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ARTICLE INFO ABSTRACT

Keywords: We report the successful design of a heterojunction comprising p-type CuBi;O4 (CBO) and n-type MoS, semi-
Photooxidation conductors. This was achieved through a hydrothermal and calcination method, resulting in the uniform
Photoreduction

deposition of three-dimensional CBO nano-cubes onto the surface of two-dimensional MoS, nanosheets. Under
visible light, the best MoS,/CBO composite exhibited the maximum catalytic efficacy for both the reduction of Cr
(VD) and the oxidation of tetracycline hydrochloride (TC) at a molar ratio of 10:1. For tetracycline degradation
the heterostructure achieved 83 % efficiency and a rate constant of 0.00412 min " after 180 min, while complete
reduction of Cr(VI) was achieved, with a rate constant of 0.11 min™"! after 40 min. The efficiency of MoS,/CBO
was averagely 1.4 times higher than that of the pristine materials for TCE degradation, while the activity was
almost 1.8 times of the pristine materials for Cr(VI) reduction. The remarkable catalytic activity can be ascribed
to the combined effects of electron redistribution and charge transfer between 2D MoS; and 3D CuBi04 leading
to the formation of a heterostructure and thereby facilitating strong interfacial interactions among the compo-
nents causing effective absorption of visible light and improved separation of photogenerated electron-hole pairs.
It is important to note that MoS2/CBO demonstrated excellent stability and reusability after 6 cycles. The primary
reactive species responsible for TC degradation were identified as photo-generated h*, and *02~. Additionally, e~
was found to be mainly liable for Cr (VI) photoreduction. Furthermore, we propose a plausible photocatalytic
reaction pathway for the elimination of both TC and Cr(VI). This research provides valuable inroads into the
development of heterojunction photocatalysts for efficient water de-toxification.

p-n heterojunction
Pharmaceutical mineralization
Cr (VI) photoreduction
Electron redistribution

1. Introduction Consequently, the development of new wastewater treatment technol-

ogies has therefore garnered much attention in recent decades [12-14].

The occurrence of pharmaceuticals and heavy metals in both in-
dustrial effluents and natural water supplies is a significant environ-
mental and health challenge owing to their harmful nature to humans
and non-biodegradability [1-3]. Tetracycline is one of the most widely
used antibiotics due to its effectiveness and affordability [4-6]. How-
ever, its high solubility in water and low metabolism signifies its po-
tential for long-term accumulation in the human body and the
environment, which is a great risk to human health [7-11].
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Advanced oxidation processes (AOPs) such as persulfate activation,
Fenton process, ozonation, and photocatalysis are identified as effective
techniques for recalcitrant pollutant removal [15-17]. Semiconductor-
based heterogeneous photocatalytic processes offer a potentially cost-
effective, simple, and effective technique for pollutant removal from
water. Several techniques such as doping, surface modification, and
heterostructure formation have been identified for enhancing photo-
catalytic performance [18]. The formation of heterojunctions is
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considered the most effective, with an increasing understanding of the
nature of charge transfer at the interface of the materials [19-21].
Heterostructure semiconductors often benefit from an improvement in
their light response range due to the difference in band gap energy.
Furthermore, the lattice match at the junction area of the hetero-
structure plays a vital role in improving the charge carrier separation as
a mismatch may lead to defect formation, which traps charge carriers
[22]. In p-n heterojunction, three charge transfer mechanisms have been
identified: type II, Z-scheme, and S-scheme. While the type II and S-
scheme mechanisms require the establishment of direct electrical con-
tact between the semiconductors, the Z-scheme relies on the formation
of ohmic contact at the interface of the semiconductors [23,24].

Dichalcogenides and ternary metal oxides of transition metals such
as CuFep04, CuBiz04, WSy, WSey and MoS; are well-explored catalytic
materials for pollutant degradation. Recently, ternary metal oxides have
gained much attention due to their stoichiometry dependent electronic
and optical properties that can be easily tuned for improved activity.
CuBiy0y4 is a p-type semiconductor with a band gap energy of 1.5-1.7 eV,
which makes it a suitable photocatalytic material [25]. Owing to its
narrow bandgap, CuBiyO4 displays a strong visible light absorption,
however, it suffers from fast charge recombination and low absorptivity
[26]. The compositing of CuBi,O4 with other semiconductors into a p-n
heterojunction can enhance visible light response and stability, while
mitigating the high charge carrier recombination experienced by both
materials. For example, p-n heterojunctions such as CuBi;04/TiO> [27],
BisM0Og/CuBiz04 [28], CoFey04/CuBiz04 [29], and CuBip04/BiVO4
[30] have been reported with enhanced photocatalytic activities.

MoS; is a two-dimensional (2D) semiconductor with excellent opti-
cal and electronic properties and stability. It also possess a strong visible
light absorption capacity because of its narrow band of ~1.7 eV [31].
MoS; is suitable for the formation of heterostructure because of its
layered structure and its properties can be effectively modulated by
varying the layer thickness [32]. Forming a MoS; heterostructure with
CuBiy04 as a cocatalyst will lead to a p-n heterojunction, which could
significantly enhance charge carrier separation and improve the pho-
tocatalytic efficiency of the material. In this study, pristine CBO and
MoS; were obtained through hydrothermal processes, while the MoSy/
CBO composites were prepared through a facile calcination technique.
The CBO was used as a co-catalyst to form the p-n heterojunction for
enhancing the photocatalytic activity toward pollutant degradation. The
MoS,/CBO showed improved charge separation, which significantly
enhanced the photoreduction and photooxidation of Cr (VI) and tetra-
cycline, respectively.

2. Methodology
2.1. Materials

All reagents were purchased from Sigma-Aldrich (South Africa).
Copper nitrate hemihydrate (Cu(NO3).3H,0, bismuth nitrate pentahy-
drate (Bi(NOs)3.5H20), ammonium heptamolybdate tetrahydrate
((NH4)6M07024.4H50), thioacetamide (CyHsNS), tetracycline hydro-
chloride (TC), silver nitrate (AgNO3), polyvinylidene fluoride (PVDF),
N-methyl-2-pyrrolidone (NMP), Ethylenediaminetetraacetic acid diso-
dium salt dihydrate (NapEDTA), tert-butanol (t-BuOH), acrylamide,
potassium chromate (K3Cry07), potassium hexacyanoferrate (II) (K4Fe
(CN)g) and potassium hexacyanoferrate (III) (K3Fe(CN)g) were used
without further purification.

2.2. Synthesis of MoS2

MoS, was synthesized using hydrothermal methods. Simply, an
equal amount of ammonium heptamolybdate tetrahydrate and thio-
acetamide were weighed into a beaker containing 50 mL deionized
water. The homogeneous mixture was stirred for 30 min and thereafter
was transferred into a Teflon-lined stainless-steel autoclave. The
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autoclave was heated in a muffle furnace at 180 °C for 6 h and the
resulting black powder was washed with HyO and ethanol and allowed
to dry at 110 °C for 4 h.

2.3. Synthesis of CuBizO4

CuBiz04 was synthesized using hydrothermal methods. Firstly,
0.348 g Cu(NO3)2.3H20, 1.358 g of Bi(NO3)3.5H50, and 1.68 g NaOH
were mixed in 50 mL of water with continuous stirring for 1 h. The
solution was transferred into a 100 mL autoclave and heated at 180 °C
for 6 h in a furnace. The dark brown CBO powder obtained was recov-
ered by centrifugation and dried in a vacuum.

2.4. Synthesis of MoS2/CBO

A straightforward calcination method was employed in the prepa-
ration of MoS,/CBO. In brief, 1 mg of MoS; was measured and placed in
a mortar. CBO, in weight ratios of 10 %, 20 %, and 50 %, was then added
and thoroughly ground with the MoS,. Subsequently, the well-mixed
blend was transferred into a crucible and heated at 300 °C for a dura-
tion of 2 h and cooled down to room temperature. These materials, with
weight ratios of 10 wt%, 20 wt%, and 50 wt%, were designated as MoSy/
CBO10, MoS,/CB020, and MoS,/CBO50, respectively.

2.5. Characterization

The X-ray crystallographic data were obtained from d8 Advanced
XRD diffractometer with Cu Ka radiation (A = 154.18 pm). For
morphological properties scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) recorded on TECNAI G2 (ACI)
equipment (Hillsboro, OR, USA) operating with an accelerating voltage
of 200 kV were used. A spectroquant® 300 spectrophotometer was used
in recording the Fourier transformed infrared (FTIR) spectra. The
UV-vis data was acquired on a Cary 60 UV-vis spectrometer (Agilent
Technologies, Malaysia). X-ray photoelectron spectroscopy (XPS) data
were obtained on Kratos Axis supra+; fitted with monochromatic Al Ka
(hv = 1486.6 eV) operating at 150 W. The Autolab Potentiostat work-
station (PGSTAT204, Netherlands) was employed to acquire data for
electrochemical impedance spectroscopy and Mott-Schottky analysis.
The experimental setup consisted of a three-electrode configuration:
using platinum sheet as a counter electrode, an Ag/AgCl electrode (3.0
M KCl) as the reference electrode, and a working electrode. To prepare
the working electrode, a fluorine-doped tin oxide (FTO) substrate, with a
geometric area of 1.5 cm by 1.5 cm was coated with 30 mg of the syn-
thesized material using 5 wt% PVDF, and 100 pL. NMP as binder. For the
impedance spectroscopic investigation, a solution comprising 5 mM [Fe
(CN)G]S*/ [Fe(CN)6]4* in a 0.1 M KCl medium was prepared. The
collected impedance data was analyzed using a Randle circuit model.
Mott-Schottky measurements were conducted under dark conditions
using a 5 mM [Fe(CN)6]3’/ [Fe(CN)6]4’ solution in a 0.1 M KCl elec-
trolyte. The photocurrent density was obtained in 0.1 M Na3SO4, with an
applied bias potential of 1.5 V relative to the Ag/AgCl reference elec-
trode. The extent of total organic carbon (TOC) removal (%) was
determined by using a Teledyne Tekmar TOC fusion instrument to
validate the level of TC molecule mineralization. The photo-
luminescence spectra were recorded on Shimadzu spectro fluoropho-
tometer RF-6000.

2.6. Photocatalytic Cr(VI) reduction and tetracycline oxidation
evaluation

A 100 W Xenon lamp was used as a light source for Tetracycline
oxidation and Chromium (VI) reduction. The lamp was located 10 cm
from the solution level to investigate the photooxidation of TC (5 mgL ™},
50 mL) and photoreduction of Cr(VI) (5 mgL’l, 50 mL). The pollutant
solution was stirred with 30 mg of the catalyst in dark conditions for 30
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min to achieve equilibrium. Subsequently, the sample was illuminated,
and a 3 mL aliquot of the pollutant was drawn from the bulk solution and
centrifuged for 10 min with 7000 rpm to efficiently separate the catalyst.
The supernatant liquid was analyzed on a UV-Visible spectrophotom-
eter at a wavelength of 357 nm. The concentration of Cr(VI) was
determined by 1, 5-diphenylcarbazide (DPC) method [33].

The below formula was utilized to assess the photocatalytic degra-
dation efficiency:

%Degradation = (1 —%) x 100% (€8]

0

In this equation, Cy (ing/L) represents the initial concentration of
TC/Cr(VI), while C; (mg/L) represents the concentration of the analyte,
at time t.

The recyclability of the catalyst was studied by washing the catalyst
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thrice with water and ethanol and drying it at 80 °C for 5 h before it was
reused for the next experiment. The photoreduction and photooxidation
experiments were done in triplicates.

The primary reactive species were investigated by performing scav-
enger experiments with the presence of various scavengers, such as
acrylamide, tert-butanol(t-BuOH), EDTA (0.2 mmol/L), or AgNOj3 (0.2
mmol/L) to scavenge superoxide, hydroxyl radial, holes and electrons,
respectively.

3. Result and discussions
3.1. Structure and morphology

The pristine MoS, and CBO were synthesized by facile hydrothermal
method while MoS,/CBO was fabricated by calcination method. The
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Fig. 1. (a) XRD patterns of MoS,, CBO and MoS,/CBO10, (b) FTIR spectra of MoS,, CBO and MoS,/CBO10; (c-e) SEM micrographs of MoS,, CBO and MoS,/CBO10

and (f-h) SEM images of MoS,, CBO and MoS,/CBO10.
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structures of MoS;, CBO and MoS,/CBO10 composite were assessed
using X-ray diffraction (Fig. 1a) The pattern of MoS; showed peaks at
32.5 and 57.6 which were characteristic of hexagonal MoS,, belonging
to the P63/mmc space group (No.194) [34]. The sharp, broad peak at 260
= 17" corresponds to the formation of highly crystalline and adjacent
few-layered MoS; sheets [35]. The pattern of CBO shows peaks at 20 of
20.8°,27.9,29.8,30.9, 33.2", 34.4,37.6', 45.0, 46.8, 53.10, 55.6 ,
64.8", 66.0° which was indexed to the tetragonal phase of CuBiyOy4
(JCPDS No. 84-1969). The high intensity of the peaks indicates the high
purity and crystallinity of the obtained CBO [36]. The XRD spectra of
MoS,/CBO heterostructure predominately showed peaks due to MoS;
because of the low content of CBO.

FTIR spectroscopy was used to investigate the materials’ surface
chemistry (Fig. 1b). The MoS; spectra showed broad S—S bond peaks at
564.3 and 898.9 cm ™. A characteristic broad O—H peak, which could
be attributed to trapped HyO was observed at ~3000 cm ™. In the
spectra for CBO, the peaks at 540 cm ™ and 1211 cm ™! are assigned to
the Cu—O vibration frequency, and the band at 1361 cm ™! are assigned
to Bi—O bond [37,38]. The band at 1741 cm~ ! correlates with the
bending vibrations of HyO [39]. The spectra of MoS,/CB0O10 composites
showed a similar pattern to that of MoSs. The shift in the broad peak at
3000 cm ™, showed that trapped Ho0O molecules on MoS; is vital in the
interaction with CBO. The shift in the O—H was more pronounced in
MoS3/CBO10 confirming the observation from the XRD pattern that
there was a stronger interaction between the materials at the lower
concentration. The O—H vibrational frequency shift at 1144 cm™!
confirms this observation. The FTIR spectra of the composite, therefore,
confirm the successful fabrication of MoS,/CBO heterostructures.

A typical SEM and TEM micrographs of photocatalysts are presented
in Fig. 1(c-h). The SEM images showed aggregated MoS; were obtained
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through the hydrothermal process, while CBO, showed a 3-dimensional
cube shape. The 3D structures were probably formed by the agglomer-
ation of flat-shaped CBO structures. The SEM image of MoS,/CBO10
shows the presence of both aggregated sheet like MoS3 and the 3D CBO
structure, confirming the formation of MoS,/CBO heterostructure. The
TEM image of the MoS, show the presence of exfoliated nanosheets,
while the 3D shape of CBO was more visible in the CBO TEM image. The
morphology of MoS,/CBO10 shown in Fig. 2d indicated that the layered
MoS; was wrapped around the CBO crystal. The presence of some sur-
face attached CBO was also observed. The TEM micrographs of MoSy/
CBO10 provide more evidence of the heterostructure formation.

The chemical states of the elements in the MoS,, CBO, and MoSy/
CBO10 were investigated using XPS analysis. Fig. 2a shows the XPS
survey scan spectra which verifies the presence of copper, bismuth,
oxygen, molybdenum, and sulfur in the pristine and composite semi-
conductors, thereby confirming the formation of heterojunction. Fig. 2
(b-f) shows the high-resolution XPS spectra of O 1s, Bi 4f, Cu 2p, Mo 3d,
and S 2p. In the spectra of O 1s (Fig. 2b), the binding energy of 529.71 eV
in the CBO may be ascribed to the lattice oxygen (Cu—O) [40]. How-
ever, in MoS,/CBO10, there was a shift to a higher energy of 531.1 eV
indicating chemically bounded oxygen [41]. In the Bi 4f (Fig. 2c) spectra
of CBO, the binding energies of 158.0 eV and 163.9 eV which may be
assigned to Bi 4f;/» and Bi 4f5,, shows that the bismuth species was in
the +3 oxidation state [42], and were observed to shift to a higher
binding energies of 160.6 and 165.9 eV respectively in the Bi 4f spectra
of MoS5/CBO10 (Fig. 2¢). In the spectra of Cu 2p of CBO, the oxidation
state of Cu was confirmed to be in the +2 state as a result of the distance
between the Cu 2p3/5 and Cu 2p;,2 peaks observed at 934.1 eV and
954.0 eV respectively, in addition the 2p peaks were accompanied by
satellite features [43]. These binding energies were observed to shift to
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Fig. 2. (a) XPS survey spectra (b) Mo 3d (b) Bi 4f, (c) S 1s (d) Cu 2p and (f) S 2p high resolution scan of MoS,, CBO10 and MoS,/CBO10.
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higher binding energies of 936.6 eV and 956.7 eV in the spectra of
MoS,/CBO10 (Fig. 2d). In the Mo 3d spectra as shown in Fig. 2e, for
MoS,, the peaks at 229.2 eV and 232.4 eV corresponds to binding energy
of Mo3ds,2 and Mo 3d3,; respectively, which were also observed to shift
to a higher energy of 233.1 eV and 232.6 eV in the spectra of MoSy/
CBO10 respectively. The S 2p spectra of MoS; has two binding energy
peaks at 162.1 eV and 163.2 eV assigned to S 2p3,; and S 2p; 2
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respectively [44], whereas in the spectra of MoS,/CBO, the binding
energy of 162.1 eV was observed (Fig. 2f). This peak is associated with
sulfide compounds [45]. Basically, the shifts observed in the binding
energies of MoS; and CBO semiconductors to a higher binding energy to
form MoS,/CBO heterojunction explains that there was redistribution of
electrons in the interface of the pristine semiconductors to form the
MoS,/CBO heterojunction [46].
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Fig. 3. Photocatalytic degradation of tetracycline (b) kinetics plot of MoS, and CBO10, MoS,/CBO10 (c) effect pH and (d) reusability cycle for the degradation of TC
by MoS,/CBO10 (e) XRD spectra of MoS,/CBO10 heterojunction before and after photocatalytic activity.
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3.2. Photocatalytic degradation studies

3.2.1. Photooxidation of tetracycline

The degradation capability of MoS;, CBO, and MoS,/CBO10 heter-
ojunction was evaluated through a light-driven degradation of tetracy-
cline. Tetracycline (TC), is a commonly found clinical antibiotic
frequently present in different aqueous environmental sources. The pilot
experiment demonstrated the strong stability of TC under visible light.
However, these newly fabricated MoS,/CBO10 heterojunctions exhibi-
ted significantly improved photo-oxidation performance against TC (83
%) when compared to pristine MoS; (64.5 %), CBO (52.7 %). This in-
dicates that the deliberate construction of a p-n MoSy/CBO hetero-
junction plays a vital role in boosting the catalytic efficacy. The TC
samples underwent a 180-minute exposure to light without a catalyst
present. No alterations in the analyte concentration occurred during this
period, indicating the stability of TC in light.

Additionally, the photo-degradation kinetics were determined using
pseudo-first-order kinetics:

A
In (a) =kt @

where ‘k’ = rate constant, and ‘C¢ and ‘Cy’ denote the TC concen-
tration at times ‘t’ and ‘0’, respectively. As shown in Fig. 3b, the ob-
tained ‘k’ values follow this order: MoS,/CBO10 > MoS, > CBO.
Notably, the photoactivity of MoS,/CBO10 either surpasses or is on par
with numerous MoS,-based heterojunction photocatalysts (Table 1).

The influence of pH on TC degradation using MoS;/CBO10 was
investigated across a wide pH range (2.3, 5.3, 7.0, 8.4, and 10.1) as
depicted in Fig. 3c. It is evident that pH significantly affects the degra-
dation of TC by MoS,/CBO10. Specifically, MoS,/CBO10 displays its
highest activity (83 %) at pH 5.3. Extreme acidic conditions (pH 2.3) or
highly alkaline conditions (pH 8.4 or 10.1) are not favorable to TC
degradation. This observation is likely attributed to changes in the
surface charge of both the catalyst and analyte as pH levels vary [52].

The level of organic compound mineralization is another vital
parameter when evaluating the photocatalytic efficacy of a material. We
measured the mineralization capacity of MoS;/CBO10 using TOC mea-
surements. The TOC removal efficiency of around 49 % was achieved
after 120 min of exposure to visible light. This outcome underscores the
favorable capability of MoS,/CBO10 in breaking down organic com-
pounds, underscoring its significant potential for wastewater treatment.

To assess the durability of MoS,/CBO10, we conducted multiple
cycles of TC degradation. Notably, there was no substantial decrease in
the photocatalytic performance of MoS,/CBO10 even after subjecting it
to six consecutive runs (Fig. 3d). Also, the XRD analysis was conducted
again (Fig. 3e) following the degradation of TC. No discernible changes
were observed in the spectra of the catalyst, both before and after its use,
affirming the stability of the catalyst.

3.2.2. Photoreduction of Cr(VI)

In addition to its effectiveness in photocatalytic oxidation of phar-
maceutical antibiotics, MoS2/CBO10 demonstrates the ability to effec-
tively photocatalyzed the reduction of Cr(VI). We conducted further
assessments to evaluate the visible-light photoreduction capacity of
MoS,/CBO10 for Cr(VI) reduction (Fig. 4a). Remarkably, MoS,/CBO10
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achieved the highest efficiency in Cr(VI) reduction, reaching nearly 100
% within just 40 min, surpassing the performance of MoS3(76 %), CBO
(45 %). The enhanced Cr(VI) reduction ability of MoS;/CBO10 supports
the proposed mechanism as discussed later in the manuscript. This is due
to the preservation of the photogenerated electrons on CBO, which has a
high redox potential and can effectively enable the reduction of Cr(VI) to
Cr(I1D) [53].

Furthermore, MoS;/CBO10 demonstrated an excellent Cr(VI)
reduction rate constant (k) of about 1.1 x 10~ min~'. The pseudo first
kinetics fit of Cr(VI) degradation (Fig. 5c), showed the reaction rate
constant for CBO, MoS5 and MoS»/CBO was 1.7 x 1072, 1.4 x 102 and
1.1 x 10~  min~?! (Fig. 4b). These results provide clear evidence that the
developed MoS,/CBO10 exhibits a significantly enhanced photo-
reduction capability, which can be ascribed to the creation of a p-n
heterojunction. In this context, MoS,/CBO10 holds exceptional promise
for catalytic applications in Cr(VI) photo-reduction. The results obtained
are comparable to previously reported MoSs-based photocatalyst
(Table 2). The Cr(VI) analyte was also exposed to light without a cata-
lyst. There were no changes in the concentration of the analyte during
this period, suggesting the stability of Cr(VI) in light.

To examine the influence of pH on Cr(VI) photoreduction, the
degradation was repeated under varying pH spanning from acidic to
basic (Fig. 4c). Notably, Cr(VI) reduction shows a gradual improvement
as the pH decreases, corroborating well with previously reported ob-
servations [59-61]. The optimum photoreduction was achieved at pH =
2.6. In acidic conditions, there is an increased availability of H ions for
the efficient reduction of Cr(VI) to Cr(IIl) (as described in Egs. (3) and
(4)). Conversely, in alkaline conditions, the reduction product formed
(Cr(OH)3) from Cr042f tends to form precipitates (as per Eq. (5)) that
deposit onto MoS,/CBO10, hindering the reduction of Cr(VI).

Cr,0,%" + 14H" + 6e”=2Cr*" 4+ 7H,0 3)
HCrO,~ 4+ 7H* 4 3e” »Cr’* +4H,0 (€))
CrO,*” +4H,0 +3e”—Cr(OH); + 50H" (5)

We studied the effect of catalyst dosage with varying amounts of
catalyst. The degradation efficiency increased with increasing catalyst
amount. This is due to the increase in active sites on the surface of the
photocatalyst (Fig. 4d). Intriguingly, in the 30 mg and 50 mg concen-
trations, the catalyst gave nearly the same efficiency, hence this exper-
iment was conducted with 30 mg of the MoS,/CBO photocatalyst.

The reusability of a catalyst is very important for cost-effective use
and practical application. The stability of the MoS;/CBO10 was exam-
ined over 6 cycles as shown Fig. 4e. The catalyst only showed a slight
loss of activity after the 6th cycle, still maintaining ~90 % efficiency for
Cr(VI) reduction, providing further confirmation of its remarkable
stability.

3.3. Optical properties and band structure

The photocatalytic activity of semiconductor materials is related to
their band structure. The optical characteristics of MoS,, CBO, and
MoS,/CBO10 heterojunctions were examined using UV-vis DRS
(Fig. 5a). In comparison to MoS,, CBO exhibits a greater light absorption

Table 1

Comparison of TC degradation by previously report MoS, based heterojunction photocatalyst.
Photocatalysts Light source Catalyst dosage TC Degradation Rate constant Ref
MoS,/FeTiO3 Visible light 50 mg 100 mL, 20 mg/L 84.7 % 0.021 min~! [47]1
MoS,/BiOBr 300 W Xe lamp 50 mg 100 mL, 20 mg/L 68 % 0.011 min ! [48]
MoS,/CdFe;04 500 W Xe Lamp 25 mg 50 mL, 25 mg/L 87 % 0.00113 min~! [49]
1T/2H-MoS,/ZIF-8 300 W Xe Lamp 20 mg 50 mL, 20 mg/L 75.6 % 0.0049 min ! [50]
Ag/MoS,/rGO 300 W Xe lamp 40 mg 100 mL, 20 mg/L 85.5 % 0.014 min~! [51]
MoS,/CBO10 100 W-Xe Lamp 30 mg 50 mL, 5 mg/L 83 % 0.00412 min~* This work
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CBO10 heterostructure.

profile. Upon heterojunction formation, the resulting MoS,/CBO10 Furthermore, the band gap (E,) of these catalysts was determined using
heterojunctions demonstrate even better light absorption capabilities. the Kubelka-Munk equation:

Significantly, the MoSy/CBO10 heterojunctions display an intense ab- w2

sorption band in the visible-light region (450-750 nm). This is credited ahv = A (hv — Eg) ©)
to the n-n stacking interface and the clustering of MoSy [33]. The calculated Eg values for MoS; and CBO are found to be 1.75 eV
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Table 2
Comparison of Cr(VI) degradation by previously report MoS, based hetero-
junction photocatalyst.

Photocatalysts ~ Light Catalyst Cr(VID) Degradation Ref
source dosage

Ce0,-MoS, Xe lamp 6 mg 5mg/L, 100 % (120 [54]
(300 W) 20 mL min)

MoS,/SnS, Xe lamp 10 mg (120 100 % (60 [55]
(300 W) mg/L 50 min)

mL)

Ag-MoS, Xe lamp 20 mg 50 mg/L, 100 % (100 [56]
(300 W) 100 mL min)

MoS,/PVP Xe lamp 20 mg 30 mg/L, 99 % (180 [57]1
(300 W) 50 mL min)

RP-MoS2/rGO Xe lamp 20 mg 40 mg/L, 98 % (30 [58]
(300 W) 50 mL min)

MoS,/CBO10 Xe lamp 30 mg 5 mg/L, 100.0 % (40 This
(300 W) 50 mL min) Work

and 1.79 eV, respectively.
The band edge position of conduction band (Ep) and valence band
(Evp) of MoS; and CBO may be evaluated from the below formula:

Ey=X—E+05E, %)
E, =FE,—E, (€))

where X = absolute electronegativity of the semiconductor (5.32 and
4.59 eV for MoS; and CBO respectively) [62,63], E® = energy of free
electrons on the hydrogen scale (4.5 eV), and Eg is the bandgap energy of
the semiconductor.

The absorption spectra of MoS;, CBO, and MoS,/CBO10 show an
increase in the absorption intensity was observed in the heterostructure
compared to the pristine materials. A lowering of band gap energy was
also observed from the Tauc plot shown in Fig. 5(b & c). The band gap
energy of MoS; and CBO estimated from the Tauc plot presented is 1.75
and 1.79 eV. According to Egs. (7) & (8), the Eyp and Ecp of MoS; are
calculated to be 1.70 eV, and —0.05 eV. The Eyg and Ecg of the CBO are
calculated as 0.98 and —0.80 eV, respectively.

Mott-Schottky plots presented in Fig. 5(d&e) for CBO and MoS;
obtained from ferrocyanide solution were utilized for the determination
of flat band potentials and majority carrier densities. The flat band po-
tential was acquired from the extrapolated x-intercept, while the slope
provided information about the charge carrier density. The CBO
exhibited a negative slope, confirming p-type semiconducting charac-
teristics. While MoS; exhibited a positive slope, confirming n-type
semiconducting characteristics. The flat band potentials measured for
CBO, and MoS,; were —1.10 and —0.047 V vs Ag/AgCl, respectively.
Using the Nernst equation: Exge = Eag/agcl + 0.197 (9), the Eg, values for
MoS,; and CBO are determined as +0.15 V and —0.90 V vs. NHE,
respectively. The flat-band (FB) potentials are typically positioned
approximately 0.1 V above the conduction band (CB) potentials in n-
type semiconductors. Conversely, in the case of p-type semiconductors,
the FB potentials are generally situated approximately 0.1 V below the
valence band (VB) potentials [64]. Consequently, the Ecg values for
MoS; and CBO are calculated as —0.05 V and —0.80 V vs. NHE,
respectively. Employing the formula: Eyp — Ecg = Eg (9), the Eyp
(Valence Band Edge) values for MoS; and CBO are confirmed as 1.70 V
and 0.98 V vs. NHE, respectively [65]. These data collectively elucidate
the band energy structures of MoS; and CBO (Fig. 5f.)

The absorption spectra and band alignment of MoS,/CB0O10, shows
the broadening of the absorption range of the composite compared to
the pristine materials could be a significant factor in the enhanced
photocatalytic activity of the heterostructure. The formation of hetero-
structure substantially extended the absorption edge to longer wave-
length and enhances the visible light absorption intensity.
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3.4. Photo(electro)chemical properties

To investigate the characteristics of charge transport of the photo-
catalyst, we conducted measurements using electrochemical impedance
spectra (EIS). The semicircular pattern depicted in Fig. 6a is a result of
the charge transfer process, with its resistance equating to the semi-
circle’s diameter. Among the materials studied, CBO exhibits notably
high charge transfer resistance, surpassing even the pure MoS; material
with the lowest charge transfer resistance. However, the composites
demonstrate lower charge transfer resistance compared to the CBO,
which implies that MoS, enhanced the ability to facilitate the transfer of
photogenerated electrons in the composite. The R, of the catalysts are in
the order CBO > Mo0S5/CB020 > MoS,/CBO50 > MoS,/CB0O10 > MoS;,
The composite exhibited an enhanced charge separation compared to
both pristine materials, as evidenced by the photocurrent response
measurements. During irradiation, there is a noticeable spike in the
photocurrent, as shown in the photocurrent response (Fig. 6b). This
phenomenon can be linked to an increased charging rate, resulting in a
surge in capacitance at the interface between the photoanode and the
electrolyte. In the dark, a rapid decrease in photo-response is noticed
due to the transition of electrons from the semiconductor through sub-
strate and the migration of holes into the electrolyte. Likewise, the
decline in photocurrent is ascribed to the recombination of electron-hole
pairs within the semiconductor [37,51]. After several cycles of on/off, a
state of equilibrium is achieved, signifying a stable state of charge
generation and recombination. Notably, the observed photocurrent
density in the composite (0.076 mAcm2) is nearly twice as high as that
of MoS; (0.043 mAcm™2) and CBO (0.031 mAcm ™).

Recombination of photogenerated charge carriers is a significant
factor in the photocatalytic process. From the PL spectra (Fig. 6c¢.), the
pristine CBO displays pronounced photoluminescence emission peaks
within the 770-790 nm range. In contrast, there is a notable reduction in
the photoluminescence intensity of MoS; and all the composites. The
heterojunction MoS,/CBO10 had the least intense emission peak with a
70 % reduction. The lower peak intensity in MoS2/CBO10 shows lower
recombination of the photogenerated charge carriers. Furthermore, the
low-energy tailing of the PL suggests the presence of sub-bandgap fea-
tures caused by defects in the MoS,/CBO10 heterojunction [66].

The outcomes presented above confirm that MoS,/CBO10 achieves
the most effective separation and transport of spatial electrons and
holes. This primarily explains its superior photocatalytic activity.

3.5. Photocatalytic mechanism

From the absorption, PL spectra, and photocurrent response, both
MoS; and CBO can be simultaneously exited under visible light irradi-
ation to generate electron-hole pairs which were observed to be sup-
pressed in MoSy/CBO10 heterojunction. As shown in the band
alignment schematic in Fig. 5f, MoS2/CBO10 possesses a staggered band
arrangement with the p-n interface, causing a built-in electric field.
Fig. 7 shows the radical scavenging experiment for the photocatalytic
degradation of TC and Cr(VI). The scavenging experiment for TC
(Fig. 7b) shows the significance of the photogenerated holes as the
process efficiency was significantly affected by the introduction of
EDTA-Na and acrylamide, indicating that holes and superoxide are
mostly responsible for TC oxidation. The negligible influence of t-BuOH
on the degradation process confirmed the lower redox potential of the
available h™ to initiate the OH/*OH radical redox reaction. For Cr(VI)
reduction, the scavenging study clearly shows the photogenerated
electrons as the major reactive species that facilitated the reduction
process.

Based on the bandgap alignment and radical scavenging experi-
ments, a plausible type II charge transfer mechanism was proposed for
the MoS3/CBO heterojunction as shown in Fig. 8. In a type II hetero-
junction, a built-in field is generated by the spontaneous diffusion of
electrons between the two semiconductors as confirmed by XPS analysis.
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There is redistribution of electrons and charge transfer where the elec-
trons from the MoS; region move into the CBO region while holes from
the CBO region will move to the MoS; region, creating a space-charge
region on the interface of the MoS,/CBO heterojunction. These elec-
trons and holes recombine to create a depletion region where the surface
of MoS; is positively charged, and the surface of CBO becomes nega-
tively charged. This depletion region will then generate the built-in field

that will oppose the flow of electrons, thus suppressing the recombina-
tion rate. This barrier will help the photogenerated electrons and holes
to be long-lived, leading to enhanced charge separation for improved
photocatalytic oxidation and reduction. When an electron moves from
the CB of MoS; to the CB of CBO, it leaves a positive charge behind,
while a hole moving from the VB of CBO to the MoS; leaves a negative
charge. This exchange of electrons and holes continues until the system
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MoS,/CBO10 + hv — MoS,/CBO10(e ", h™)
h*(CBO) + e (MoS,) — Recombine.
h*(MoS,) + H,0 — X

e (CBO) + O, — *O3

*03(CBO)/ h*(MoS,) + TC — CO, + H,0
*05 /e (CBO) + Cr(VI) - Cr(IID).

reaches Fermi-level equilibrium. Consequently, a charged region de-
velops near the p—n interface, known as the internal electric field. Once
the internal electric field forms, photoexcited electrons transition from a
high conduction band to a low conduction band, and holes move from a
low valence band to a high valence band after light excitation. These
electron-hole pairs then remain well separated, as depicted in Fig. 8
[67]. The formation of the internal electric field reduces the likelihood
of recombination for photoexcited electron-hole pairs, leading to
enhanced photocatalytic performance [67].

4. Conclusion

In this study, the successful synthesis of MoS,/CBO heterostructure
through a facile calcination process was presented. The p-n hetero-
structure, benefited from improved light absorption and enhanced
photogenerated charge carrier separation, leading to the enhancement
of its photocatalytic activity. Compare to pristine MoSy and CBO, MoSy/
CBO showed improved activity for the photocatalytic oxidation and
reduction of tetracycline and Cr(VI) respectively. The radical scavenging
study revealed that the preservation of charge carriers with high redox
potential was significant in enhancing the photocatalytic activity of the
catalyst. The stability of the obtained composite was also affirmed with
its sustained activity after 6 cycles. The findings in this study can
advance the creation of more efficient p-n heterojunction composite
photocatalysts to address environmental demands for future progress.
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