arc radius shows
an efficient charge transfer and a more effective separation of
photoinduced charge carriers.*”

As shown in Fig. 8¢, pristine WO; and In,0; photocatalysts
exhibited largest curves, an indication of a high charge trans-
fer resistance, 41.2 and 42.3 Q, respectively, attributed to the
lower interfacial charge transfer and increased charge carrier
recombination rate.

Upon binary fabrication, an increase in curves and later
reduction with WI-30 reporting the smallest curve with a resis-
tance of 33.0 Q was observed. WI-5, WI-15, and WI-50 exhibi-
ted 38.5, 70.5 and 71.5 Q, respectively. There was a significant
reduction in charge-transfer resistance upon incorporating the
appropriate amount of WO; into the intrinsic structure of
In,0;. The induced interfacial reaction mechanism within
30% WO; and In,0; contact leads to faster and more efficient
charge separation and transfer.

Further addition of TiyN;T, to the WI-30 binary nano-
composite reduced the charge resistance, with 3-TWI-30
reporting the least 31.9 Q resistance, while 1-TWI-30, 5-TWI-30
and 7-TWI-30 exhibited 41.9, 49.6 and 49.0 Q resistance,
respectively. This was related to the metallic nature and charge
transfer capacity of MXenes which offer stable landing sites for
photogenerated electrons. Similarly, in 2015, Yan et al
reported that oxygen vacancies of In,O; in the ternary compo-
site facilitate the formation of inter-bandgap states below the
CB minimum responsible for the extra charge carriers facilitat-
ing an increased e~ lifetime. They bind electrons to states of
shallow defects.’® An extended lifetime would provide photo-
generated holes in the VB a longer time to migrate toward the
electrode/electrolyte contact and participate in the oxidation
process.

Photocurrent response was recorded to explore interfacial
electron-hole separation and transfer (Fig. 8e and f).*° Five
cycles of on and off of visible light irradiation were performed
to record the transient photocurrent responses of pure WOs;,
In,0;3, and nanocomposites with WO; exhibiting the lowest
photocurrent response. Photocurrent intensities of WI-30
photocatalysts were most improved and gradually reduced
upon increasing the WO; content (Fig. 8e). Transient photo-
current of the WI composite catalyst was distinctly enhanced
compared to that of pure WO; or In,0;. Introduction of WO;
nanoparticles enhanced the separation efficiency of e /h" in
WI up to a given limit, after which, it masked In,O; resulting
in the reduction of photocurrent response.

Similarly, in 2021, Banerjee et al. reported that 8.5 wt% of
NiO could cover InTaO4 and offset its light absorption.”® In
2023, Chico-Vecino et al. also prepared the WO;/In,O3; compo-
site and observed the same effect.'® Upon MXene introduction,

This journal is © The Royal Society of Chemistry 2024
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an increase in photocurrent density was observed with
3-TWI-30 exhibiting the highest photocurrent density (Fig. 8f).
This was due to the increased light absorption ability of the
ternary nanocomposite and a tighter connection between
WI-30 and TiyN;T, leading to more efficient separation and
flow of e /h*.>" High photocurrent response minimizes photo-
corrosion of e /h*. In turn, their recombination rate is
minimized.

A Mott-Schottky study was conducted to deduce band edge
potentials and explore the charge transfer pathways in
Fig. S6a.t The deduced flat band potential from the Mott-
Schottky plot was employed in the determination of the band
edge structure and pathways opted by e /h" in semiconductor
materials. The X axis intersections in the Mott-Schottky plots
yielded values of the flat-band potentials. Notably, a shift in
the flat band potentials was observed in the composites with
the WI-30 binary nanocomposite exhibiting higher values com-
pared to pristine materials (Fig. S6¢ and df). This indicated an
excellent interfacial e~ migration. The individual oxides
demonstrated positive slopes on their Mott-Schottky curves
suggesting n-type semiconductors (Fig. S6a and b¥).

Accordingly, the Fermi level for n-type semiconductors is
estimated to be 0.1 V to 0.3 below the CB.’> Based on this
assumption, flat band potential (Epg) values were used in cal-
culating the CB potential for each material. Using the Nernst
equation, the obtained Egg values against the Ag/AgCl scale
were changed to the NHE scale, as shown in eqn (4).

Exg = Eng/agal + Epg/agcr +0-059 (pH) (4)

where Eng/agct measures the potential via the Ag/AgCl reference
electrode and Exg/agc1 = 0.197 at 25 °C. Electrolyte solution was
kept at a pH of 6.5. Their individual valence band (VB) values
were calculated from their respective bandgaps extrapolated
from UV-vis DRS Tauc spectra using eqn (5):

EVB = Eg + ECB (5)

Through the determined bandgap and VB position, the CB
and energy levels of WO; and In,0; were deduced to be —0.246
and —1.204 V while their VBs were 1.884 and 1.416 V, respect-
ively, as further indicated in Table S2.1 Additionally, MS plots
were utilized to evaluate the carrier concentration (Np, donor
carriers for an n-type semiconductor) for the synthesized
photocatalysts, according to eqn (6):

2
b=———
ecey X MSgiope

(6)

where ¢, e, and ¢, stand for the e-charge, vacuum permittivity,
and dielectric constant, respectively.

The dielectric constants for WO; and In,O; were obtained
from the literature as 5.03 and 8.9, respectively.>>>* The calcu-
lated Np, from the individual MS slope in Table S2 provided in
the ESIf was 11.05 x 10*', 6.25 x 10*', 2.70 x 10*' and 7.83 x
10*' em™ for WOj;, In,0;, WI, and TWI, respectively. The
lowest MS slope in WO; results in the highest Np, while
3-TWI-30 showed a better Np. Moreover, the N value
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increased as the Tiy,N;T, loading increased, an indication of
increased induction in charge carrier mobility.

To identify the formed reactive species accountable for the
breakdown of organic pollutants in wastewater, the CB and VB
potentials for the synthesized materials were compared with
0,/°0,” and OH™/"OH generation potentials. This was based
on the energy band edge diagram deduced from Mott-
Schottky analysis (Fig. S61). The CB of In,O; had a redox
potential capable of producing superoxide radicals (Ecp =
—1.66 V; E(0,/°0,7) = —0.33 V vs. NHE). Similarly, WO; has a
VB potential capable of producing hydroxyl radicals (Eyp = 1.88
V; E(OH™/"OH) = 0.96 V) as indicated in Fig. 9.

The work function plays a key role in determining the
charge transfer mechanism at the interface of the 3-TWI-30
S-scheme structure.

Fig. 10 shows the obtained work function of WO; (a), In,03
(b), TiyN;T, (c), WI-30 (d) and 3-TWI-30 (e) obtained via XPS
and the sketches of the internal electric field and charge trans-
fer (Fig. 11f-h). In the XPS measurement, the energy trans-
formation is given by a relationship of the solid sample: hv =
Ey + Ep, + @ (v is the incident photon energy, E is the photo-
electron kinetic energy, E;, represents the electron binding
energy, and @ gives the sample’s work function).>® The differ-
ence in the work function gives a different contact potential
energy (AV) = @ — ¢ (¢ is the work function of the instrument
and the value is 5.05 eV). These have a net effect on the kinetic
energy of the free electrons with a concomitant change in the
electron binding energy. XPS detects the changes in the
binding energy while the distance between the inflection
points (IP) allows for the determination of AV (Fig. 10(a—e)). @
could then be calculated. The work functions of WOj;, In,03,

View Article Online
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TiyN;T,, WI-30 and 3-TWI-30 were determined to be 7.311,
5.75, 7.980, 6.13, and 5.919 eV, respectively.

An S-scheme structure was constructed based on the
obtained band edges (VB, CB), work functions and Fermi
levels. In,0; forms a reduction photocatalyst (RP) with higher
CB and VB positions relative to WO; as an oxidation photo-
catalyst (OP). Upon closer contact, electrons in In,0; diffuse to
WO; resulting in the creation of electron depletion and
accumulation layers in In,O3; and WO, respectively (Fig. 11f).

WO; becomes positively charged while In,O; becomes
negatively charged.”® The flow of charge carriers, in conse-
quence, induces an internal electric field (IEF) flowing from
In,03 to WO; accelerating the photoinduced electron transfer
from WO; to In,0O3. When WO; and In,0O; comes into contact,
an equilibration occurs as the Fermi levels align in the posi-
tion of the least energy. This is achieved through an upward
shift in the In,0O; Fermi level and a downward shift in the WO,
Fermi level.>” The band bending, IEF and coulombic attraction
promote recombination between photogenerated electrons in
the CB of WO; with holes in the VB of In,0;. Consequently,
the potent photogenerated electrons in the CB of In,0; and
the holes in the VB of WO; are preserved for photocatalytic
processes, while the ineffective electrons in the WO; CB and
the holes in the In,O; VB are eliminated (Fig. 11g).”® The
observed interfacial charge-transfer behaviour of the In,O;/
WO; heterojunction accords with the XPS data, in agreement
with the S-scheme heterojunction mechanism.>® The position-
ing of Tiy,N;T, onto WO; is based on its work function and its
Fermi level, where the minimum energy is required for adjust-
ing the Fermi level alignment during equilibration with that of
the heterostructure (In,O3/WOj3). Given the larger work func-
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Fig. 9 Proposed band edge diagram.
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tion of WO; and its lower E; closer to that of TiyN;T,, the
photoinduced electrons can easily flow from the WO; hetero-
junction to TiyN,T, (Fig. 11h). The weak van der Waal forces
facilitate the adsorption of TiyN3;T, onto the photocatalyst
surface, where it serves as an electron-trapping center.®°

Conclusion

In conclusion, an S-scheme heterojunction photocatalyst was
successfully fabricated based on the combination of an oxi-
dative photocatalyst WO; with In,O; and Ti;N;T, MXene as co-
catalysts. The pristine materials were prepared via solvo-
thermal synthesis, with the binary and ternary composites
being prepared via an electrostatic assembly followed by calci-
nation. The photoelectrochemical analysis of the as-syn-
thesized materials showed that WO; loaded onto In,O;
showed improved photoelectrochemical properties. There is a
masking effect induced by WO; at loadings above 30 wt%.
Furthermore, the introduction of the MXene co-catalyst
enhanced the properties of the ternary composite. In addition,
the fabricated S-scheme multijunction photocatalyst (In,Os/
WO;@TisN;3T,) has a sufficient light harvesting capability and
retained reduction and oxidative potentials for generating
photoinduced reactive radicals with potential in energy and
environmental remediation. The synthesized photocatalyst is
recommended for application in the degradation of emerging
pollutants (ARVs) in water.
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