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Abstract

This study successfully synthesized a BC/TiO,/g-CsN, composite photocatalyst using the sol-gel method, conducted
an in-depth analysis of the influence mechanism of BC on charge transfer performance in heterojunction materials,
and revealed its key role in regulating the charge transport process. The introduction of biochar significantly increased
the specific surface area of BC/TiO,/g-C5N, compared to the TiO,/g-C5N, catalyst, broadening the visible light absorp-
tion range. Under simulated sunlight irradiation with a wavelength greater than 420 nm, the three-component
material MBC-500, calcined at 500 °C, exhibits the best catalytic performance, with an adsorption photocatalytic
degradation rate of 98.13% for sulfadiazine (SDZ) within 60 min, which is 3.46, 3.40, and 2.36 times that of TiO,, g-C3N,,,
and TiO,/g-C5N,, respectively. Characterization analysis and density functional theory (DFT) calculations revealed

the energy band structure and electron transfer pathways of the composite photocatalyst, indicating the signifi-

cant role of biochar in electron transfer and storage. Additionally, the calculated adsorption energies demonstrated
the good adsorption performance of MBC-500 for O, and sulfadiazine. This composite photocatalyst exhibited good
stability and reusability even after five cycles of use. During the degradation process of SDZ,-O,~, h*, -OH play a major
role.

Highlights

- BCdoping boosts Z-scheme photocatalysis, increasing SDZ degradation by 2.36 times.
- DFT unveils band structure and electron transfer pathways in heterojunction.
- BCacts as an electron donor and storage medium to enhance charge transfer.
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1 Introduction

The harm of antibiotic pollutants to the aquatic envi-
ronment has increasingly attracted global attention.
Antibiotic pollutants, particularly those represented
by sulfonamides such as sulfanilamide, can alter the
microbial community structure in water bodies, inhibit
the growth of certain beneficial microorganisms, and
thereby disrupt ecological balance. Moreover, antibi-
otic pollution may lead to the deterioration of water
quality, compromise drinking water safety, and reduce
the self-purification capacity of water bodies, further
threatening human health and the sustainability of eco-
systems (Li et al. 20244, b, ¢, d, €; Xue et al. 2024). There-
fore, effective measures are urgently needed to monitor
and manage antibiotic pollutants in order to protect the
aquatic environment and public health. Among various
water treatment methods, advanced oxidation processes
(AOPs), including photocatalysis, have attracted signifi-
cant attention for the removal of antibiotic pollutants
(Pan et al. 2022; Paiman et al. 2023; Zhang et al. 20233,
b, ¢). The development and application of new materi-
als have become a key support in addressing complex
environmental challenges—from efficient degradation of
pollutants to long-term protection in extreme environ-
ments. Through precise structural design and functional

regulation, new materials significantly enhance the effi-
ciency, stability, and applicability of environmental reme-
diation technologies (Yousefzadeh et al. 2023; Liu et al.
2025; Wang et al. 20254, b). In the photocatalytic process,
the catalysts absorb light energy to generate reactive oxy-
gen species, which can effectively oxidize and degrade
antibiotic molecules in water, thereby reducing their con-
centration and toxicity. Moreover, photocatalytic tech-
nology offers advantages such as ease of operation, low
energy consumption, and environmental friendliness,
enabling it to operate efficiently at room temperature
and adapt to various water quality conditions (Long et al.
2020). As an emerging water treatment method, photo-
catalytic technology shows great potential in removing
antibiotic pollutants.

In the realm of photocatalysis, the core of photocata-
lytic technology lies in the development of photocata-
lysts that are both efficient and stable. Semiconductor
materials such as ZnO (Klienchen De Maria et al. 2024),
MgO (Sharmin et al. 2021), TiO, (Orellana 2021), CeO,
(Cheng et al. 2025), WO, (Zhou et al. 2025), CdS (Shi
et al. 2020), and g-C;N, (Zheng et al. 2025) are com-
monly used as photocatalysts. TiO, is a semiconductor
material with broad application prospects, character-
ized by low cost, high catalytic activity, non-toxicity, and



Guo et al. Biochar (2026) 8:36

high stability, and it is widely used in the field of environ-
mental remediation (Guo et al. 2019; Camacho-Munoz
et al. 2020). However, the photocatalytic efficiency of
pure TiO, is limited, mainly owing to its wide bandgap
of 3.2 eV, which restricts its light absorption to the ultra-
violet region, resulting in low utilization of solar energy
and severe recombination of photogenerated carriers.
Constructing heterojunctions is an effective strategy to
address these limitations (Tan et al. 2020, 2023; Shi et al.
2024). g-C,;N,, a metal-free photocatalyst, is valued for
its abundant raw materials and excellent visible-light
response, while its unique m-conjugated layered struc-
ture facilitates carrier transport (Li et al. 2024a, b, ¢, d,
e; Wang et al. 2025a, b). Forming a TiO,/g-C;N, hetero-
junction can significantly broaden the light absorption
range, enhance charge mobility, and reduce the recom-
bination of photogenerated electron—hole pairs, thereby
improving overall catalytic performance and reaction
efficiency (Wang et al. 2019). In practical applications,
enhancing the separation and migration rates of pho-
togenerated charges in heterojunction photocatalysts is
essential for achieving higher photocatalytic efficiency.
Currently, various carbon materials, such as acti-
vated carbon (Zhu et al. 2024), carbon nanotubes (Sun
et al. 2019), and graphene (Bian et al. 2021), have been
widely developed as semiconductor electron trans-
port channels. The introduction of these materials
has significantly improved the separation efficiency of
photogenerated charges. Biochar (BC), a carbon-rich
substance obtained from discarded biomass through
pyrolysis, exhibits physical and chemical proper-
ties including plentiful oxygen-containing functional
groups, a large surface area, and an excellent pore
structure (Lu et al. 2020; Luo et al. 2023a, b). BC dem-
onstrates notable conductivity, which can effectively
reduce the recombination rate of electron—hole pairs
in photocatalytic reactions, thereby enhancing the deg-
radation rate of target compounds (Hu et al. 2025). BC
is extensively utilized in the realm of photocatalysis.
Abhayasimha K C et al. (K C et al. 2024) synthesized a
BC/TiO, photocatalyst using lignin as a carbon source
and ultrasound assisted co precipitation method for
the removal of dye BB41, achieving a removal rate of
96.72% under their optimal experimental conditions.
Wei et al. (2024) prepared a Bi,MoOg/porous banana
peel biochar composite material using hydrothermal
method. The Ciprofloxacin (CIP) degradation efficiency
reached 93.6%, surpassing the previous rate by a factor
of 12.2 compared to the removal efficiency obtained
with the pure Bi,MoOg catalyst. Luo et al. (2023a, b)
prepared Bi,O,COs/biochar nanocomposites using a
chemical co-precipitation method. The comprehen-
sive removal rate of Tetracycline (TC) by adsorption
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and photodegradation within 60 min reached 84.7%,
1.5 times greater than the performance of the pure
Bi,0,CO; photocatalyst. However, although the afore-
mentioned studies have demonstrated the potential of
BC in enhancing the performance of single or binary
composite photocatalysts, research on the role and
mechanism of BC in more complex heterojunction sys-
tems such as TiO,/g-C;N, heterojunctions is still in its
early stages. A review of recent literature on BC-based
photocatalysis reveals that most existing studies have
focused on the enhancement of pollutant adsorption
by BC or its role as a support for single semiconduc-
tors (Kahkeci & Gamal El-Din 2023; Zahid et al. 2025),
while systematic investigations elucidating how BC acts
as an electron transport bridge to regulate the band
structure, interfacial charge dynamics, and ultimate
reaction mechanisms of heterojunctions remain scarce.
In particular, the potential influence of BC incorpora-
tion on the charge migration pathway in Z-scheme
TiO,/g-C3N, heterojunctions has yet to be thoroughly
explored.

In this study, BC/TiO,/g-C3N, composites were pre-
pared with corncobs, urea, and tetrabutyl titanate as raw
materials through the sol-gel method (Wang et al. 2018).
The synthesized materials underwent characteriza-
tion to analyze their morphology, structure, and chemi-
cal composition. Sulfadiazine served as a representative
contaminant to evaluate the photocatalytic efficiency of
the composite materials, and the degradation pathway of
SDZ was explored. The crucial function of BC in facilitat-
ing electron transfer and storage during the photocata-
lytic process of heterojunction materials was elucidated
through DFT. This research offers fresh perspectives on
synthesizing composite photocatalysts and their use in
eliminating organic pollutants.

2 Experimental section

2.1 Materials & reagents

Tetrabutyl titanate (C,¢H;cO,Ti), absolute ethanol
(C,HO), glacetic acid (CH;COOH), nitric acid (HNOs),
and urea (CO (NH,),) were acquired from the Shanghai-
based China National Pharmaceutical Group Chemi-
cal Reagent Co., Ltd. Sulfadiazine (SDZ, C,,H,;,N,O,S),
isopropanol (IPA, C;HgO), triethanolamine (TEA,
CcH;sNO;), ethylenediamine tetraacetic acid (EDTA,
C,oH14N,Oq), and L-ascorbic acid (L-AA,C,HgO4) were
also obtained from the Shanghai-based China National
Pharmaceutical Group Chemical Reagent Co., Ltd. Corn
cobs were sourced from Pingdingshan, Henan. Through-
out the study, deionized water was utilized. All other
chemicals and experimental reagents were of analytical
grade and used without additional purification.
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2.2 Material preparation

The preparation methods of BC, TiO,, TiO,/g-C;N,, and
BC/TiO,/g-C3N, can be found in the supporting material
Text S1.

2.3 Analysis methods

The photocatalyst’s characteristics were assessed and
examined through a range of characterization tech-
niques. Additional information is provided in Text S3.

2.4 Photocatalytic activity measurement

The effectiveness of BC/TiO,/g-C;N, in degrading SDZ
was investigated under solar irradiation (A >420 nm). To
provide a comparative analysis, the performance of BC,
TiO,, g-C;N,, TiO,/g-C3N,, and MBC-300 (- 800) was
also examined under the same experimental setup. For
specific experimental operation details, please refer to
Supplementary Material Text S2. The efficiencies of pho-
todegradation for each material are presented in the fol-
lowing Eq. (1):

Degradationrate (%) = (Co — C;)/Co x 100% (1)

In this context, the initial pollutant concentration C, is
expressed in milligrams per liter (mg/L), while C, repre-
sents the pollutant concentration at time t, also in mg/L.

The degradation kinetics of the pollutant using the
evaluated photocatalyst adheres to a pseudo-first-order
kinetic model (Miri et al. 2024), as shown in Eq. (2):

n(Co/Cy) = kt (2)

In this equation, C, represents the initial concentra-
tion of the pollutant at t=0 (mg/L), while C, indicates the
concentration of the pollutant remaining after an irradia-
tion period of time t (mg/L). The apparent reaction rate
constant, denoted as k (min™!), is calculated by analyzing
the slope of the linear regression line.

3 Results and discussion

3.1 Characterization of catalysts

3.1.1 Structure and morphology

The structural and morphological characteristics of the
synthesized products were analyzed using scanning elec-
tron microscopy (SEM) and high-resolution transmission
electron microscopy (HRTEM). Detailed SEM and TEM
characterizations of TiO,, g-C;N,, and TiO,/g-C;N, are
provided in the Supporting Information Fig. S1 for com-
parative analysis. Briefly, the sol-gel synthesized TiO,
consists of relatively uniform particles with a size dis-
tribution of approximately 40 nm (Fig. Sla and b). The
calcined g-C;N, exhibits a typical 2D layered structure
with distinct lamellar features clearly observable in both
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SEM and TEM images (Fig. S1c and d). For the sol—gel
prepared TiO,/g-C;N, composite, SEM and TEM images
reveal that the lamellar g-C;N, surface is decorated with
TiO, particles, resulting in a less smooth appearance
compared to pure g-C;N, and confirming the in situ
growth of TiO, particles on the g-C;N, surface (Fig. Sle
and f).

As shown in Fig. 1a BC exhibits a rich microporous
layered structure. The SEM image of MBC-500 (Fig. 1b)
shows a rough surface, with the microporous structure
on the BC surface covered by some layered structures
and granular aggregates. Based on the morphologi-
cal characteristics of TiO,/g-C;N, composite materials
observed in Fig. Sle and f, it is inferred that these layered
structures and granular aggregates correspond to g-C;N,
and TiO,, respectively (Zhou et al. 2017). EDS analysis
of MBC-500 (Fig. 1c and Fig. S2) confirms the presence
of carbon (C), nitrogen (N), oxygen (O), and titanium
(Ti) as the primary components, with no other elemen-
tal impurities detected. The strong Ti signal further cor-
roborates the in situ formation of TiO, on the composite
surface during calcination, preliminarily confirming the
successful synthesis of the ternary composite.

HRTEM characterization reveals that in MBC-500, all
constituent components (BC, TiO,, and g-C;N,) main-
tain intimate interfacial contact, with the layered features
of BC and g-C;N, and granular morphology of TiO, dis-
tinctly observable on the material surface. This contrasts
with the TiO,/g-C;N, binary composite, where interfa-
cial contacts appear less uniform. Figure le shows that
MBC-500 exhibits well-defined lattice fringe structures:
the (002) plane of g-C;N, with a lattice spacing of 0.226
nm, and the (101) plane of TiO, with a lattice spacing of
0.349 nm (Winayu et al. 2024). Notably, at the interface of
these two semiconductors, TiO, and g-C;N, are closely
bonded, forming a heterojunction structure. This inter-
face structure is more intimate and well-defined com-
pared to that observed in the TiO,/g-C;N, composite,
which is conducive to enhanced charge separation effi-
ciency and photocatalytic activity, further validating the
positive effect of BC introduction on optimizing the het-
erojunction interface structure (Li et al. 2023), The SAED
image of MBC-500 (Fig. 1f) displays highly ordered hol-
low-centered rings, indicating the significant crystallinity
of the composite, consistent with the HRTEM results.

Figure 2 shows the atomic force microscopy (AFM)
characterization results of the TiO,/g-C;N, binary com-
posite and the BC/TiO,/g-C;N, ternary composite. A
comparison of the surface morphologies of the two com-
posites reveals distinct microstructural differences. For
the binary composite (Fig. 2a and b), the AFM images
show a relatively uniform surface with a roughness of
225 nm. In contrast, the ternary composite (Fig. 2c and
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Electronic
image

d) exhibits a significantly higher roughness of 444 nm.
This increase in roughness may be attributed to the
incorporation of biochar, whose porous and irregular
structure likely contributes to the complexity of the com-
posite’s surface morphology. The introduction of biochar
may promote the formation of internal pores within the
material, thereby increasing the surface roughness. The
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higher roughness can provide more active sites, which is
expected to enhance the photocatalytic efficiency.

3.1.2 Phase composition analysis

The phase composition of the synthesized photocata-
lyst was analyzed through X-ray diffraction (XRD) over
a scanning range from 5° to 90°, as depicted in Fig. 3a.
BC exhibits a broad characteristic peak at 23.73°, which
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Fig. 2 AFM images of the synthesized nanoparticles: (a) 2D and (b) 3D topography of TiO,/g-C5N,; (c) 2D and (d) 3D topography of MBC-500

corresponds to the (002) crystal plane of graphitic car-
bon. This indicates that the carbon material is partially
graphitized and possesses a certain degree of crystallin-
ity (Afzal et al. 2022). The diffraction peaks observed at
12.96° and 27.46° can be attributed to the (100) and (002)
crystal planes of g-C;N,, respectively (Amiri & Anbia
2023). The peaks detected at 20 angles of 25.2°, 37.8°,
48.0°, 53.8°, 55.6°, and 62.7° correspond to the (101),
(004), (200), (105), (211), and (204) crystal planes of TiO,,
respectively (Beizavi & Boroujerdnia 2024). These find-
ings suggest that in the TiO, doped with BC and g-C3N,,
the anatase phase of TiO, is maintained; this suggests
that the incorporation of g-C;N, and BC does not affect
the crystalline phase. The MBC-500 exhibits narrow and
intense peaks, yet the diffraction peak corresponding to
g-C;N, around 27.46° in the composite is not prominent,
which may be attributed to its low content or potential
overlap with the peaks of TiO,. The absence of extra
peaks in the composite spectrum verifies that a high-
purity composite has been successfully synthesized using
the sol-gel technique, without any modification to the
crystal structures of the individual components.

The FT-IR spectrum of the synthesized photocatalyst,
illustrated in Fig. 3b, reveals several characteristic peaks.
A significant peak observed at 3400 cm™, attributable
to the O—H stretching vibrations, is present across all
three materials (Wang et al. 2022). In the spectrum cor-
responding to BC, a peak at 1782 cm™ is attributed to

the C=0 vibrations in carboxyl groups. Additionally, the
peaks at 1479 cm™! and 921 cm™! are associated with the
bending vibrations of C—H and the out-of-plane defor-
mation of aromatic C—H, respectively (Song et al. 2020).
For TiO,/g-C3N, and MBC-500, the presence of a peak at
800 cm™! signifies the triazine units in g-C;N,. Further-
more, the range of 1200-1700 cm™" displays signals char-
acteristic of C—N heerocycles, which are indicative of
g-C;N, (Zeng et al. 2018). A peak observed at 495 cm™
is likely due to Ti—O-Ti covalent bonds or the Ti-O
stretching vibration (Wang et al. 2021).

3.1.3 Chemical state

X-ray photoelectron spectroscopy (XPS) was utilized to
examine the bonding properties and chemical states of
carbon (C), oxygen (O), nitrogen (N), and titanium (Ti)
in MBC-500. As illustrated in Fig. 3d, the C 1s spectrum
of MBC-500 is deconvoluted into two distinct peaks at
284.8 eV and 286.79 eV, which are attributed to C—-C/
C-Ti and C=N/C-0 bonds, respectively (Rather et al.
2017). The N 1s spectrum, displayed in Fig. 3e, exhibits
high resolution and predominantly features two peaks
at 398.58 eV and 400.08 eV, corresponding to C=N-C
and N—(C); bonds, respectively (Wu et al. 2022). In
Fig. 3f, the O 1s spectrum is resolved into two binding
energy peaks located at 531.97 eV and 531.4 eV, associ-
ated with C—O—-Ti and N—C—-O bonds, respectively (Thi
Le et al. 2024). As shown in Fig. 3g, the Ti 2p spectrum
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Fig. 3 (a) XRD spectrum; (b) FTIR spectroscopy; XPS spectrum of MBC-500, (c) Survey spectra, (d) C 1s;(e) N 15s; (f) O 15;(g) Ti 2p. (h) Adsorption—

desorption isotherms
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demonstrates two separate peaks at energies of 458.89
eV and 464.58 eV. These peaks correspond to the Ti 2p'/2
and Ti 2p?’® orbitals, respectively, indicating distinct elec-
tronic states within the titanium material. This observa-
tion confirms that titanium in the synthesized material
predominantly exists in its tetravalent oxidation state (Li
et al. 2024a, b, ¢, d, e).

3.1.4 Specific surface area and pore size analysis

The N, adsorption-desorption isotherms of various
materials, including BC, TiO,, g-C;N,, TiO,/g-C;N,, and
MBC-500, are presented in Fig. 3h, showing their dis-
tinct adsorption characteristics. As indicated in Table 1,
the specific surface area of BC is 0.7693 m?*/g. After
loading with TiO, and g-C;N,, the specific surface area
of MBC-500 increases significantly to 163.6453 m?/g,
accompanied by a reduction in pore size and an increase
in pore volume. This phenomenon can be attributed to
several factors. Firstly, the stacking effect of TiO, and
g-C;N, may induce substantial changes in the mate-
rial’s microstructure, leading to the formation of more
micropores and mesopores, thereby enhancing the pore
volume, as observed through high-resolution imag-
ing of MBC-500. Secondly, the secondary calcination of
BC potentially improves the pore structure by remov-
ing impurities and reinforcing the stability of the car-
bon framework, thereby promoting pore formation and
refinement. Lastly, the inherently high specific surface
area of g-C;N, and its uniform dispersion in the com-
posite significantly enhance the overall specific surface
area. These synergistic effects result in optimized pore
structure and a notable increase in specific surface area,
which may be beneficial for the material’s catalytic per-
formance. Additionally, the synthesized material exhibits
an adsorption isotherm of type IV and a hysteresis loop
classified as type H; (Zhang et al. 2023a, b, c). This sug-
gests that all samples feature irregular pore structures,
which are characteristic of mesoporous materials. The
image of MBC-500 indicates that the sample possesses a
more developed microporous structure and a higher den-
sity of adsorption sites, which are conducive to enhanced
catalytic performance.

Table 1 Specific surface area and pore size of prepared catalysts

Sample BET (m?%/g) Pore volume Pore size (nm)
(cm3/g)

BC 0.7693 0.0078 40.6633

TiO, 13.1172 0.0269 82273

g-GN, 39.5073 0.2067 20.9368

TiO,/g-C5N, 236779 00593 10,0281

MBC-500 163.6453 0.1152 2.8181
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3.1.5 Thermal properties

This study further employed thermogravimetric analy-
sis (TGA) to systematically investigate the weight loss
behavior of the MBC-500 material at different tem-
perature stages, providing more sufficient data support
for addressing the peak overlap issue observed in XRD
analysis. As show in Fig. S3, The TGA results showed
that in the range of 600-800 °C, g-C;N, undergoes sig-
nificant mass loss, corresponding to the decomposition
of carbon—nitrogen compounds into nitrogen and car-
bon (Bendahhou et al. 2025). For the MBC-500 sample,
the approximately 20% mass loss observed between
600-700 °C can be attributed to the combined effects
of the decomposition of the g-C;N, component and
structural changes in the biochar matrix. The high ther-
mal stability of the biochar matrix itself, as reported in
studies on similar materials (Su et al. 2024; Chaudhuri
et al. 2025), suggests that the majority of this mass loss
likely originates from the g-C;N, phase. These data pro-
vide a basis for estimating the content of g-C;N, in the
composite material and further indicates its low con-
tent in the ternary composite, thereby explaining the
lack of distinct characteristic peaks in the XRD pattern.

3.1.6 Optical properties

As depicted in Fig. S4, the positive slopes of the Mott-
Schottky plots confirm the n-type semiconductor
nature of all photocatalysts.

The photocurrent response measurements (Fig. S5a)
reveal the charge separation efficiency of the photocat-
alysts. The photocurrent density of a material directly
reflects its photogenerated charge separation efficiency;
a stronger photocurrent indicates more effective charge
separation (Li et al. 20244, b, ¢, d, e). The TiO,/g-C3N,
heterojunction exhibits a significantly enhanced pho-
tocurrent density compared to pure TiO,, indicating
that the heterojunction interface effectively facilitates
the separation of photogenerated electron-hole pairs
(Zhang et al. 2022). This response is further strength-
ened in the MBC-500 composite, suggesting that the
incorporated BC acts as an electron acceptor, thereby
further suppressing charge recombination and improv-
ing electron transport.

The electrochemical impedance spectroscopy (EIS)
results are presented as Nyquist plots in Fig. S5b.
The arc radius, which corresponds to the interfa-
cial charge transfer resistance, follows the order of
TiO, > TiO,/g-CsN, > MBC-500. This trend confirms
that MBC-500 possesses the smallest charge trans-
fer resistance, enabling the most efficient interfacial
charge transfer (Li et al. 2024a, b, c, d, e). This finding
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is consistent with the photocurrent response analysis
shown in Fig. S5a.

In this study, UV-visible spectroscopy was utilized to
examine the light absorption properties of TiO,, g-C;N,,
TiO,/g-CsN,, and MBC-500. As illustrated in Fig. 4a,
TiO, exhibits a distinct absorption edge near 400 nm,
confirming that its excitation is confined predominantly
to ultraviolet light, which inherently limits its efficiency
in photocatalytic applications. In contrast, g-C;N, shows
an absorption edge around 460 nm, signifying its strong
response to visible light. When TiO, is incorporated into
g-C;N,, the resulting TiO,/g-C;N, composite exhibits a
noticeable red shift in its absorption edge. This altera-
tion indicates an expansion in the visible light absorp-
tion range, further supporting the effective formation of
a heterojunction between TiO, and g-C;N, (Miri et al.
2024). The addition of BC further amplifies this effect, as
evidenced by a more pronounced red shift in the absorp-
tion edge of MBC-500. This enhancement suggests that
BC significantly improves the photocatalyst’s ability to
harvest visible light. The inherent black coloration of BC
likely contributes to its strong visible light absorption,
while its incorporation may also modify the electronic
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structure of the composite, thereby improving photocata-
lytic performance (Fazal et al. 2020). The bandgap ener-
gies, calculated using the Kubelka—Munk function, are
shown in Fig. 4b. The bandgap values for TiO,, g-C;N,,
TiO,/g-C3N,, and MBC-500 are 3.12 eV, 2.83 eV, 2.56 €V,
and 2.39 eV, respectively. The red shift phenomenon can
be quantified by the change in bandgap values: the band-
gap of TiO,/g-C;N, (2.56 eV) is reduced by 0.56 eV com-
pared to TiO,, while MBC-500 (2.39 eV) shows a more
significant reduction of 0.73 eV. This quantitative narrow-
ing of the bandgap demonstrates the successful extension
of the light-responsive range (Othman Alqahtani 2024).

3.1.7 Surface charge and stability

Zeta potential measurements were employed to analyze
the stability and surface charge characteristics of the
photocatalytic nanomaterials. As shown in Fig. 4c, the
surface electrical properties of the samples BC, TiO,,
g-C;N,, TiO,/g-C;N,, and MBC-500 are observed to
be positive, negative, positive, positive, and positive,
respectively. The corresponding absolute Zeta potential
values are 36.7 mV, 8.42 mV, 24.7 mV, 19.8 mV, and 29.4
mV. Notably, the absolute Zeta potential of MBC-500
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is higher than that of TiO,/g-C;N,, suggesting that the
incorporation of biochar significantly enhances the elec-
trostatic repulsion between particles. This increased
repulsion mitigates particle aggregation, thereby ensur-
ing superior nanoparticle dispersion. Such well-dispersed
nanoparticles provide an expanded reactive surface area,
thereby improving the activity and overall efficiency of
the photocatalytic materials (Liu et al. 20244, b).

Figure 4d presents the photoluminescence spectra and
allows for analysis of the separation of photogenerated
charge carriers in different samples. The photolumines-
cence spectrum provides insights into charge capture,
migration, and recombination processes in semiconduc-
tor photocatalysts. A stronger PL signal correlates with
higher recombination rates of photo-induced electrons
and holes, suggesting reduced photocatalytic activity
(Wu & Song 2023). Both pure g-C;N, and TiO, dem-
onstrate strong PL emission. In contrast to individual
components, the TiO,/g-C;N, heterostructure shows
attenuated characteristic peaks, suggesting that interfa-
cial heterojunction formation enhances photogenerated
charge migration while suppressing recombination of
photo-generated charge carriers (Cui et al. 2024). When
BC is incorporated, the MBC-500 composite exhibits
further PL signal diminishment. This phenomenon can
be attributed to two mechanisms: first, spectral overlap
between PL emission and biochar absorption enables
photon reabsorption (i.e., self-absorption), leading to
signal reduction; second, BC plays a role in electronic
storage, promoting the separation of electrons and holes
(Luo et al. 2023a, b).

3.2 Photocatalytic activity

To ensure the reliability and reproducibility of all experi-
mental results, the experimental data are the average of
at least three independent parallel experiments and are
presented as the meanzstandard deviation. Figure 5a
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shows the influence of calcination temperature on the
catalyst’s performance. Under irradiation at A > 420 nm
without the addition of photocatalyst, the photodegrada-
tion rate of SDZ within 90 min was 33.5%, indicating that
light has a weak effect on the degradation of SDZ (Sun
et al. 2020). In the dark adsorption experiment, 0.03 g of
the MBC-500 catalyst was introduced into 50 mL of a 30
mg/L SDZ solution under light-shielding conditions. We
conducted adsorption experiments. As shown in Fig. S6,
the results demonstrate that the adsorption of SDZ onto
MBC-500 reached equilibrium within 15 min. Therefore,
a 30-min dark adsorption period prior to the photocata-
lytic experiments was sufficient to ensure the complete
establishment of adsorption—desorption equilibrium in
the system. The adsorption capacity of all materials under
dark conditions was assessed over a period of 30 min
before the photocatalytic experiment to account for the
effect of direct adsorption in the analysis of photocata-
lytic results. As shown in the Fig. 5a, as the temperature
rises, the removal rate of SDZ initially increases and then
starts to decline. The catalyst calcined at 500 ‘C exhibits
the best performance, achieving a removal rate of 98.13%
of SDZ within 90 min. This phenomenon is closely related
to the structural properties of BC, TiO,, and g-C;N, at
different calcination temperatures, with the crystalline
structure of TiO, playing a major role. At calcination
temperatures below 500 ‘C, TiO, is almost entirely com-
posed of rutile, and rutile phase TiO, has good photo-
catalytic performance; the crystallinity of the rutile phase
progressively enhances as the calcination temperature
rises. With the ongoing rise in calcination temperature,
the interplanar spacing and structure of TiO, gradually
change. Above 500 °C, the microstructure of TiO, begins
to transition from a single-phase anatase structure to
rutile and brookite structures. The rutile phase begins
to appear between 600 to 700 °C, while brookite phase
starts to form at 800 °C (Qingge et al. 2018). Additionally,

(a) €)
1.0
04
0.8 X
S -14
\ ~~
N >
< 0.6 o
a Blank N < .
—=— Blanl ' N
049 « mBC3oo | 0.494—Blank | \\\g 5 \q
——MBC-400 :Light ——BC Lok S 3] = BC
0.24——MBC 500 02 1O g = e TO,
—+—MBC-600 ! ““T—gCN, ! A gCNg N
MBC-700 | TiO,/g-C5N,; 4] v TiOJgCN, .
0.0{——MBC-800 ! 0.0 4—MBC500 ! o MBC-500
T T T T T - T T T T
-30 0 30 60 -30 0 30 60 0 30 60
Time (min) Time (min) Time (min)
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higher temperatures may enhance the stability of BC
loading and improve the degradation ability of photocat-
alysts for SDZ, while excessively high temperatures may
cause BC to undergo thermal decomposition, resulting
in the loss of its structure and functional groups, thereby
affecting its role in composite materials (Akca et al.
2024). At low temperatures, urea may not undergo calci-
nation to produce g-C;N,. Conversely, at high tempera-
tures, nitrogen-doped carbon is susceptible to complete
gasification (Paul et al. 2019). Collectively, these factors
explain the observed variation in photocatalytic perfor-
mance with calcination temperature.

Figure 5b compares the performance of the ternary
catalyst MBC-500 with unary and binary catalysts,
clearly demonstrating its superior properties. Accord-
ing to BET analysis, MBC-500 demonstrates a mark-
edly higher specific surface area and a greater density
of active sites compared to BC, TiO,, g-C;N,, and the
TiO,/g-C4N, composite. These characteristics confer sig-
nificant advantages to MBC-500 in terms of catalytic per-
formance, thereby substantially enhancing its adsorption
capacity for SDZ. Due to the positively charged nature of
the SDZ surface, repulsion occurs when the photocatalyst
surface is also positively charged. Among the five materi-
als, the order of repulsive forces with SDZ molecules is
MBC-500<BC<TiO,/g-C;N, <g-C;N, < TiO,, indicat-
ing that MBC-500 experiences the weakest repulsion.
This minimized repulsion allows MBC-500 to achieve a
27.57% adsorption removal rate within 30 min. Under
visible light exposure for 60 min, the SDZ removal rates
were 69.75% for TiO,, 67.88% for g-C;N,, and 77.03%
for the TiO,/g-C;N, composite. These results indicate
that the heterojunction structure formed by the combi-
nation of TiO, and g-C;N, provides a modest enhance-
ment in photocatalytic efficiency. However, BET analysis
indicates that binary composites demonstrate only slight
variations in specific surface area and active sites when
compared to unary materials. In contrast, the incorpora-
tion of BC into the ternary composite MBC-500 leads to
a remarkable increase in specific surface area—212 times
and 7 times greater than those of BC and TiO,/g-C;N,,
respectively. Figure 5¢ demonstrates that the photodeg-
radation kinetics of SDZ by all tested materials follow a
pseudo-first-order model, with MBC-500 exhibiting the
highest photocatalytic rate constant at 0.0617 min~". This
value is 3.46, 3.40, and 2.36 times higher than those of
TiO,, g-C3N,, and TiO,/g-C;N,, respectively, underscor-
ing its superior photocatalytic activity. The exceptional
performance of MBC-500 is due to the synergistic inter-
actions provided by the BC component, which optimizes
the pore structure and enhances the heterojunction con-
figuration. These enhancements considerably enhance
the adsorption capacity and photocatalytic degradation
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efficiency of the cationic pollutant SDZ. In summary,
the ternary composite MBC-500 demonstrates substan-
tial advantages over unary and binary catalysts in terms
of specific surface area, active site density, and photo-
catalytic efficiency. Its reduced repulsive interaction with
SDZ enables rapid adsorption, while its optimized struc-
ture and enhanced heterojunction effects contribute to
its exceptional photocatalytic degradation performance
under visible light irradiation. These findings highlight
the potential of MBC-500 for practical applications in
environmental pollution control.

3.3 Stability of the photocatalyst

Cyclic tests were conducted to assess the stability and
reusability of MBC-500 as an efficient photocatalyst. As
depicted in Fig. 6a, after five cycles, the degradation rate
of sdz by MBC-500 decreased from 98.13% to 68.85%,
and after three repeated experiments, the error rate was
within 1%, indicating good stability of the catalyst. In
order to evaluate the stability of the catalyst and rule out
the potential influence of titanium leaching, the concen-
tration of dissolved Ti ions was measured using ICP-MS.
As summarized in Table S1 and illustrated in Fig. S7, the
leaching rate of Ti ions was calculated to be only 0.013%,
demonstrating that the extent of titanium dissolution was
very limited during the reaction. During repeated photo-
catalytic cycles, the porous structure of MBC-500 facili-
tates the adsorption and degradation of SDZ. However,
recalcitrant intermediate by-products generated during
the degradation process can accumulate within the cata-
lyst’s pores and on its surface. This accumulation progres-
sively leads to pore blockage and reduced mass transfer,
as the intermediates physically block the nanopores, hin-
dering the diffusion of new SDZ molecules to the inter-
nal active sites (Mafa et al. 2023; Zhang et al. 2023a, b,
c). To explore this phenomenon further, we performed
SEM (Fig. 6b), FTIR (Fig. 6¢), and XRD (Fig. 6d) analyses
on MBC-500 after five cycles. SEM images revealed that
lamellar and granular TiO, and g-C;N, remained adhered
to the BC surface, indicating no substantial morphologi-
cal alterations. FTIR and XRD analyses indicated that
the characteristic peaks of the catalyst remained largely
unchanged after the reaction, confirming its structural
stability. Therefore, the decline in catalytic performance
was primarily attributed to the physical coverage of
active sites and pore blockage by accumulated intermedi-
ate products.

3.4 Analysis of active species

In the photocatalytic reaction system, the potential
active species include hydroxyl radicals (-OH), superox-
ide anions (-O,"), singlet oxygen (*O,), and holes (h™). To
identify these species and assess their roles in pollutant
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Fig. 6 (a) MBC-500 degrades 20 mg/L SDZ in five cycles; (b) Used SEM images of MBC-500; (c) XRD patterns of pristine and spent MBC-500; (d) FTIR

spectra comparing the fresh and utilized MBC-500

degradation, we conducted quenching experiments and
electron paramagnetic resonance (EPR) analysis. During
various experimental setups, scavengers such as TEA,
IPA, L-AA, and EDTA were employed to trap h*,-OH,
'0,, and-O,” produced throughout the degradation of
SDZ (Hou et al. 2022; Kuan et al. 2022). The amount of
scavengers used was 10 mmol/L (Guo et al. 2020; Liang
et al. 2020). As illustrated in Fig. 7a, the SDZ degradation
rate, initially at 99.13% without scavengers, decreased
to 72.86%, 68.04%, 86.83%, and 65.39% with the addi-
tion of TEA, IPA, L-AA, and EDTA, respectively. This
suggests that all four reactive species significantly con-
tribute to SDZ degradation in this system. To further
investigate the existence and functions of these reactive
species, electron paramagnetic resonance (EPR) tests
were conducted using DMPO, TEMPO, and TEMP as
spin-trapping agents. Figure 7b shows that no significant
signals appeared under dark conditions, but upon illu-
mination, characteristic peaks of singlet oxygen radicals
emerged, becoming more pronounced with increased
exposure. Figures 7c and d reveal that while no signifi-
cant DMPO--OH and DMPO--O," signals were detected
in the dark, UV irradiation led to the appearance of

their characteristic peaks. The signal intensity rose
with prolonged light exposure, Indicating an increase
in the concentration of -OH and -O,”. Additionally, a
reverse method was employed to detect h* (Zang et al.
2024). Peaks observed in the dark indicate captured sig-
nals, which are reduced under illumination as h* reacts
and diminishes these signals, leading to attenuation. As
depicted in Fig. S8, the spectral signal diminished signifi-
cantly with longer irradiation, signifying the generation
of holes. In conclusion, the photocatalytic degradation
of SDZ is driven by interactions with h*, -OH and -O,~
highlighting the integral roles of these reactive species in
the process.

3.5 Degradation pathways of SDZ

To uncover the mechanism behind the photocatalytic
degradation of SDZ, this research employed liquid chro-
matography-mass spectrometry (LC-MS) to investigate
the intermediates formed during the photocatalytic deg-
radation of SDZ, while MZmine software was utilized for
the screening of these intermediates. Based on the struc-
tures of the generated intermediates, Fig. 8a and Figs.
§9-S16 illustrate the reaction pathway of MBC-500
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Fig. 7 (a) The experiments conducted to capture reactive species during the degradation of SDZ utilizing MBC-500; (b) EPR spectra of DMPO-'0,;

(c) EPR spectra of DMPO-OH; (d) EPR spectra of DMPO-O,~

degrading SDZ under UV light irradiation. The high-
resolution mass spectrometry data that form the basis
for the identification of these intermediates are provided
in Table S2 (Supporting Information), with the close
match between experimental and calculated m/z values
confirming the proposed molecular formulas.Further-
more, to gain insight into the degradation mechanism,
we performed DFT calculations to estimate the reaction
free energy (AG) for the proposed pathway of SDZ deg-
radation. As listed in Table S3 and Fig. S19, the negative
AG values for all elementary steps suggest that the entire
pathway is thermodynamically favorable and spontane-
ous under the experimental conditions. This provides a
thermodynamic basis for the proposed mechanism.The
photocatalytic oxidation process of SDZ mainly includes
four reaction processes: hydroxylation, sulfonation, oxi-
dation, and cleavage (primarily involving the breaking of
S—N and C-S bonds).

Based on the identified intermediates and the com-
bined evidence from active species trapping experiments
and Fukui function calculations, the degradation path-
ways of SDZ are proposed as follows (Fig. 8a).

Pathway I (-O, -initiated oxidation): The -O,” radi-
cal, demonstrated as the most dominant active species,
attacks the H-N bond of SDZ. This is consistent with
the Fukui function result that the N11 atom of the aniline
ring exhibits the highest f* value (Table S4), indicating it
is the most susceptible site for electrophilic attack. This
reaction results in direct oxidation to produce 4-nitro-
N- (pyridine-2-yl)benzenesulfonamide (P1, m/z=281.03)
(Xiang et al. 2021).

Pathway II (S—N bond cleavage): The S—N bond of SDZ
is broken due to the concerted attack of -OH and -O,7,
yielding 2-aminopyridine (P2, m/z=96.06) and p-amin-
obenzenesulfonic acid (P3, m/z=174.18) (Liu et al. 2018).
This is supported by the fact that the S14—N17 bond is
relatively long with low bond energy, making it prone to
cleavage.

Pathway III (SO, extrusion and rearrangement): Based
on the high f* value of the N25 atom and the significant
™ value of the C1 atom, it is inferred that the SDZ mole-
cule undergoes SO, extrusion. The proposed mechanism
involves nucleophilic reactions and a Smile-type rear-
rangement of the C and N atoms on the aniline moiety,
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ultimately forming 4- (2-aminopyridine-1-yl)aniline (P5, Pathway

IV (-OH-induced hydroxylation and

m/z=187.10). This is followed by the attack of -O,” on
the H-N bond, producing 1- (4-nitrophenyl)—1,2-
dihydropyridine (P6, m/z=217.01) (Duan et al. 2020;
Bahadoran et al. 2021).

decomposition): The hydroxyl radical (-OH) targets
the carbon atom (e.g., C19 and C23 atoms with high
f° values) located on the nitrogen-substituted ben-
zene ring, resulting in hydroxylation and producing
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4-amino-N-  (4-hydroxypyridine-2-yl)benzenesulfona-
mide (P7, m/z=267.05). Subsequently, the C—N bond in
the heterocycle undergoes cleavage to generate 4-amino-
N-[aminomethyl (aminopyridine)] benzenesulfonamide
(P8, m/z=215.06). Finally, the breaking of the C—N bond
connecting to the benzene leads to the formation of
4-aminobenzenesulfonamide (P9, m/z=173.98) (Xu et al.
2020; Chen et al. 2021; Li et al. 2025).

With the continued oxidation by reactive species, these
intermediates are further mineralized into small organic
molecules (CO, and H,0) and inorganic ions (SO,*~ and
NH,").

Computational modeling provides a valuable approach
for elucidating the degradation pathways of SDZ and
identifying potential reactive sites. The Mulliken atomic
charges of the 27 atoms in the SDZ molecule were cal-
culated, along with the distributions of the HOMO and
LUMO orbitals, as shown in Fig. 8b, ¢, and d. The atomic
natural charge and Fukui function values of SDZ and the
Mulliken atomic charge data are shown in Tables S4 and
S5, respectively. The results indicate that atoms such as
C1, N11, N17, O15, and O16 have low electronegativity,
making them susceptible to attacks from electrophilic
reagents. The N11 atom exhibits the highest f~ value, con-
firming it as the most likely site for oxidation by -O,™. The
S14—N17 bond is identified as a weak point for cleavage.
The high f* value of N25 and significant f~ value of C1
support the feasibility of the Smile-type rearrangement,
while the high f° values of C19 and C23 atoms rationalize
their susceptibility to -OH attack, leading to hydroxylated
products.

3.6 Electronic structure of BC/TiO,/g-C;N,

This study investigates how BC doping influences elec-
tron transfer within the TiO,/g-C;N, heterojunction. By
employing density functional theory, the study provides
an in-depth analysis of the electron transfer processes
and the electronic structure in the BC/TiO,/g-C;N, com-
posite system. Initially, we calculated the density of states
(DOS) for both TiO,/g-C;N, and MBC-500 composites.
Figure 9a and b illustrate that the conduction band in the
TiO,/g-C;N, composite predominantly arises from the
N-2p, O-2p, Ti-2p, and Ti-3d orbitals, with the valence
band primarily occupied by the O-2s orbital. The intro-
duction of BC markedly modifies the electronic struc-
ture, as demonstrated by the substantial role that C-2p
orbitals play in both the valence and conduction bands of
MBC-500. Comparing the total DOS of TiO,/g-C;N, and
MBC-500, the latter exhibits a notable increase in DOS,
suggesting that BC doping substantially elevates carrier
concentration, thereby enhancing photocatalytic effi-
ciency. In addition, we determined the work function and
Fermi level for these materials through our calculations.
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The work function, which reflects the energy needed for
an electron to move from the Fermi level to the vacuum
level, provides insight into the strength of electron bind-
ing. Notably, a higher work function indicates increased
difficulty for electrons to escape the material. These find-
ings demonstrate that BC doping significantly alters the
electronic properties, potentially leading to improved
photocatalytic performance through enhanced elec-
tron transfer capabilities (Zang et al. 2024). As shown in
Figs. 9c and d, the work functions of TiO,/g-C;N, and
MBC-500 are 4.53 eV and 4.73 eV, respectively, indicat-
ing that MBC-500 exhibits a stronger electron binding
affinity compared to TiO,/g-C;N,. This confirms that
incorporating BC significantly improves the material’s
electron binding capacity, thereby validating BC’s elec-
tron storage effect (Wei et al. 2024). Fig. S18 shows the
Fermi levels of TiO, and g-C;N,.The Fermi levels of TiO,
and g-C;N, were measured to be — 4.64 eV and —3.56 €V,
respectively. As a result, electrons tend to transfer from
g-C;N, to TiO, until their Fermi levels align, leading to
g-C;N, becoming positively charged due to electron
loss, and TiO, negatively charged due to electron gain,
which is consistent with the zeta potential results (Meng
et al. 2025). The resulting potential difference between
the two materials establishes an internal electric field
directed from g-C;N, to TiO,. By calculating the differ-
ential charge for both TiO,/g-C;N, and MBC-500, we
analyzed electron transfer dynamics and the influence of
BC in this process. As illustrated in Fig. 9e—h (with yel-
low and blue indicating increased and decreased charge
density, respectively), in the TiO,/g-C;N, system, g-C;N,
loses more electrons than it gains, while TiO, gains more
electrons than it loses, indicating net electron transfer
from g-C;N, to TiO, at their interface. With the intro-
duction of BC, the direction of charge transfer remains
unchanged; however, the magnitude of charge variation
around the BC region increases significantly. This results
in greater electron accumulation on TiO,, suggesting
that BC not only serves as an electron reservoir but also
facilitates electron transfer. The planar charge density
distribution of TiO,/g-C3N, (Fig. 9e) more intuitively
illustrates a decrease in charge density on the g-C;N, side
and an increase on the TiO, side, confirming the transfer
of electrons from g-C;N, to TiO, after the formation of
the heterojunction, which is consistent with the direction
of the built-in electric field. Figure 9f displays the planar
average charge density of MBC-500, where the charge
in g-C;N, and TiO, regions still shows a decreasing and
increasing trend, respectively. The difference lies in the
more pronounced change in charge density at the inter-
face. The presence of the biochar layer significantly mod-
ulates the charge distribution between TiO, and g-C;N,,
indicating that biochar acts as a bridge facilitating
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along with differential charge density distributions for both TiO,/g-C;N, and MBC-500. (i) Adsorption energies of TiO,/g-C;N, and MBC-500
for oxygen and SDZ
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electron transfer and charge redistribution. Bader
charge analysis quantified the electron transfer amounts
in TiO,/g-C3N, and MBC-500 to be 0.5 e~ and 0.77 €7,
respectively, further indicating that biochar enhances
electron transfer (An et al. 2023). Moreover, as depicted
in Fig. 9i, calculations of adsorption energies for O, and
sulfadiazine on TiO,/g-C;N, and MBC-500 demonstrate
that MBC-500 exhibits a higher propensity to adsorb
these molecules, thereby accelerating surface reaction
kinetics (Liu et al. 20244, b). Upon light irradiation, TiO,
and g-C;N, generate photogenerated electrons and holes,
respectively. Because the MBC-500 heterojunction has a
narrower bandgap (2.39 eV) than its individual compo-
nents, TiO, (3.12 eV) and g-C;N, (2.83 eV), its enhanced
light absorption capability leads to a greater yield of pho-
togenerated charge carriers. More critically, the band
alignment of the heterojunction facilitates the interfacial
recombination of photogenerated electrons and holes
at the TiO,/g-C;N, interface, the rate of which exceeds
that of bulk recombination within each individual mate-
rial. Furthermore, the built-in electric field, directed from
g-C;N, to TiO,, exerts a driving force on the charge car-
riers and causes band bending: the energy bands bend
upward in the positive space charge region on the g-C;N,
side, and downward in the negative space charge region
on the TiO, side.The narrower bandgap of the MBC-500
heterojunction, combined with the built-in electric field
and band bending from g-C;N, to TiO,, collectively pro-
mote the recombination of photogenerated electrons in
the conduction band (CB) of TiO, with photogenerated
holes in the valence band (VB) of g-C;N,. However, these
effects inhibit the transfer of photogenerated electrons
from the CB of g-C;N, to the CB of TiO,, as well as the
transfer of photogenerated holes from the VB of TiO, to
the VB of g-C;N, (Zhu et al. 2025).

Figure 10 presents the electron localization func-
tion (ELF) analysis, where the red and blue regions cor-
respond to the highest (ELF=1) and lowest (ELF=0)
values, indicating localized electron accumulation and
depletion, respectively (Huang et al. 2025). The ELF
distribution in MBC-500 demonstrates pronounced
electron sharing between BC and the TiO,/g-C;N, com-
posite, suggesting that their interaction is predominantly
covalent in nature. At the interface between BC and
g-C;N,, carbon atoms from biochar form covalent bonds
with nitrogen atoms of carbon nitride. Furthermore,
since both biochar and carbon nitride contain abundant
carbon atoms, -1 interactions, a type of noncovalent
interaction, may also be present, enhancing the stability
and electrical conductivity of the material. At the BC and
TiO, interface, covalent bonds are formed between car-
bon atoms in biochar and oxygen atoms in titanium diox-
ide. Additionally, as both biochar and TiO, are nonpolar
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Fig. 10 ELF image of MBC-500

or weakly polar materials, van der Waals forces may exist
between them. Although relatively weak, these inter-
actions can still influence the physical properties of the
material to some extent.

3.7 Photocatalytic mechanism

Building upon the aforementioned band structure anal-
ysis and DFT calculations, we propose a mechanism
for the degradation of sulfadiazine by MBC-500 when
exposed to simulated sunlight, as illustrated in Fig. 11.
The energies of the conduction band (ECB) and the
valence band (EVB) were determined by applying Eqgs. (3)
and (4) provided below (Klipfel et al. 2014).

Ecg=x —E° —1/2E, 3)

E; =Eyp — Ecp (4)

where, ¥ is the electronegativity of the semiconduc-
tor, and the values of g-C3;N, and TiO, are 4.73 and 5.81
eV, respectively (Kane et al. 2022). E; is the energy of
free electrons relative to NHE (4.5 eV) (Lin et al. 2021).
The band gap energies (Eg) obtained from the UV-visi-
ble absorption spectra in this study for TiO, and g-C3N,
are 3.12 eV and 2.83 eV, respectively. Then, the ECB and
EVB were calculated, with the conduction and valence
band potentials of TiO, being—0.25 eV and +2.87 eV,
and those of g-C;N, being—1.19 eV and+1.64 eV.
In the case of a conventional type II heterojunction
formed between TiO, and g-C;N,, electrons present
in the conduction band of g-C;N, tend to move to the
conduction band of TiO,. Conversely, holes in TiO,’s
valence band are likely to transfer to the valence band
of g-C;N,. Specifically, the conduction band potential
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of TiO, is—0.25 eV (relative to the standard hydro-
gen electrode, NHE), exceeding the O,/-O,~ potential,
which is more positive than the—0.33 eV (Ma et al.
2022). Meanwhile, the valence band potential of g-C;N,
is 1.64 eV (relative to NHE), which is less positive than
the OH7/-OH potential level of 2.38 eV when refer-
enced to the normal hydrogen electrode (NHE) (Zhang
et al. 2021), indicating that holes in the g-C;N, valence
band are unable to oxidize OH™ to -OH. These predic-
tions, however, contradict the electron paramagnetic
resonance results that confirmed the generation of
both -O,™ and -OH radicals, suggesting that the hetero-
junction does not follow a typical type II mechanism.
Instead, the photocatalytic performance of the sam-
ple can be interpreted using a Z-scheme heterojunc-
tion model. In this model, the light-induced electrons
move from the conduction band of TiO, to the valence
band of g-C;N,, where they recombine with the photo-
induced holes. This process leaves a greater number of
reductive electrons in the conduction band of g-C;N,
and more oxidative holes in the valence of TiO,,
enhancing the photocatalytic efficiency. The differentia-
tion of electrons and holes promotes the generation of
-OH and -O, radicals, the hole potential in the valence
band of TiO, (+2.87 eV) exceeds that of the OH™/-OH
pair (+2.38 eV, referenced to NHE), and the electron
potential in the conduction band of g-C;N, (—1.19 eV)

is lower than that of the O,/-O,™ pair (—0.33 €V, rela-
tive to NHE).

The primary reaction steps involved in this mecha-
nism under light exposure are outlined in the following
equations:

TiOy + hv = e~ (TiO9) + h1 (TiOy) (5)

g—CsNy+hv=e"(g—C3N4) +ht(g — C3Ny)
(6)
e (g—C3N4) + Oy =g — C3N4 +-O5 (7)

h™(TiOy) + H,O/OH™ = TiO, + -OH (8)

h' + .0, + -OH + SDZ = degradation products
©)

4 Conclusion

This study thoroughly investigates the role of BC dop-
ing in enhancing the photocatalytic efficiency of
Z-scheme heterojunctions. A new photocatalyst, MBC-
500, was successfully prepared using the sol-gel tech-
nique. Its structure, composition, and properties were
thoroughly characterized and confirmed using a suite
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of analytical techniques. The study revealed that the
Z-scheme heterojunction formed by g-C;N, and TiO,
markedly inhibited the recombination of electron—hole
pairs. This suppression leads to a more efficient sepa-
ration of photogenerated charge carriers, ultimately
improving the photodegradation efficiency of SDZ. BC
doping played a pivotal role in this enhancement by
increasing the specific surface area, expanding the vis-
ible light absorption range, and acting as an electron
donor and storage center. Compared to the undoped
TiO,/g-C;N, composite, MBC-500’s degradation rate
of SDZ improved by 2.36 times, underscoring the
importance of BC doping. Active species such as h*,
0,7, and -OH were crucial during the SDZ degrada-
tion process. Furthermore, the MBC-500 photocatalyst
demonstrated remarkable stability and reusability even
after five cycles of use. This study provides a photo-
catalytic solution for efficiently removing organic pol-
lutants from wastewater, offering a scientific basis for
optimizing heterojunction photocatalyst design and
application.
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