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Dual Charge Transfer Mechanisms in Intimately Bonded
S-scheme Heterojunction Photocatalyst with Expeditious
Activity toward Environmental Remediation

Potlako J. Mafa,* Mope E. Malefane, Francis Opoku, Adewale O. Oladipo, Gcina Mamba,
Tunde L. Yusuf, Jemal Fito Nure, Sogolo L. Lebelo, Dan Liu, Jianzhou Gui,
Bhekie B. Mamba, and Alex T. Kuvarega

Fabrication of a photocatalyst with the desired characteristics of high charge
isolation and expeditious photocatalytic performance is crucial in
photocatalysis. Constructing an interfacial chemically bonded S-scheme
heterojunction is an effective path to the realization of high interfacial charge
transfer and performance. Herein, Mg-Bi2O3/dark gray g-C3N4 (MBOdCN)
S-scheme heterojunction with Bi-N bond bridges is successfully constructed
using an in situ calcination strategy for oxytetracycline (OTC) degradation.
The MBOdCN (1:5) displays outstanding performance with efficiency and rate
constant of 99.56% and 0.0235 min−1, respectively. The synergy of n-𝝅*
transition, Mg defects, and Bi–N bond bridges in the MBOdCN enhances the
performance of the S-scheme heterojunction. X-ray photoelectron
spectroscopy (XPS) analysis, work function measurements, and density
functional theory (DFT) reveal the formation of MBOdCN S-scheme
heterojunction. In this system, trapping experiments and electron-spin
resonance (ESR) spectroscopy confirm the predominance of •O2

−
> h+ >

•OH during OTC degradation. The degradation pathways and byproducts are
investigated with LC-MS and the toxicity study is undertaken on the OTC
degradation byproducts and photocatalytic materials. This work provides a
holistic understanding of the novel S-scheme heterojunction by introducing
interfacial chemical bond bridges and defects as dual charge transfer
channels.
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1. Introduction

Antibiotics such as tetracyclines are es-
sential for human and animal health;
hence, their production and consump-
tion have continued to increase. This in-
crease in consumption has led to their
frequent detection in the environment,
including aquatic systems.[1] Generally,
these pharmaceutical drugs enter the en-
vironment via several routes, including
improper disposal of unused or expired
medications, wastewater effluents, and
animal manure.[2,3] Among the tetracy-
clines, oxytetracycline (OTC) which is
widely used for the treatment of hu-
man and animal infections caused by
both Gram-positive and Gram-negative
bacteria, has been detected in aquatic
environments at concentrations ranging
from a few μg L−1 to hundreds of mg
L−1.[2,4] Owing to its environmental per-
sistence and poor removal by conven-
tional water treatment technologies, the
presence of OTC in water poses a seri-
ous health risk to humanity and the en-
tire ecological system. Undoubtedly, the
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presence of OTC poses an immediate threat to the environ-
ment and human health. With conventional water treatment
processes rendered inadequate for removing antibiotics such as
OTC, semiconductor photocatalysis has captured more scientific
attention for removing antibiotics from water. This technique
is known for its operation under ambient conditions, reusabil-
ity of the catalyst, non-selectivity, and the possibility of exploit-
ing solar light for catalyst activation.[5–8] Different photocatalytic
heterojunctions such as type-I, type-II, type-III, and Z-scheme
families have been developed and explored for various environ-
mental remediation.[9–13] Although these photocatalytic mecha-
nisms made a breakthrough in research, they are clouded by
numerous thermodynamics, kinetics, and energy loss which are
unfavorable for photocatalytic reactions.[14–16]

Recently, Yu and co-workers pioneered the concept of the
Step-scheme (S-scheme) heterojunction, attracting massive sci-
entific attention as the charge transfer andmechanismwere well-
articulated with high redox capabilities.[17] The S-scheme hetero-
junctions are composed of a minimum of two semiconductor
photocatalysts, where one is an oxidative photocatalyst (OP) and
the other is a reductive photocatalyst (RP).[18,19] The OP possesses
greater work function accompanied by a lower Fermi level while
the opposite applies in the RP.[20] The photocatalysts must have
well-aligned staggered bands to enhance the built-in interfacial
electric field (IEF) generation that propels the reduction of spa-
tial charge carrier complexation and upward/downward band-
bending for the creation of high redox potentials for reduction
and oxidation reactions. Owing to its superiority and scientific ra-
tionality, the S-scheme mechanism of charge transfer has gained
huge popularity.[21] The most crucial step in constructing highly
efficient S-scheme photocatalytic heterojunctions entails a well-
informed selection of appropriate RP and OP. Bismuth-based
photocatalysts such as bismuth oxide (Bi2O3) have gained sub-
stantial recognition for S-scheme heterojunction formation. This
material relies on the hybridization between the filled 6s orbitals
of Bi and the O 2p orbitals of trivalent Bi (Bi3+). Bi2O3 is known
for its thermodynamic stability, non-toxic, low cost, and moder-
ate optical properties, allowing it to utilize visible light (Eg = 2.0–
3.9 eV).[22,23] However, recent studies revealed that the photo-
catalytic performance of Bi2O3 can be enhanced through the
formation of S-scheme heterojunction due to its high oxidative
power.[24–26] For example, Zhang et al.[27] successfully constructed
Bi2O3@LHDs S-scheme heterojunction with Bi2O3 as the OP, to
remarkably enhance the photocatalytic performance of the com-
posite. The boosted performancewas credited to the created built-
in electric field (BIEF) and the formation of S-scheme heterojunc-
tion. Majhi et al.[28] used Bi2O3 as the OP for the construction of a
highly efficient plasmonic Bi2O3/CuBi2O4 S-scheme heterojunc-
tion. On the other hand, our group reported on the formation
of trimetal oxides/Bi2O3 S-scheme heterojunction that was con-
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firmed through X-ray photoelectron spectroscopy (XPS) analysis
and DFT calculations.[18] The formed S-type heterojunction dis-
played an expeditious charge transfer rate which could be linked
to the built-in interfacial electrical field between the RP and OP
in the system. Other S-scheme systems where Bi2O3 has been
used involved three components or doping of one component
with the primary aim of enhancing performance by lowering the
rate of charge complexation.[24,26,29] It is always important to con-
sider other photocatalytic materials when an S-scheme hetero-
junction is constructed using Bi2O3 as an OP. As such, it can
be inferred that the construction of an S-scheme heterojunction
photocatalyst using graphitic carbon nitride (g-C3N4) and Bi2O3
cannot only promote a high rate of charge detachment but also in-
crease the RP andOP electrons and holes enrichment for the pro-
duction of more radicals. Specifically, g-C3N4 boasts of a unique
set of intrinsic properties such as the ease of fabrication, tunable
structure, non-toxicity, metal-free nature, and high reduction po-
tential, which collectively position it as an ideal component of
S-scheme heterojunctions.[20,30,31]

Most recently, chemically bonded S-scheme heterojunctions,
wherein the flow of charge is through the formed chemical
bond between the RP and OP, have emerged as ideal interfa-
cial configurations. This configuration is pursued since the con-
ventional S-scheme heterojunction photocatalysts face a daunt-
ing challenge of weak interfacial contact and inherent low charge
transfer efficiency.[32,33] Different chemically bonded heterojunc-
tions including single or dual bonding such as Mg-N in MgO/g-
C3N4,

[34] Co-C in GDY/CoTiO3,
[35] Bi-O in Bi2Sn2O7/BiOBr,

[36]

Co-Sx in 2D/2D CoAl-LDHs/ZnIn2S4,
[37] Bi-N in Bi12O17Br2/g-

C3N4,
[20] Bi-S in BiOBr/Bi2S3,

[38] Se-P in In2Se3/Ag3PO4,
[39] Mo-

O in CeO2/Mo-S,[40] N-Bi-O in Bi2MoO6/Bi-CN,
[41] In-O-Mo in

In2O3/Bi2MoO6,
[42] In-O-Sn in ZnIn2S4/SnS2,

[43] In-O-Cd in
In2O3/CdSe-DETA,

[32] and Nd-O-C in 2D/2D Nb2O5/g-C3N4
[44]

have been explored for various photocatalytic applications in-
volving S-scheme systems. In all the reports, the photoinduced
charge carriers were effectively transported via the chemical bond
bridges resulting in improved excitonic isolation and the produc-
tion of more reactive species to take part in the photocatalytic
process.[45] The chemical bonding occurs at the atomic level to en-
hance interfacial contact, thus Bi2O3 (OP) with its bismuth atom
can easily coordinate with g-C3N4 (RP) with more electron-rich
nitrogen atoms in its structure to construct a novel S-scheme het-
erojunction photocatalyst.[41,43,46] So far, there are no reports on
the establishment of a chemically bonded S-scheme heterojunc-
tion photocatalyst between Mg-Bi2O3 (MBO) and a novel carbon-
rich dark grey g-C3N4 (dCN) with boosted charge transfer ema-
nating from Mg defects and Bi-N chemical bond.
In this study, a novel MBOdCN S-scheme heterojunction

featuring well-defined Bi-N interfacial chemical linkages and
Mg defects was prepared by an in situ calcination method.
The supramolecule precursor of dark gray g-C3N4 made from
tannic-cyanuric acid-melamine-cetyltrimethylammonium bro-
mide (CTAB) was mixed with Mg-Bi2O3 and calcined to create
a Bi-N chemical bond linking the two photocatalytic materials.
The interfacial bonding bridges serve as efficient channels
for photoexcitons transfer and improve the stability of the
S-scheme heterojunction, thereby sustaining efficient photo-
catalytic performance. Various characterization techniques and
photocatalytic degradation of OTC were executed to study the
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structural integrity of MBOdCN S-scheme photocatalyst versus
the pristine catalysts (MBO and dCN). Additionally, DFT cal-
culations were performed to get more insights into the optical
and electronic properties of the materials. A toxicity study of the
OTC degradation byproducts (DP) and photocatalytic materials
was performed. This work holds promising prospects for the ex-
ploitation of chemically bonded S-scheme heterojunctions with
boosted interfacial charge transfer and photocatalytic efficiency.

2. Results and Discussion

2.1. Structural and Morphological Characterizations

The physicochemical identities of thematerials were analyzed us-
ing X-ray diffraction (XRD), Raman, and Fourier transform in-
frared (FTIR) spectroscopy, as illustrated in Figure 1. The XRD
patterns of the pristine materials are shown in Figure 1a while
those of the composites are depicted in Figure 1b. The patterns
of MBO show the fingerprints of monoclinic 𝛼-Bi2O3, with the
most intense peak located at 27.64° having a d-spacing of 0.32 nm
and indexed to the (120) plane. The monoclinic lattice parame-
ters are a = 0.58496 nm, b = 0.81648 nm, and c = 0.75101 nm,
corresponding to the P21/c space group according to JCPDS No.
71–0465.[18] However, asmuch as the results display the XRDpat-
tern of 𝛼-Bi2O3, there was a peak located at approximately 46.57°

(d-spacing is 0.19 nm) corresponding to the (200) lattice plane
and could be indexed to the cubic MgO periclase with the fol-
lowing cell parameters: a = b = c = 0.38971 nm and the Fm-
3m(225) space group according to JCPDS No. 85–5643. This in-
dicates the presence of Mg in the crystal structure of 𝛼-Bi2O3.
As shown in Figure 1a, the XRD pattern of dCN displays a typ-
ical diffractogram of the graphitic carbon nitride phase bearing
distinct peaks at approximately 2𝜃 of 13.05° and 27.32° with d-
spacings of 0.69 and 0.32 nm, respectively. These peaks corre-
spond to the (100) and (002) crystalline planes of the hexagonal
g-C3N4 phase according to JCPDS No. 87–1526,

[47] and they em-
anate from themore interplane structural packing of tri-s-triazine
and interlayer structural stacking of aromatic systems.[48] Owing
to the increased amount of carbon in dCN, its XRD pattern ap-
pears amorphous. Figure 1b depicts the XRDpatterns of the com-
posite materials and, it can be seen that at a 3:1 ratio, 𝛼-Bi2O3
maintained its crystallinity while there was a remarkable change
in crystallinity from the ratio of 1:1 to 1:5. An increase in the
dCN concentration distorted the crystalline structure of 𝛼-Bi2O3,
possibly through the formation of Bi-N interfacial bridges. The
change in crystal structure is associated with the change of atom
arrangement in the lattice of the materials. This influences prop-
erties like internal electric field, charge transfer, light interaction,
catalytic active site exposure, and the overall performance of the
material. Thus, in this work, the chemical interaction or crystal
structural change observed could be vital for photocatalytic per-
formance by realizing high reparation of charge carriers.
The vibrational and interaction attributes of the photocatalysts

were investigated using Raman spectroscopic analysis, shown
in Figure 1c. The Raman spectrum of MBO displays the typical
Raman characteristics of 𝛼-Bi2O3, as described elsewhere.

[49] In
brief, the vibrational and rotational modes are classified based
on their frequencies. As such, there are low-frequency Raman
modes (30−70 cm−1), heavy metal ion vibrations (70−150 cm−1),

intermediate bridged anion vibrational modes (300−600 cm−1),
and nonbridging anion vibrational modes (>600 cm−1).[50] Most
of the vibrations in this material come from Bi and O atoms,
and the data is in accordance with the literature and XRD anal-
ysis. On the other hand, the Raman spectrum of unadulterated
dCN displays the typical carbonaceous material characteristics,
with D, G, and 2D bands located at 1366, 1580, and 2741 cm−1,
respectively.[51,52] The D-band (Raman-based disorder signature)
emanates from sp2 carbon atoms, while the G-band (prominent
Raman-allowed first-order) arises from disorder and defects in
the sp3 carbon atoms.[52,53] Moreover, the 2D band (second-order)
suggests that the produced graphitic carbon nitride has a simi-
lar resemblance to graphene with a double bond resonance pro-
cess linking phonons to the electronic structure.[54] The inten-
sity of the D-band, which emanates primarily due to double-
resonance Raman scattering, provides important information
about the amorphousness of carbonaceous materials, and the
strong intensity compared to that of the G-band suggests that
the sample is amorphous. This result coincides with the XRD
analysis. Similar results have been reported by other researchers
for carbon-rich graphitic carbon nitride obtained via a citric acid-
mediated synthesis route.[51,53] The D-to-G band intensity (ID/IG)
ratio was calculated to evaluate the defect severity and degree of
distortion in the dCN and was found to be 1.20, which confirmed
additional defects. After compositing MBO and dCN, the inten-
sity and number of the MBO bands decreased, signifying the
chemical interaction of thematerials, which resulted in the emer-
gence of a new band at approximately 601 cm−1 in the 1:1, 1:3,
and 1:5 composites. This band could be the result of Bi-N bond
formation, which is similar to what was recently reported by Yue
et al.[55] Coincidental to the Raman spectra of the 1:1, 1:3, and 1:5
composites, new peaks are observed at approximately 627 and
579 cm−1 in the IR spectra of the specified composites (Figure
S1a, Supporting Information); these peaks are linked to the for-
mation of Bi-N bridges.
The surface and internal morphology together with the ele-

mental composition were studied using SEM and TEM. An im-
age of MBO in Figure 1d shows that the microrods were dec-
orated with evenly distributed particles of different shapes and
sizes. Figure 1e shows the morphology of the dCN alloy bear-
ing a mixture of sheets and tubes, revealing the typical morphol-
ogy of graphitic carbon nitride. The formation of the MBOdCN
composite is shown in Figure 1f, and the morphologies of MBO
and dCN confirm the formation of a heterostructured material.
Furthermore, the TEM image of MBO revealed microrods cov-
ered by small squares and irregularly shaped particles, similar to
the SEM image (Figure 1g). Moreover, in the case of dCN, the
TEM image showed thin irregularly shaped sheets with ruptured
tubes (Figure 1h). The MBOdCN TEM image shown in Figure 1i
is composed of a mixture of irregular shapes and sheets of MBO
and dCN, which is similar to the SEM image. Furthermore, the
HRTEM image of MBOdCN shows amorphous dCN at the pe-
riphery and an MBO lattice fringe of 0.33 nm corresponding
to the (120) crystal plane of Bi2O3 (Figure 1j).

[18] Similar crystal
plane is shown in the live profile image in Figure S2 (Support-
ing Information). In addition, the confirmation of the elemen-
tal composition is depicted in Figure 1k, as EDS mapping of the
MBOdCN material reveals the uniform distribution of Mg, Bi,
C, N, and O elements in the material, further confirming phase
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Figure 1. a,b) X-ray diffraction (XRD) diffractograms, c) Raman, SEM, and TEM micrographs of d,g) MBO, e,h) dCN, and f,i) MBOdCN; j) HRTEM
image; and k) EDS elemental mapping image of the MBOdCN photocatalyst.
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Figure 2. a) X-ray photoelectron spectroscopy (XPS) survey spectra, b) Mg 1s, c) Bi 4f, d) C 1s, e) N 1s, and f) O 1s high-resolution spectra of MBO,
dCN, and MBOdCN photocatalysts.

purity, homogeneity, and uniform interfacial contact between the
MBO and dCN materials.
The chemical environment, charge transfer, and oxidation

states were investigated by XPS, as indicated in Figure 2. The
XPS survey scans in Figure 2a display the expected elements,
such as Mg, Bi, O, C, and N, for MBO, dCN, and the MBOdCN
composite. Evidently, no impurities were detected, indicating the
high purity of the prepared samples. The spin splitting of Mg
1s is shown in Figure 2b, with two prominent peaks at 1305.6
and 1303.8 eV for MBO, while they downshifted to 1305.2 and
1303.6 eV in MBOdCN. These peaks indicate the presence of
the Mg2+ state, which was also revealed by XRD analysis.[56] The
Bi 4f splitting orbital of MBO (Figure 2c) displays small peaks
at 164.6 eV (Bi 4f5/2) and 159.2 eV (Bi 4f7/2) and more intense
peaks at 163.4 eV (Bi 4f5/2) and 158.0 eV (Bi 4f7/2). The spec-
trum reveals the coexistence of Bi5+ (small peak) and Bi3+ (in-
tense peak) oxidation states.[57,58] In the spectrum of MBOdCN,
the Bi3+ peak upshifted to 163.6 and 158.4 eV, respectively. The
high-resolution XPS spectrum of C 1s is illustrated in Figure 2d,
with peaks centered at 284.8 and 284.2 eV for both materi-
als, which represent sp3 hybridized carbons (C−C) and adventi-
tious sp2 hybridized carbons (C═C), respectively. The peaks sit-
uated at binding energies of 288.8, 287.6, and 286.0 eV indi-
cated the presence of C−C─O/C−N−C, C−(N)3/N═C−NHx, and
C−OH, respectively.[48,59] In the MBOdCN comparison, these
three peaks shifted, and their intensities decreased. The N 1s

spectrum (Figure 2e) shows peaks centered at 400.1 and 398.2 eV
for dCN; these peaks are upshifted (401.4 eV) and downshifted
(397.7 eV) in the MBOdCN materials. These are linked to amino
functionalities (C─N─H) and the sp3 hybridized N atom in the
triazine ring (C═N─C), respectively. Finally, Figure 2f shows the
high-resolution XPS spectrum of O 1s, with MBO peaks located
at 532.8, 531.6, and 529.6 eV corresponding to hydroxyl groups,
chemically adsorbed oxygen, and lattice oxygen (Bi−O/Mg−O),
respectively. These peaks are located at 532.8, 531.4, and 529.4 eV
in the spectrum of MBOdCN, most of which show a down-
ward shift. In the O 1s spectrum of dCN, bands are observed at
533.2, 531.6, and 530.0 eV corresponding to adsorbed moisture,
O─C─O, and C═O, respectively.[60] The above results confirmed
the successful integration of MBO and dCN together, which was
evident by a shift in peak positions to confirm changes in electron
density. The upward shift in the Bi 4f binding energy signifies
the loss of electrons and interactions with nitrogen pots to form
Bi−N bonds. The upward shift of the Mg 1s peak is proof that
Mg was doped into the crystal structure of 𝛼-Bi2O3, as indicated
by the XRD analysis and the formation of intermediate Fermi
states, thus reducing the normal bandgap energy of 𝛼-Bi2O3 from
approximately 2.80 eV to 2.64 eV, as indicated by the Tauc plots.
Some of the bonds receive electrons from Bi, and others pass
them through to Mg, as indicated by the data. This kind of elec-
tron movement enhances the separation of charges and effective
photocatalytic performance, as previously reported.[61]
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Figure 3. a) Photoactivity of different catalysts under visible light, b,c) kinetic data based on pseudo-first-order dynamics, d–f) contact angle measure-
ments, and g) 3D excitation-emission matrix (EEM) spectra of oxytetracycline (OTC) solutions at different reaction times. Note: fluorescence excitation-
emission matrices (FEEMs) at 90 and 120 min were left out because they did not show much difference.

2.2. Photocatalytic Performance of MBOdCN S-Scheme
Photocatalyst

The photocatalytic performance of MBOdCN S-scheme nanos-
tructures with varying MBO:dCN ratios (3:1, 1:1, 1:3, and 1:5)
was investigated against OTC, a representative tetracycline an-
tibiotic. Photoactivity evaluation experiments were conducted for
150 min under simulated solar light in the presence of 10 mg
L−1 OTC aqueous solution (50 mL, pH = 6.32) and 20 mg of
the composite photocatalysts as well as MBO and dCN as con-
trol samples. In the absence of a photocatalyst, simulated solar
light could not degrade OTC, as this pollutant is very stable and

hard to self-degrade under simulated solar light only (Figure 3a).
Again, Figure 3a shows that after 30 min of contact time between
the catalysts and the OTC solution in the dark, the percentage
of the adsorbed antibiotic drug was less than 10%, which indi-
cates a fairly low adsorption capacity. Upon simulated solar light
irradiation, OTC degradation increased from 31.70% in the pres-
ence of dCN to 71.15% when MBO was used as the catalyst. Pre-
dictably, the heterojunction photocatalysts showed significantly
greater OTC degradation efficiencies than the individual materi-
als (MBOand dCN). This is an indication of the positive influence
of coupling the two materials, which resulted in synergistic ef-
fects and overall improvement in OTC removal. Specifically, OTC
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degradation increased remarkably with increasing dCN loading
from 86.60% for MBOdCN (1:1) to a maximum degradation of
93.76% for MBOdCN (1:5), which had the highest dCN precur-
sor loading. Intriguingly, increasing the MBO loading relative to
that of dCN yielded lower OTC degradation, which was approx-
imately 83.51% for MBOdCN (3:1) compared to approximately
90.35% attained using MBOdCN (1:3). This signifies the impor-
tance of the design and selection of the base catalyst and modify-
ing material, as well as their composition in the heterojunction.
Generally, the ratio of the components of heterojunction photo-
catalysts must be adjusted to ensure adequate interaction and in-
timate contact, which favors charge separation and transfer. Ulti-
mately, this leads to synergy between the materials, leading to an
overall improvement in photocatalytic activity. OTC degradation
was further studied using pseudo-first-order kinetics (Figure 3b)
to determine the apparent rate constants in the presence of the
different catalysts. As expected, MBO and dCN showed lower
degradation rates compared to other heterostructures owing to
the prevalent recombination of photogenerated charge carriers,
among other shortcomings. Figure 3c indicates that the OTC
degradation rate constant reached a maximum of 0.0177 min−1

for MBOdCN (1:5), which was 9.22 times and 2.32 times greater
than that obtained in the presence of dCN andMBO, respectively.
Compared to those of the other heterojunction photocatalysts,
the apparent rate constant over MBOdCN (1:5) was 1.55 times,
1.36 times, and 1.15 times superior to the OTC degradation rates
recorded in the presence of MBOdCN (3:1), (1:1) and (1:3), re-
spectively. As a result, MBOdCN (1:5) was selected as the work-
ing catalyst for detailed characterization and evaluation of the in-
fluence of various experimental conditions during OTC degrada-
tion.
One of the prerequisites for the efficient photocatalytic per-

formance of a catalytic material is its interaction with water-
containing pollutants. As such, the contact angles of the MBO,
dCN, and MBOdCN samples were measured to evaluate their
wetting properties (Figure 3d–f). All the samples had contact
angle values lower than 90° which is an indication of good hy-
drophilicity. The dCN material displays the smallest contact an-
gle which could be due to the presence of more hydroxyl groups
from tannic and cyanuric acids.[60] The values showed that in-
teractions between the catalyst surface and pollutants in water
would not be prejudiced, as would be the case for hydrophobic
surfaces with contact angles more than 90°.
The 3D fluorescence excitation-emission matrix (FEEM) was

used to evaluate the photocatalytic effect of the MBOdCN
catalyst on OTC (Figure 3g) for determining the aromatic-
ity, aliphatic characteristics, and chemical composition of the
treated water matrix.[62] The results for OTC before any process
(−30 min) displayed two fluorescence peaks at approximately
𝜆Ex/Em (250−260)/(370−500) and (300−420)/(360−550), with the
second peak showing a more intense color. The observed fluo-
rescence indicated the presence of a humic-like substance, which
slightly decreased in the dark, suggesting the adsorption of OTC
on the surface of the catalyst. When simulated solar light was
applied for 15 min, the fluorescence peaks were reintensified,
which could be attributed to the formation of new, smaller prod-
ucts and the detachment of OTC molecules from the catalyst
surface. Further inspection revealed that the fluorescence peaks
generally faded as time increased to 30 min and diminished fur-

ther up to 150 min, signifying the photodegradation of the OTC
structure. In particular, at reaction times of 60 and 150 min,
𝜆Ex/Em (280−290)/(300−310) and (260−270)/(280−310) fluores-
cence peaks were observed, indicating the production of protein-
like (tyrosine and tryptophan) substances that were initially not
present. This is clear evidence of the gradual oxidation of OTC by
the MBOdCN/simulated solar light system.[63]

The influence of the initial photocatalyst dosage, OTC concen-
tration, and solution pH was systematically studied to explore
their impact on the photocatalytic process, and the results are
displayed in Figure 4. The effect of photocatalyst dosage on the
photocatalytic degradation of fixed concentrations of OTC (10mg
L−1) was evaluated using different quantities of the MBOdCN
(1:5) catalyst (0.20, 0.40, 0.60, 0.80, and 1.00 g L−1) and the results
are shown in Figure 4a–c. When the photocatalyst concentration
increased from 0.20 to 0.60 g L−1, the OTC removal efficiency in-
creased remarkably from 82.97% to 98.23% within 150 min of
irradiation (Figure 4a). This significant improvement in OTC re-
moval efficiency was ascribed to increased catalytic active sites
and the production of reactive radicals presented by the increased
amount of a catalyst. Nonetheless, further photocatalyst increases
to 0.80 and 1.00 g L−1 led to decreased OTC removal of 96.42%
and 92.01%, respectively. This phenomenon could be attributed
to several factors, such as reduced accessibility of the catalyst ac-
tive sites due to blockage by the excessive amount of photocata-
lyst, inhibition of light penetration due to increased opacity of the
solution, and reduced separation of photogenerated charge carri-
ers owing to the collisional contact between inordinate photocat-
alyst particles.[64] Collectively, these factors restricted the photo-
catalytic removal efficiency of OTC. As indicated in Figure 4b,c,
the data was fitted with pseudo-first-order kinetics, and the rate of
0.60 g L−1 (0.0235min−1) was 1.81, 1.77, 1.14, and 1.58 faster than
those of 0.20 (0.0130 min−1), 0.40 (0.0177 min−1), 0.80 (0.0206
min−1), and 1.00 g L−1 (0.0149min−1), respectively. Therefore, the
amount of catalyst was fixed at 0.60 g L−1 as the optimal quantity
for further experimental execution.
Similarly, the influence of the OTC concentration was investi-

gated using 10, 20, 30, 40, and 50mg L−1 while the catalyst dosage
was kept constant (0.60 g L−1) (Figure 4d–f). The results showed
that the OTC removal efficiency reached 98.23% within 150 min
when the concentration was 10 mg L−1. The OTC removal effi-
ciency decreased from 98.23% to 82.61%when the concentration
was increased to 50mg L−1. The decrease in efficiency was linked
to the competition between the parent pollutant and intermedi-
ates for catalytic active sites, an increase in the number of OTC
molecules that could not be matched by the active sites availed by
0.60 g L−1 catalyst, and the inhibition of light penetration to the
catalyst surface by the increase in the OTC concentration.[65] The
rate constants for different OTC concentrations were obtained af-
ter using a pseudo-first-ordermodel, and the results are shown in
Figure 4e,f. Compared with the other concentrations, 10 mg L−1

OTC had the highest rate constant; thus, the OTC concentration
was fixed at 10 mg L−1 for subsequent experiments.
Finally, as an influential parameter of the catalyst’s surface

charge, pollutant chemical properties, and reaction kinetics,
pH was optimized systematically by studying three pH values
(pH 2.78, 6.36, and 11.82), and the findings are illustrated in
Figure S3a–c (Supporting Information). Interestingly, a change
in pH was accompanied by an obvious shift in the wavelength
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Figure 4. Effects of a–c) catalyst dosage and rate constants, d–f) initial concentration and rate constants of oxytetracycline (OTC), g) change in pH with
increase in reaction time, h) pHpzc of the MBOdCN catalyst, and i) pKas of the OTC structure.

of maximum absorption for both pronounced peaks of OTC,
which could be influenced only by changes in charge on both
the catalyst and the pollutant as the photocatalysis process pro-
ceeded. Specifically, at pH 2.78 and 6.36, there was a blueshift
in the wavelength of maximum absorption immediately after
the adsorption–desorption process in the dark (Figure S3a,b,
Supporting Information). In contrast, at pH 11.82 there was no
peak shift observed as can be observed in Figure S3c (Supporting
Information). These blueshifts could be linked to the changes
in catalyst surface charge and pollutant upon interaction, which
could have consumed H+ ions to shift the pH to the alkaline
range. Figure 4g shows the change in pH during the photocat-
alytic degradation of OTC. Evidently, blueshifts were observed
during a change in pH from acidic to alkaline (above pH 7),
where OTC was effectively photodegraded. Figure 4h,i displays
information on the catalyst point of zero charge (pHpzc 11.57) and

the speciation of OTC with pKas. As observed from Figure 4g,
photocatalytic degradation occurred in an alkaline solution
where the catalyst surface was mostly positively charged. More-
over, OTC was dominated by negatively charged HOTC− and
OTC2− species, thus leading to electrostatic attraction between
the catalyst and the pollutant. As established elsewhere,[66] at pH
3.0 to 5.5, the most predominant OTC species are H3OTC

+ and
H2OTC, and minor species such as HOTC− are also present.
Between pH 7.0 and 8.5, H2OTC and HOTC− were the predom-
inant species, while the minor species included H2OTC and
OTC2−. Finally, from pH 10.0 to 11.0, OTC2− and HOTC− were
the only OTC species present. At all three pH values studied, the
degradation efficiencies obtained were 93.68 (pH 2.78), 98.23
(pH 6.36), and 99.56% (pH 11.82), and the findings are compa-
rable to those of other reports.[64,67–69] Therefore, a pH of 11.82
was adopted for the subsequent reaction as the optimal value.
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Table 1. Comparison of MBOdCN performance with other reported catalysts toward the degradation of oxytetracycline (OTC) under visible light and
different photocatalytic systems.

Photocatalyst (Eg) Reaction conditions Light source Efficiency[[%] Rate [min−1] Energy consumption
[kWh m−3]

Refs.

MBOdCN (2.11 eV) [Catalyst] = 0.6 g L−1, [OTC] = 10 mg L−1

(50 mL), pH = 11.82, Time = 150 min,
System = S-scheme

Visible light (300 W Xe
lamp, 𝜆 > 420 nm)

99.56 0.02346 6.37 This work

BTO@Bi2S3/PU (2.996 eV) [Catalyst] = 1 cm × 1 cm × 1 cm × 12
[OTC] = 10 mg L−1 (50 mL),
Current = 20 mA, pH = 5.58,

Time = 180 min
System = Z-scheme

Visible light (300 W Xe
lamp)

82.08 0.00785 24.11 [71]

BiOI(001)/CdS (N/d) [Catalyst] = 1 g L−1

[OTC] = 24 mg L−1 (50 mL), pH = N/d,
Time = 30 min

System = Z-scheme

Visible light (300 W Xe
lamp, 𝜆 > 420 nm)

90.3 0.0711 2.96 [72]

4BN-BiVO4 (2.47 eV) [Catalyst] = 0.4 g L−1, [OTC] = 30 mg L−1

(50 mL), pH = 7, Time = 120 min,
System = N/d

Visible light (350 W Xe
lamp, 𝜆 > 420 nm)

77.4 0.0138 21.68 [73]

Cu3P/BiOCl-1.5 (N/d) [Catalyst] = 0.5 g L−1, [OTC] = 20 mg L−1

(50 mL), pH = N/d, Time = 6 min,
System = S-scheme

Visible light (300 W Xe
lamp)

86 0.216 0.70 [74]

Bi/Bi2S3/Bi2WO6 (2.18 eV) [Catalyst] = 1 g L−1

[OTC] = 30 mg L−1 (30 mL), pH = N/d,
Time = 15 min, System = S-scheme

Visible light (300 W Xe
lamp, 𝜆 > 420 nm)

84.3 N/d 3.11 [75]

g-C3N4/BiOCl/CdS (1.54 eV) [Catalyst] = 0.25 g L−1, [OTC] = 10 mg L−1

(200 mL), pH = 7, Time = 240 min,
System = Z-scheme

Visible light (15 W)
Sunlight

87.0
99.3

0.01644
0.02293

0.34 [2]

CoFe@NSC-1000 (1.28 eV) [Catalyst] = 0.3 g L−1, [OTC] = 50 mg L−1

(40 mL), pH = 4, Time = 150 min,
System = Z-scheme

Visible light (300 W Xe
lamp, 𝜆 > 400 nm)

90.0 0.01111 18.75 [76]

Bi/BiOBr/Bi2O2CO3 (N/d) [Catalyst] = 1 g L−1

[OTC] = 50 mg L−1 (50 mL), pH = N/d,
Time = 60 min, System = Type-II

Visible light (300 W Xe
lamp, 𝜆 > 420 nm)

70.23 0.0225 11.40 [77]

GCNQDs-CoTiO3/CoFe2O4

(1.91 eV)
[Catalyst] = 0.6 g L−1, [OTC] = 40 mg L−1

(50 mL), pH = 7, Time = 150 min,
System = Z-scheme

Visible light (500 W Xe
lamp, 𝜆 > N/d)

88 0.01409 27.15 [78]

N/d = Not disclosed.

It is a universal practice to compare the performance of the
prepared photocatalyst to other materials reported in the litera-
ture for OTC degradation. Therefore, the MBOdCN catalyst was
compared to other reported photocatalysts for the degradation of
OTC under visible light. It is observed different parameters such
as light power, degradation time, efficiency, volume, pH, and cat-
alytic mechanism could greatly influence the degradation of OTC
by different photocatalysts. Moreover, the cost of the degradation
process was determined using energy consumption (kWh m−3)
as the IUPAC figure of merit, and the values were compared with
other reported work.[70] Equation (1) was used to determine the
values as indicated below:

EC = Pt

log
(

C0
Ct

)
× V

(1)

Here P represents Xe lamp power consumption (kW), t is the
reaction time (h),V is the volume (L), andC0 andCt are the initial

and final concentrations of OTC (mg L−1), respectively. The en-
ergy consumption of OTC degradation by MBOdCN was found
to be 6.37 kWh m−3 and was comparatively lower than other re-
ports. This value is also 59.65 times lower than the energy con-
sumption of conventional wastewater treatment (380 kWh m−3)
in South Africa. Thus, with the observation it can be concluded
that the longer the degradation time the higher the energy con-
sumption by the system. The results obtained with this catalyst
are comparable to those reported in the literature as depicted in
Table 1. This indicates the potential for exploring the material in
the degradation of tetracyclines and other pharmaceutical drugs
in the aquatic environment.

2.3. Optical and Photoelectrochemical Properties

The optical properties of the materials were studied by UV−Vis
DRS, XPS-VB, and photoluminescence (PL) analyses while elec-
trochemical techniques were used to evaluate charge transfer
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Figure 5. a) UV−Vis DRS spectra, b) Tauc plots, c) X-ray photoelectron spectroscopy (XPS) valence band (VB) spectra, d) photoluminescence (PL)
spectra, e) photocurrent measurements, and f) electrochemical impedance spectroscopy (EIS) (inset: equivalent Randle circuit fit) data of the materials.

within the materials (Figure 5). The DRS spectrum of MBO dis-
plays an absorption edge at approximately 447 nm with bands in
the UV region emanating from charge transfer between oxygen
and metals (Figure 5a). Pristine dCN displays more visible light
absorption with distinct bands at approximately 273 and 373 nm,
which are due to the 𝜋−𝜋* electronic transitions from the C═N
groups in the conjugated tri-s-triazine units.[51] The other band
at approximately 507 nm is linked to the n−𝜋* electronic tran-
sitions of amine or heptazine nitrogen lone pairs, indicating the
existence of an additional electronic transition pattern.[67] In par-
ticular, the composites with more dCN content show more vis-
ible light absorption and n−𝜋* electronic transitions, proving
that the material consists of MBO and dCN. In Figure 5b, the
bandgap energies of MBO, MBOdCN, and dCN (inset) were de-
termined to be 2.64 (approximately 2.80 eV for Bi2O3),

[18] 2.11,
and 1.63 eV, respectively. The theoretical bandgap energies were
found to be 2.63, 1.64, and 2.14 eV for MBO, dCN, and the
MBOdCN S-scheme heterostructure (Figure S4a–c, Supporting
Information). This indicated that the HSF06 functional group
could validate the individual structures’ and heterostructures’ ex-
perimental bandgap values. Furthermore, more details on the to-
tal density of states (TDOS) and partial density of states (PDOS)
are given in Text S5 (Supporting Information). The XPS valence
bands (XPS-VBs) of MBO and dCN are depicted in Figure 5c.
These values are 0.06 times less than the actual valance band of
photocatalytic materials.[61] Therefore, the actual values of VBs
of MBO and dCN were determined using the XPS-VB values and
were found to be 2.52 and 0.95 eV, respectively. These VB values

were used in combination with the bandgap energies to calculate
the conduction band (CB) potentials of MBO and dCN and were
found to be −0.13 and −0.68 eV, respectively. The calculated po-
tentials were used for further discussions of photocatalytic mech-
anistic charge transfer.
The PL spectra of the pristine and composite materials are dis-

played in Figure 5d. The MBO PL spectrum shows bands at ap-
proximately 407, 449, and 542 nm, linked to electronic transitions
between oxygen and metals. Moreover, the dCN spectrum dis-
plays the most intense peaks at 450 and 542 nm, with a shoulder
at 435 nm. In the case of MBOdCN, the PL spectrum resembled
that of MBO due to its significantly greater content in the com-
posite relative to that of dCN. However, compared to the spec-
tra of the pristine materials, the MBOdCN spectrum has notably
low-intensity peaks, which are directly related to the high separa-
tion of photoinduced charges and increased lifetime of the charge
carriers within the heterostructured material. This property is vi-
tal for the efficient photocatalytic performance of the material.[79]

Furthermore, the charge separation efficiency and light response
ability were tested via transient photocurrent (TPC) measure-
ments (Figure 5e). The photocurrent response of MBOdCN is
greater than that of MBO and dCN. The reason is that the con-
struction of a heterojunction betweenMBO and dCN greatly pro-
moted the photoresponse and effectively inhibited a high rate
of charge recombination while improving the overall photocat-
alytic process. Figure 5f illustrates electrochemical impedance
spectroscopy (EIS) curves with the inset displaying an equivalent
Randle circuit used to fit the data. EIS is often employed to study
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Figure 6. Top (above) and side (below) views of the optimized structure of a) dCN, b) MBO, c) MBOdCN heterostructure, and d) electron localization
function (ELF) across the interface of MBOdCN heterostructure.

the charge resistance or transfer limitations within a material.
MBOdCN exhibited the smallest arch radius in the EIS curve, re-
vealing that the composite material suffered less of a hindrance
to charge transport (395.44 Ω) compared to MBO (877.75 Ω) and
dCN (1268.77 Ω), respectively.[80] Additionally, these findings in-
dicate that additional photoinduced electrons and holes could be
effectively utilized for photocatalytic OTC degradation. From the
results of PL, TPC, and EIS, it is evident that heterojunction for-
mation can considerably enhance the efficiency of charge separa-
tion andmigration andminimize the rate of recombination. This
approach is necessary for improving photocatalytic processes.

2.4. Optimized Structures of the Photocatalysts

The optimized crystal structures of dCN, MBO, and MBOdCN
are shown in Figure 6a–c. The dCN is made up of carbon and
nitrogen atoms while MBO indicates bismuth, oxygen, and mag-
nesium in its structure. The MBOdCN heterostructure is con-
structed by stacking MBO and dCN on each other as indicated
in Figure 6c. As illustrated in Figure 6d, the electron localiza-
tion functions (ELFs) from the side view are projected in real
space. The ELF ranges from 0 to 1, with 0 representing delocal-
ized electrons, 0.5 representing the dispersion of electron-like gas
or electron pairs, and 1 representing localized electrons.[81] More-
over, the results indicated the absence of electrons in the interfa-
cial area, suggesting there was no binding there, which supports
the vdW interactions in the MBOdCN heterostructure. However,
other techniques, such as XRD, Raman, and FTIR, indicated the
occurrence of binding between the MBO and dCN materials.

2.5. Charge Transfer and Mechanistic, and Pathway Analysis

The involvement and influence of various reactive species on
the photocatalytic process were examined via scavenging exper-
iments by employing p-benzoquinone (BQ), isopropyl alcohol
(IPA), and ethylenediaminetetraacetic acid (EDTA) as quenchers

of superoxide (•O2
−), hydroxyl (•OH), and holes (h+), respectively

(Figure 7a). The introduction of BQ led to a high reduction in
the photocatalytic efficiency of OTC, suggesting that •O2

− rad-
icals play a predominant role. Again, a recognizable reduction
was observed when EDTA and IPA were added to the photocat-
alytic system, confirming the secondary participation of the h+

and •OH radicals. Therefore, the order of photocatalytic contribu-
tion is •O2

− > h+ > •OH. To further ascertain the formation of the
reactive species, electron-spin resonance (ESR) was performed to
detect •O2

− and •OH radicals formation in the presence of the
composite catalyst under simulated solar light (Figure 7b,c). In
the dark, no radicals were detected, suggesting that there is no
possibility of charge generation in the absence of light. In con-
trast, •O2

− and •OH radicals were strongly detected when the
catalyst was irradiated with simulated solar light for 5 min, in-
dicating the importance of the simulated solar light responsive-
ness of the catalyst for generating the required radicals for the
photocatalytic process, as already indicated by the photocurrent
response. Thus, a combination of quenching experiments and
ESR revealed the importance of photogenerated radicals and can
be used to determine the type of heterojunction formed.
Furthermore, the calculations of the electrostatic potentials

and charge density differences were performed to examine the
interfacial interactions in the MBOdCN heterostructure. The
charge redistribution at the interfacial region of the MBOdCN
heterostructure is caused by the difference in work functions be-
tween the component layers. The planar-averaged electrostatic
potentials ofMBOand dCN layers, as well as that of theMBOdCN
were obtained to study the charge transfer process at the inter-
faces. The work function values of dCN and MBO are 4.02 and
4.97 eV as illustrated in Figure 7d,f. These values confirm that
dCN loses electrons more readily than MBO does. This is con-
sistent with the results of the charge density difference analysis.
Henceforth, dCN acts as a p-doped component, and MBO acts
as an n-doped component. The work function of MBOdCN is
4.43 eV as a result of the tendency of electrons to drive from dCN
to MBO until the Fermi energy level becomes equal (Figure 7g).
Subsequently, holes and electrons accumulate at dCN and MBO,
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respectively. This accumulation creates a BIEF from the dCN to
MBO. The variation in the work functions of the layers is the ma-
jor cause of the potential drop (ΔV) at the heterostructure inter-
face. With that, it was discovered that there is a significant ΔV
(13.39 eV) at the interface, which can successfully prevent the
reunion of photo-created electron–hole pairs in the MBOdCN,
thus increasing the effectiveness of solar energy conversion. On
the other hand, the charge transfer within the heterostructure
was examined using the plane-averaged and three-dimensional
(3D) isosurfaces of the charge density difference (Figure 7e,h).
The charge depletion and accumulation are symbolized by the
blue and yellow isosurfaces, respectively.[81] The dCN loses elec-
trons (blue area), andMBOgains electrons (yellow area) when the
charge is redistributed at the interfacial contact (Figure 7h), fur-
ther demonstrating that the electrons have transferred from dCN
to MBO. The charge redistribution in dCN is more pronounced
than in MBO at the interface region. Using Bader charge anal-
ysis, interlayer charge transfer was quantified, and 0.069 |e| was
found to be transferred from dCN to MBO, which is compatible
with the CDD findings. Therefore, this proves that the transfer of
photoinduced electrons occurred from dCN to MBO in the het-
erostructure, thus creating a BIEF.[82] The results are paving the
way for the construction of a possible degradation mechanism in
the MBOdCN/simulated solar light system.
Based on the obtained results and work functions of MBO

(4.97 eV), dCN (4.02 eV), and MBOdCN (4.43 eV) (Figure 7d,f,g),
a plausible photocatalytic charge generation and migration path-
way for MBOdCN is constructed and shown in Figure 7i. The in-
dividual materials are shown with their band position alignment
and work functions. When MBO and dCN get into contact with
each other in the dark, Fermi level (EF) equilibration is attained
through the transfer of electrons from dCN due to its smaller
work function and higher EF to MBO with a larger work func-
tion and lower EF. This phenomenon causes the upward curv-
ing of the dCN energy bands, signifying the occurrence of elec-
tron depletion, while the upward curving of the MBO curve indi-
cates the accumulation of electrons. During the processes of up-
ward and downward band curving, an interface forms between
the two materials, giving rise to a BIEF from electron-deficient
dCN to electron-rich MBO in the heterojunction. It is worth not-
ing that the strong intimate linkages created by the Bi-N bonds
serve as electron bridges and pathways for expediting electron
migration from MBO to dCN down the electron concentration
gradient. Ultimately, this leads to restriction, thereby retarding
charge recombination and enhancing the S-scheme charge trans-
fer route. Upon visible light exposure, the BIEF together with the
bend-curving phenomenon initiates prompt migration of elec-
trons from the CB of electron-rich MBO down the gradient and
through the Bi-N bridges to combinewith holes in the VB of dCN.
This guarantees the maximum photoredox ability of the system
while generating sufficient amounts of the reactive species (•O2

−,
h+, •OH) on the CB of dCN and the VB ofMBO for photocatalytic
degradation of OTC.

As mentioned, the VB of dCN is +0.95 eV, while the CB of
MBO is −0.13 eV; therefore, it is not energetically and thermody-
namically favorable to oxidize OH− to hydroxyl (•OH) radicals or
reduce O2 to superoxide (

•O2
−) radicals due to the high potential

of OH−/•OH (+2.40 eV versus NHE) and more negative poten-
tial O2/

•O2
− (−0.33 eV versus NHE), respectively.[83] Thus, the

hole in the VB of dCN and electrons in the CB of MBO are anni-
hilated. On the other hand, the CB electrons in dCN have a high
ability to reduce O2 to

•O2
− radicals (−0.68 eV), and at the same

time, the oxidation of the MBO VB (+2.52 eV) can convert OH−

groups to •OH radicals. These radical species (•O2
− and •OH)

were confirmed to be the major participants in the destruction
of OTC. The production of these radicals in this novel MBOdCN
S-scheme system stems from the illumination of the photocata-
lyst with appropriate energy. The photoinduced electrons inMBO
migrate via two channels for efficient isolation from their holes
and migrate to the VB of dCN. In the first path, electrons are
trapped by Mg sinks that were revealed by XPS to accept elec-
trons, and their presence was confirmed by the reduction in the
bandgap of Bi2O3. The second electron transfer path occurs via
the Bi-N bridges formed at the interface, as confirmed by Raman
and FTIR spectroscopy. This process contributes to an increase in
the lifetime of the charge carriers and enhances their redox capa-
bilities, as depicted inFigure 8a. Additionally, it is worthmention-
ing that the holes also participated in OTC degradation via direct
oxidation, as shown by trapping experiments. This heterojunc-
tion constructed between MBO and dCN followed an S-scheme
pathway of the charge transfer mechanism, leading to adequate
separation of the photogenerated charge carriers and enhanced
degradation of OTC into smaller molecules.
Subsequently, high-performance liquid chromatography time-

of-flight-tandem mass spectrometry (HPLC-TOF-MS/MS) was
used to identify the DP or intermediate in the MBOdCN/vis sys-
tem for OTC elimination and the results are displayed in Figure
S7a–c (Text S5, Supporting Information). Based on the mass-
to-charge ratio (m/z) peaks, the degradation of OTC was pro-
posed to occur through three different pathways involving dif-
ferent processes such as hydroxylation, demethylation, deami-
nation, etc. (Figure 8b). Pathway 1 indicates that OTC was at-
tacked by reactive oxygen species and two processes occurred
(ketonation and hydroxylation) to yield DP1 (m/z = 475) which
also underwent dihydroxylation, deamination, and demethyla-
tion to produce DP2 (m/z = 350). The decarboxylation occurred
on DP2 to produce DP3 (m/z = 302) and this byproduct was
methylated, and dehydroxylated, and most of the double bonds
in the rings were converted into a single bond hopeful through
attack by holes. DP3 underwent ring opening and hydroxylation
to produce DP5 (m/z = 118). In pathway 2, OTC was subjected
to demethylation, dehydroxylation, and deamination to release
DP6 (m/z = 362). Subsequently, DP6 underwent ring elimina-
tion and deamination to formDP7 (m/z= 275) whichwas further
transformed into DP8 (m/z = 157) via ring elimination. Cleavage
of one ring in DP8 followed by hydroxyl group addition led to

Figure 7. a) Free radical capture experiments, b,c) electron-spin resonance (ESR) spectra of DMPO-•O2
− and DMPO-•OH for MBOdCN. Planar-

averaged electrostatic potentials of d) dCN, f)MBO, and g) theMBOdCNheterostructure. The work function (ϕ) and potential drop (ΔV) are highlighted.
e) The plane-averaged and h) 3D charge density difference of the MBOdCN heterostructure. Charge accumulation and depletion are depicted as blue
and yellow regions, respectively, with the isosurface set to 0.00057 Bohr−3. i) Fermi levels inducing charge generation and transfer tendencies in an
S-scheme heterojunction.
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Figure 8. Schematic of the photocatalytic mechanism a) and degradation pathways b) of oxytetracycline (OTC) by MBOdCN/vis system.
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DP14 (m/z = 152). In pathway 3, there was a loss of hydroxyl
and N-methyl groups to generate DP9 (m/z = 400) which was
further converted to DP2 via ring opening, deamination, and
amide elimination reactions. DP2 in this pathway followed the
pattern of pathway 1 with an addition of a split to yield DP11 via
decarboxylation. DP3 in pathway 3 underwent ring elimination
and carboxyl group removal to form DP13 (m/z = 202). Subse-
quently, more ring-opening reactions occurred, and hydroxyla-
tion and methylation led to the formation of DP14 (m/z = 152),
DP15 (m/z = 141), and DP16 (m/z = 128). After 90 min of
reaction (Figure S7c, Supporting Information), the dominant
species was DP17 (m/z = 110) with only one ring showing the
effectiveness of the MBOdCN/vis system toward OTC degrada-
tion. The smaller molecules could easily be mineralized into
CO2, H2O, and other small inorganic molecules with further
reactions.
For real-time applications, the stability of the photocatalyst

is very important and has to be investigated thoroughly. The
results of stability studies are given in Figure S6 (Supporting
Information). The MBOdCN catalyst showed high stability
where it exhibited OTC removal of 96.07% after five reuse cycles.
The catalyst lost 3.48% of its efficiency toward OTC degradation.
The XRD was used to study changes in patterns after the five
cycles of reuse. The patterns display minor changes in the peak
intensities of the used catalyst relative to those of the fresh
material confirming the reasonable stability of the MBOdCN
catalyst.

2.6. Cytotoxicity Assessment

Given the wide range of transformation byproducts produced by
photocatalytic processes, it is essential to investigate how harm-
ful are these byproducts to ecosystems to determine the prac-
tical application of the photocatalytic processes in water treat-
ment. The epithelial cells that line the digestive system compo-
nents play key roles in nutrient absorption, metabolism, diges-
tion, and transport.[83] Additionally, water quality has a substan-
tial impact on the epithelial lining of the intestines, which affects
general human health and well-being. Therefore, evaluating the
toxicity of the photocatalytic materials and the DP of pharma-
ceuticals is pivotal to the deployment of photodegradation tech-
niques in water treatment. To this end, toxicity assessment via
metabolic activity, lactate dehydrogenase (LDH) activity was in-
vestigated in normal cells (Kidney embryonic HEK293 cells) and
epithelial cells (human intestinal Caco-2 cells), and hemolysis
was assessed in erythrocytes from animal blood. As shown in
Figure 9, the viabilities of the cells treated with the photocatalytic
materials were all above 78%, even at concentrations as high as
1000 μg mL−1 (Figure 9a,b). Similarly, exposure of both cell lines
to the OTC DP did not result in any noticeable reduction in vi-
ability (Figure 9c). As determined by the LDH assay, which is
a proven biomarker for damaged cell membranes, all photocat-
alysts and the OTC byproducts evaluated exhibited similar pat-
terns. Even at the highest concentration, the effective concen-
tration (EC20) was less than 20% in both HEK293 and Caco-2
cells and erythrocytes (Figure 9d–f). Although the toxicity, asmea-
sured bymetabolic activity, was comparable to that determined by
the LDH assay, the cytotoxicity, as measured by metabolic activ-

ity, was marginally greater than that determined by the LDH as-
say, suggesting disruption of mitochondrial stability rather than
breach of the cellmembrane.[84] Finally, treatment of erythrocytes
with the photocatalysts resulted in hemolytic activity at increas-
ing concentrations (Figure 9g) while OTC treatment also had the
greatest degree of hemolytic interaction after 30 min of degrada-
tion (Figure 9h). These results highlight the interesting dynamics
of the interaction between photocatalytic materials and the DP
from treated water with cellular systems. The observed toxicity
could arise from (1) the different mechanisms of interaction, (2)
possible transformation of the tested samples, (3) oxidation of cell
components such as lipids and proteins, or (4) the generation of
reactive oxygen species.[85] Further studies are ongoing to assess
the toxicitymechanism and the implications of the photocatalysts
and the OTC degradation byproducts on water quality.

3. Conclusion

In summary, the novel MBOdCN S-scheme heterostructure with
strong interfacial contact was successfully prepared by a simple
in situ calcination method and utilized in visible light photocat-
alytic water remediation of OTC. The efficient S-scheme hetero-
junctionmechanism of charge transfer inMBOdCN heterostruc-
ture was profoundly confirmed by XPS, DFT calculations, and
work functionmeasurements, respectively. The promotion of the
photocatalytic performance of MBOdCNwas closely investigated
experimentally via trapping experiments and ESR analysis. The
uplifted effect of charge transfer rates and the strong redox power
of the MBOdCN S-scheme heterojunction are some of the im-
portant parameters to initiate photocatalytic reactions with im-
proved activity. The presence of a dual charge transfer mecha-
nism promoted by Bi-N linkages and Mg defects played a vital
role in the photocatalytic performance via accelerating the reac-
tion rate. Benefiting from the synergisms of n-𝜋* transition for
enhanced light utilization and other mentioned parameters, the
OTC degradation efficiency (99.56%) of the MBOdCN S-scheme
heterojunction was 3.14 and 1.40 times higher than of pristine
dCN and MBO, respectively. The nonselective pH heterojunc-
tion photocatalyst displayed high stability after five reuse cycles
with an efficiency greater than 96.00%. The degradation path-
ways were studied with HPLC-TOF-MS/MS while toxicity was
evaluated on human cells. This work highlights new horizons
for the construction of novel S-scheme heterojunction photocat-
alytic with chemical bond bridges to fasten charge migration and
isolation. This strategy can also be studied using other synthesis
methods such as hydrothermal and evaluated on real wastewater
remediation.

4. Experimental Section
Reagents and Chemicals: The chemical reagents purchased from

Sigma−Aldrich (Merck), South Africa, were of analytical reagent
grade and were used without further purification. Magnesium nitrate
hexahydrate (Mg(NO3)2·6H2O, 99%), bismuth(III) nitrate pentahy-
drate (Bi(NO3)3·5H2O, ≥98.0%), isopropanol (C3H8O, ≥99.5%),
sodium hydroxide (NaOH, ≥98%), tannic acid (C76H52O46), cyanuric
acid (C3H3N3O3, 98%), cetyltrimethylammonium bromide (CTAB,
C19H42BrN, ≥98%), melamine (C3H6N6, 99%), OTC (C22H24N2O9),
hydrochloric acid (HCl, 37%), ethylenediaminetetraacetic acid (EDTA,
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Figure 9. Investigation of the toxicity response of HEK293 and Caco-2 cells after exposure to photocatalysts (MBO, dCN, andMBOdCN and degradation
products (oxytetracycline, OTC): a–c) cell viability and d–f) lactate dehydrogenase (LDH) assay at 24 h after treatment and g–h) hemolysis assay. One-
way analysis of variance (ANOVA) and Wilcoxon signed-rank test were used to compare the differences between groups. The data are presented as the
mean ± standard deviation (n = 3) with *p < 0.05, **p < 0.01, and ***p < 0.001.

C10H16N2O8, 99.4-100.6%), p-benzoquinone (C6H4O2, ≥98%), sodium
sulfate (Na2SO4, ≥99%), potassium hexacyanoferrate(III) (K3Fe(CN)6,
≥99.0%), potassium hexacyanoferrate(II) trihydrate (K4Fe(CN)6·3H2O,
98.5-102.0%), potassium chloride (KCl, 99.0-100.5%), acetone (C3H6O,
≥99.9%), polyvinylidene fluoride (-(C2H2F2)n-, PVDF), and N-methyl-
2-pyrrolidone (C5H9NO, NMP) were utilized. Ultrapure water obtained
from a Millipore Milli−Q apparatus provided by Merck was used to
prepare the solutions.

Photocatalyst Synthesis: The magnesium-bismuth oxide catalyst was
produced using facile hydrothermal and calcination methods. First,
0.015 mol of Mg(NO3)2·6H2O and 0.030 mol of Bi(NO3)3·5H2O were se-
quentially added to a 150 mL mixture of deionized water and isopropanol
(6.5:1 v/v) with stirring. Second, 0.150 mol of NaOH was added to the
contents followed by 1 h agitation. The reaction solution was subsequently
poured into the hydrothermal reactor and kept at 180 °C for 6 h. Upon cool-
ing, the solid material was collected and washed by centrifugation before

drying at 70 °C in an electric oven. The fine powder obtained was treated
for 4 h at 550 °C in a muffle furnace using a 5 °C min−1 ramping rate. The
resultant material (Mg-Bi2O3) was abbreviated as MBO.

The low bandgap graphitic carbon nitride was prepared by dissolution
of a 1:10 mol ratio of tannic and cyanuric acids in 120 mL deionized wa-
ter in a beaker. This was followed by the sequential addition of a 1:3 w/w
ratio of CTAB to melamine. Immediately after, the solution turned from
a faint yellow to a creamy whitish emulsion. The mixture was stirred for
1 h at 700 rpm and 90 °C. Thereafter, the contents were poured into a
Teflon-lined autoclave reactor and kept at 180 °C for 24 h prior to drying at
100 °C in the oven. The dark gray powder was annealed at 550 °C for 4 h in
a muffle furnace at a ramp rate of 5 °C min−1 to obtain ash-like dark gray
graphitic carbon nitride, abbreviated as dCN.

The composite materials (MBOdCN) were prepared from precursors of
MBO and dCN before they were annealed. Generally, a mass ratio of 3:1,
1:1, 1:3, and 1:5MBO:dCNwas used. The contents were mixed thoroughly
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using a mortar and pestle for approximately 30 min before being placed
in lidded crucibles for heating under the same conditions as those used
for the pristine materials. The yellow- and orange-colored catalysts were
collected and stored for subsequent experiments.

Photocatalytic Performance: The OTC (10 mg L−1) was used as a
model pollutant to evaluate the photocatalytic power of the MBOdCN het-
erojunction under visible light irradiation. The 300W Xe lamp with a cutoff
filter of 420 nm (HAL-320 solar simulator, ASAHI SPECTRA, Japan) was
used as a source of visible light. Initially, 20 mg of catalyst was evenly dis-
tributed by stirring in 50 mL of OTC (10 mg L−1) in the dark for 30 min
to achieve adsorption saturation. In the process of photocatalysis, about
4 mL aliquots were sampled at a specified period and passed through
CHMLAB PES 0.45 μm syringe filters before studying the degradation with
a PerkinElmer Lambda 650S UV−Vis spectrophotometer. The degradation
process was performed in triplicate for statistical purposes. The removal
efficiency (𝜂) and pseudo-first-order kinetics were conducted as follows: 𝜂
= (C0 − Ct/C0) × 100 and ln(C0/Ct)= kappt, where C0, Ct, and kapp refer to
the initial concentration, the final concentration of the OTC solution at the
specified time, and the apparent rate constant of the degradation process,
respectively.

The contributions of various reactive species radicals were evalu-
ated using quenching chemicals such as isopropanol, p-benzoquinone,
and EDTA as quenchers for hydroxyl radicals (•OH), superoxide radicals
(•O2

−), and holes (h+), respectively. To further identify the reactive species
produced during OTC degradation, ESR signals of •O2

− and •OH spin-
trapped radicals were measured in the dark and under visible light on a
JEOL JES-FA200 ESR spectrometer employing 5,5-dimethyl-1-pyrroline-N-
oxide (DMPO) as a spin-capture reagent. Moreover, a recyclability study
was performed to determine the stability of the photocatalyst. After each
cycle, the photocatalyst was recovered from the reaction mixture via cen-
trifugation, washed, dried, and reintroduced to a fresh OTC solution. This
process was repeated five times. Since slurry photocatalysis is prone to
catalyst loss, parallel reactions were set up under the same conditions to
obtain enough catalyst for recyclability studies.

Characterization Techniques and Photoelectrochemical Assessment: Spe-
cific information on characterization techniques and photoelectrochemi-
cal analysis is given in detail under Text S1 and S2 (Supporting Informa-
tion).

Analytical Techniques: The techniques include the fluorescence
excitation-emission matrices (EEMS) were recorded using HORIBA Aqua-
log Yobin Yvon spectrometer and high-performance liquid chromatogra-
phy time-of-flight-tandem mass spectrometry (HPLC-TOF-MS/MS). They
were performed as illustrated in our previous work.[18]

Density Functional Theory (DFT) Calculations: All calculations and sim-
ulations were performed using the Quantum Espresso package code.[86]

The optimized norm-conserving Vanderbilt pseudopotentials were used
to explain the interaction between ions and electrons, and the exchange-
correlation energy of the electron–electron interactions was considered us-
ing the Perdew–Burke–Ernzerhof generalization of the generalized gradi-
ent approximation.[87] Bi (6s2 6p3), O (2s2 2p4),Mg (3s2), C (2s2 2p2), and
N (2s2 2p3) were treated as valence electrons. To obtainmore reliable elec-
tronic properties, theHeyd–Scuseria–Enzerhof (HSE06) hybrid functional,
which uses the screened exchangeHartree–Fock approach, was employed.
The Grimme DFTD3(BJ) approach was used to treat long-range van der
Waal (vdW) interactions, and a vacuum gap of 25 Å along the Z-axis was
chosen to prevent interactions between adjacent layers.[88] In addition,
dipole correction was used to remove electrostatic potential errors em-
anating from periodic boundary conditions. With the conjugate gradient
algorithm of the Broyden–Fletcher–Goldfarb–Shanno method, the kinetic
cutoff and charge density energy were set to 35 and 360 Ry, respectively,
while 10−6 eV and 0.001 eV Å−1 were set as the total energy convergence
criterion and residual forces, respectively, after the convergence tests. The
Monkhorst-pack was utilized with 9 × 9 × 1 k-point for all the calcula-
tions. The phonon dispersion graphs were obtained using density func-
tional perturbation theory within the phonon code. The thermal stability
was investigated via ab initio molecular dynamics (AIMD) calculations for
25 ps at 300 K with a time step of 1 fs and the Nosé–Hoover scheme. The
structures were visualized using VESTA software.

Cell Cytotoxicity Studies: The photocatalysts and OTC degradation
byproducts were exposed to relevant cell lines and red blood cells to as-
certain their safety. Briefly, human intestinal epithelial (CACO-2) and hu-
man embryonic kidney (HEK293) cells cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Merck South Africa) supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin-streptomycin at 37 °C and 5%
CO2 were seeded at 2 × 105 cells mL−1 in 96-well culture plates (TPP,
Switzerland). After 24 h incubation, both cells were treated with the pho-
tocatalysts at a concentration range of 125–1000 μgmL−1 and further incu-
bated for 24 h. Also, the degradation products obtained at each degrada-
tion time point were exposed to both cells at the same concentration range
as those of the photocatalysts under the same condition. Thereafter, the
toxicity of the samples was measured using either the metabolic activity
assay kit (CellTitre-Blue, Promega, Madison, WI, USA) or the membrane
integrity using an LDH assay kit (CytoTox-ONE; Promega) according to
the manufacturer’s instructions. For the hemolysis assay, blood samples
were collected inside an EDTA tube, and the erythrocytes were centrifuged
at 1600 rpm for 10 min at 20 °C. The cells were washed with PBS three
times and resuspended in phosphate buffer saline (PBS) supplemented
with 10% (v/v) red blood cells. Thereafter, a 1:10 dilution was made using
PBS, and 100 μL of this suspension was treated with the photocatalysts
(50–250 μgmL−1) and degradation byproducts for 1 h at 37 °C. SDS (10%)
and PBS were used as the positive and negative controls, respectively.
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