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1. Introduction

Enhanced synergistic photocatalysis: a thorough
investigation of Bi,Sn,O;/CsNs heterojunctions
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© and Kaustava Bhattacharyya (2 **°

Adarsh Kumar,
Avesh K. Tyagi

The close bandgap alignment between graphitic-C3sNs (g-CN) and Bi,Sn,O; (BSN) facilitates effective
heterojunction formation, enhancing charge separation and transport. This study explores the
photocatalytic degradation of ortho-dichlorobenzene (o-DCB) using a series of Bi;Sn,O;-g-C3sNs (BSN-
CN) heterojunctions, which were synthesized hydrothermally with various dispersions of Bi,Sn,O; (BSN)
on graphitic-C3Ns (g-CN). A thorough characterization was carried out using different techniques,
including X-ray diffraction (XRD), diffuse reflectance spectroscopy (DRS-UV-Vis), X-ray photoelectron
spectroscopy (XPS), high-resolution transmission electron microscopy (HR-TEM), field emission scanning
electron microscopy (FE-SEM), photoluminescence (PL), time-resolved photoluminescence (TRPL), and
cyclic voltammetry (CV). These analyses not only confirmed the formation of the heterojunctions but also
revealed the effect of structural parameters that significantly influenced their photocatalytic behavior.
These structural parameters mainly affected the kinetics, lifetime, and migration pathways of photogener-
ated electron—-hole (e /h*) pairs. The photocatalytic activity of these heterojunctions was tested for
0-DCB degradation, representing dioxin and furan analogues, under visible light and ambient, liquid-phase
conditions. The BSN-CN composites demonstrated superior photocatalytic performance compared to the
individual components and their physical mixtures. Notably, the BSN-CN-15 (with 15% BSN dispersed over
CN) sample, which had the highest BSN content, achieved almost complete mineralization of o-DCB at
one of the fastest rates reported to date. A detailed structure—activity relationship was established, high-
lighting the roles of bandgap energy, valence band position, and surface charge in governing photocataly-
tic efficiency. Post-reaction XPS analysis further revealed changes in surface chemistry, shedding light on
the degradation mechanism. Additionally, the formation of surface intermediates was investigated to better
understand the photocatalytic pathway and guide future improvements in catalyst design.

gives rise to a deeply situated valence band state, which in turn
facilitates the mobility of charge carriers. This, coupled with a

Road maps for enhancing photocatalytic activity include substitu-
tional elemental doping,'” morphological manipulation,™ and
the deposition of noble metals as co-catalysts.® The limitations of
photocatalysts with single-component structures could be over-
come through a feasible strategy of constructing semiconductor
heterojunctions.” Bi,Sn,0, (BSN), with a pyrochlore-related struc-
ture, has three distinct BSN polymorphs: o-monoclinic, p-face-
centred cubic, and y-cubic. The y-cubic phase, embodying the
pyrochlore structure, possesses a considerably dispersed valence
band characterized by hybridized Bi 6s”6p° and Sn 5s5°5p° states,
along with a minor contribution from O-2p. This configuration
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narrow band gap, generally translates to the efficient utilization of
electron-hole pairs, rendering y-cubic BSN a potential photocata-
lyst in the visible light spectrum.® The dispersed nature of the s
and p-orbitals, owing to the low effective masses for electrons and
holes (e /h"), further enhances the photocatalytic efficiency by
enabling their facile transport to the surface.’

Among graphenic semiconductors, graphitic carbon nitride
(g-C3N,), composed of tris-s-triazine (s-heptazine, C¢N;) units
bridged by nitrogen atoms to give a 2D graphitic structure, has
attracted significant interest due to its outstanding electronic,
optical and physicochemical properties.'® Recently, a new type of
N-rich carbon nitride (C;N;5) possessing wider light absorption
ability (> 600 nm) has been synthesized by different groups with
various precursors."'™* The stoichiometrically rich nitrogen
content can be tuned using N-rich precursors, and the resulting
N-rich CNs (e.g. C3N; having E; ~ 2 €V) exhibit enhanced visible
light absorption, and local electron concentration at the edge

Mater. Adv., 2025, 6, 9779-9805 | 9779


https://orcid.org/0009-0004-8236-8323
https://orcid.org/0000-0002-2547-2907
https://orcid.org/0000-0002-4268-1364
https://orcid.org/0000-0003-4901-2814
MAC_ALT_TEXT http://crossmark.crossref.org/dialog/?doi=10.1039/d5ma00954e&domain=pdf&date_stamp=2025-11-11
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00954e
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA006024

Open Access Article. Published on 25 October 2025. Downloaded on 4/2/2026 1:51:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

N atoms near the crystal defects acts as catalytically active sites
necessary for CO, conversion.'” The material demonstrates a low
Gibbs free energy for CO, reduction compared with H, produc-
tion, indicating that CO, reduction is more favourable than H,
evolution.'® Moreover, the ring size and pore size of C;N; are
larger than those of g-C;N, due to the presence of multiple
n-bonded N atoms within the C;Ns structure. These unique
properties facilitate the efficient adsorption of the -COOH
intermediate and subsequent CH, evolution as a final product
in photocatalytic CO, reduction.'® However, there have been
limited reports on photocatalytic CO, reduction using N-rich
CNs due to the fast kinetics of electron-hole recombination and
low conductivity."

1,2-Dichlorobenzene (0-DCB), has been chosen frequently as
a model compound for polychlorinated dibenzo- dioxins/poly-
chlorinated dibenzo-furans (PCDDs/PCDFs) which minimises
the dangers, complexities and cost of PCDDs/PCDFs."”'® Thus,
the development for mitigation of 0-DCB is urgent. Up till date,
catalytic oxidation or combustion has been the main removal
method for PCDD and PCDFs, and has been extensively studied
by some research groups. The mitigation of 0-DCB in the liquid
phase is as important as in the gas phase, as most of the dioxin
and furan enter the food cycle from the water and lipid phase.

Recently, there have been a lot of studies on different
heterojunctions including g-carbon nitrides. Jiang et al. have
reported a high-performance g-C;N5/Bi,SiOs heterojunction
photocatalyst where enhanced activity was reported due to
the formation of an S-scheme heterojunction and the introduc-
tion of specific electron pathways.® Guo et al. have described a
highly efficient Bi,Sn,0,/C3N, composite for the degradation of
dyes like rhodamine B, showcasing an effective technique for
the charge separation of generated holes and electrons.'® Li
et al. performed photocatalytic degradation of norfloxacin
using a similar system, reporting improvement in the separa-
tion efficiency of photogenerated electron holes, which induces
enhanced photocatalytic performance. Two-dimensional (2D)
heterojunctions with unique electronic features are present at
the nanoscale interfacial region, which clearly results in the
strong possibility of efficient carrier transport and migration.
Wang et al. reported a multi-heterojunction material, Bi,Os1,/
2-C3N5/Bi,0,C0O;, for the degradation of tetracycline hydro-
chloride and acid red B, where the ternary heterojunction
material designed through the matching energy band structure
exhibits excellent redox ability, and the radical capture and
photoelectric tests prove the rationality of the design system.?°
Agl/C3N5 catalysts achieved 10.1 times the disinfection effi-
ciency of C3Ns, and 5.6 times that of Agl, with a 1 min reaction
time, owing to their type-II heterojunction.”* The S-scheme Ag/
Ag,CO;/C3N;5 heterojunction photocatalyst exhibits markedly
enhanced photocatalytic activity toward oxytetracycline degra-
dation facilitated by its efficient separation of powerful charge
carriers.”” Similarly, the Mn, 5Cd,, 55/C3N5 S-scheme heterojunction
exhibits extraordinary catalytic performance, achieving a higher
tetracycline abatement rate than Mn, 5Cd, 5S or C;N5 alone, primar-
ily because of the synergistic effect of efficient spatial photo-carrier
separation.>® Similarly, S-scheme heterojunction photocatalysts of
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Mn, 5Cd, sS/BiOBr were used in removing pharmaceuticals and
chromium contamination with oxygen vacancies improving the
photocatalytic efficiency manifold.>*

Bi,Sn,0; (BSN) is a well-explored photocatalyst with a low-
lying valence band oxidation potential, utilized for many oxida-
tion reactions, and equivalently, the reduction potential is
negative enough to be utilized in several photoreduction path-
ways. However, while the formation of certain heterojunctions
of BSN, mainly with g-C3N, and graphene, has been explored
previously, a lot of other heterojunctions, consisting of A,BOs
or ABO3;, have also been studied, mainly with g-C3N, or g-C;NG.
Several other works have investigated the formation of a
heterojunction with other pyrochlores (A;B,0), including
Ce,Z1,05;%° defect pyrochlores like Bi; sFeq ,WOg with g-C3Ni;>°
and ferro-electric pyrochlores of Bi, gsFe; 16Nb; 1,07 with g-C3N,
for their improved photocatalytic efficiency.>” However, there are
very limited reports in the literature on the Bi,Sn,O,-g-C3;Ns
heterostructure, and this is the first effort towards its investiga-
tion. Our group has recently shown the effect of asymmetry, and
how the highly asymmetric BSN pyrochlore with the maximum
coordination number of Bi of 5 leads to a strong increase in the
photocatalytic properties owing to its structure.”® The g-C3N;
possesses a similar Fermi edge to that of BSN, making it a strong
candidate for the formation of a heterojunction with BSN.

In the present study, a facile strategy was developed for the
synthesis of a Bi,Sn,0,/g-C3N5 heterojunction to overcome the
challenges associated with the dispersion of these nanomater-
ials over g-C;N; under hydrothermal conditions, owing to the
typical structure of BSN. The major focus is on the utilization of
heterojunctions for the photocatalytic degradation of o-DCB.
Although the literature contains many studies of the photo-
degradation of 0-DCB in the gas phase, there are very few works
to date on the direct degradation of an o-DCB-water mixture.
This work involves the direct mineralization of o-DCB at the
liquid-solid interface. 0-DCB degradation is one of the most
kinetically demanding reactions, requiring a low-lying valence
band with sufficient oxidation potential. In order to overcome
this challenge, the present study represents the first attempt to
achieve direct mineralization of 0o-DCB within a defined time
frame. The different photocatalytic parameters regulating the
heterojunction photocatalytic properties are studied in detail.
The study also explores various intermediates involved in the
mineralization of 0-DCB, aiming to elucidate the mechanism
underlying the mineralization of 0-DCB facilitated by these
heterojunctions. The effects of band gap, surface charge,
valence band potential and electronic density of these hetero-
junction systems that control their photocatalytic properties
and thereby the surface properties leading to different inter-
mediates formed in the mineralization of 0-DCB are elucidated.
The BSN-CN set of catalysts effectively degrades o-DCB, and
these are among the best-performing catalysts reported so far
(as shown in Table 1), primarily owing to the effect of the
heterojunction. The detailed characterization, including band
alignment and charge transfer mechanisms, provides a funda-
mental understanding of how this combination enhances
photocatalytic activity.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 A comparative evaluation of advanced catalytic systems for 0-DCB. D = 500 W Xe-lamp + UV cut off filter (>400 nm), visible light; HT =

hydrothermal; ST = solvothermal; C = calcination; US = ultrasound

Catalytic
Catalyst formulation Synthetic Amount of 0-DCB and performance
S. no. (under visible light) methodology catalyst Irradiation source used (with time)  Ref.

1 AgInS,/TiO, heterostructure

HT + modifications 5 pL liquid & 0.03 g catalyst Visible source (D)

50.4% (~8 h) 29

(gas-solid interface)

2 BiPO,/BiOBr p-n heterojunction ST

5 pL liquid & 0.02 g catalyst Visible source (D)

53.6% (~8 h) 30

(gas-solid interface)

5 pL liquid & 0.03 g catalyst Visible source (D)

62.4% (~8h) 31

(gas-solid interface)

3 pL liquid & 0.02 g catalyst Visible source (D)

70% (~6h) 32

(gas-solid interface)

5 pL liquid & 0.03 g catalyst Visible source (D)

76.9% (~8 h) 33

(gas-solid interface)

3 V,0s/g-C3N, heterojunction ST+ C
4 Bi,03/BiVO, heterostructure ST+ C
5 In,S;/In,05 heterostructure HT
6 In,0;@8%PANI composite HT

5 pL liquid & 0.03 g catalyst Visible source (D)

82.7% (~8 h) 34

(gas-solid interface)

7 BSN-CN heterojunction

catalyst

2. Experimental (materials and
methods)

2.1. Materials

All reagents used in this experiment were analytical reagent
grade (A.R. grade) chemicals from Sigma-Aldrich.

2.2. Synthesis

2.2.1. Synthesis of Bi,Sn,0,. The synthesis of bismuth
stannate (Bi,Sn,0,) was achieved through a hydrothermal
process. Aqueous solutions of tin tetrachloride pentahydrate
(SnCl,-5H,0) and bismuth nitrate pentahydrate [Bi(NO;);-
5H,0] were prepared and combined to form a homogeneous
mixture after stirring for 30 min and sonicating for 5 min. The
pH of the mixture was subsequently adjusted to 14 using a 5 M
NaOH solution. The alkaline mixture was then transferred to a
Teflon-lined autoclave and heated at 180 °C for 24 h. After
cooling, the resulting precipitate was isolated, washed with
deionized water and ethanol, and dried at 100 °C to obtain the
desired bismuth stannate product. In the manuscript, this will
be termed as BSN.

2.2.2. Synthesis of C;Ns. 5 g of 3-amino-1,2,4-triazole (3-AT)
is taken as a precursor, and 5 g of NH,Cl is added to it and
ground to form a heterogeneous solid mixture. This mixture
was subsequently subjected to a calcination process at 550 °C
for 3 h at a ramp rate of 10 °C min ' under a nitrogen
atmosphere to obtain carbon nitride (C3;N;5) as a product. In
this manuscript, this will be termed as CN.

2.2.3. Synthesis of Bi,Sn,0,/C;Ns heterojunction photo-
catalysts. Different stoichiometries of Bi,Sn,0; were dispersed
on C;N5 to form heterojunctions through a straightforward
ultrasound-assisted hydrothermal method. In a typical synth-
esis, predetermined quantities of Bi,Sn,0, and C;N; powders
were dispersed in 50 mL of ethanol and subjected to ultrasonic
agitation for a duration of 20 min. The resulting mixture was
then transferred to a 100 mL stainless steel autoclave lined with
polytetrafluoroethylene and placed in a vacuum-drying oven at

© 2025 The Author(s). Published by the Royal Society of Chemistry

US assisted HT + C 60 mL aq. solution (3.3 X
10> mol dm ® and 0.1 g

Visible light broad source
(234 mW em™?); A = 225 nm;
photon flux ~6.5 x 1014
photons em ™2 sec™

99.9% (~3 h) Present work

a temperature of 180 °C for 24 h. After cooling to room
temperature, the sediment at the bottom was thoroughly washed
with deionized water and ethanol, followed by drying in a
vacuum-drying oven overnight. The dried product represented
the Bi,Sn,0,-C;3N5 heterojunction photocatalyst. Various stoi-
chiometries of Bi,Sn,0, loadings were fabricated to achieve 1, 5,
10 and 15 weight % Bi,Sn,0; over C;N5 using the same proce-
dure. This heterojunction will be termed in this manuscript as
BSN-CN-1 (for 1 wt%-Bi,Sn,0,-g-C;N;), BSN-CN-5 (for 5 wt%-
Bi,Sn,0,-g-C;N5), BSN-CN-10 (for 10 wt%-Bi,Sn,0,-g-C;N),
and BSN-CN-15 (for 15 wt%-Bi,Sn,0,-g-C3Ns), as shown in
Scheme 1.

2.3. Characterization

Powder X-ray diffraction (XRD): crystallographic phase analysis
was performed using a Philips Analytical diffractometer
equipped with Ni-filtered Cu Ko radiation. Diffractograms were
recorded within the 10-80° (20) range. Transmission electron
microscopy (TEM): TEM data were obtained using a 200 kV FEI
Tecnai T20 machine. TEM samples were prepared by dispersing
powder ultrasonically in alcohol onto a carbon-coated copper
grid. Nitrogen adsorption analysis: BET surface area, pore
volume, and pore size distribution were determined using a
Micromeritics ASAP 2020 analyzer. UV-visible measurements in
the 200-800 nm region were performed using a two-beam
spectrophotometer (V-670, JASCO) with a diffuse reflectance
(DR) attachment, employing barium sulphate-coated integrat-
ing spheres as a reference. A Bruker V70V FT-IR (spectral range:
8000 to 50 cm™'; equipped with KBr and multilayer beam
splitters and DLTGS and MCT detectors) was employed for
the IR absorption detection of the catalysts in the form of a KBr
pellet (10 mm diameter, 1.2-1.5 mm thick and 70-100 mg in
weight) to record the IR spectra in absorbance mode. To
elucidate the electronic states, X-ray photoelectron spectro-
scopy (XPS) studies were conducted on a SPECS instrument
with a PHOBIOS 150 delay line detector (DLD) employing an Al
Ko (1483.6 eV) dual anode as the X-ray source (power: 250 W,

Mater. Adv., 2025, 6, 9779-9805 | 9781
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Autoclave

Vacuum pump

Filtered & washed with
DI water & dried at 100°C

Muffle furnace (A) Bi,Sn,0,

e

fum
)8

Ultra-sonicatﬁ . VacuumDry  (C) (1%, 5%, 10% & 15%)
N .
> Washed & Dried B'an20_7 / C3.N5
- i Heterojunction
Autoclave (100ml)
- 180°C ( 24 hours)

Scheme 1 Hydrothermal synthesis of the CN, BSN and the BSN-CN heterojunction.

voltage: 13 kV, sample current: 175.6 nA) at a pass energy of
50 eV. As an internal reference for the absolute binding energy,
the C-1s peak (284.5 eV) was used. All the deconvolutions were
carried out using the CASA software with a Voigt type peak
having GL (30) without imparting any asymmetry. The baseline
was generated using the Shirley function. Zeta potential mea-
surements were performed at 25 °C using a quartz cuvette with
a Malvern Zetasizer nanoseries, employing phase analysis light
scattering with an applied field strength of 2.5 x 103 Vm ™' and
a He-Ne laser (632.8 nm) operating at 4.0 mW as the light
source. About 0.5 mg mL " of the sample was dispersed in 1 mL
of water. Field emission scanning electron microscopy
(FE-SEM) and energy-dispersive spectroscopy (EDS) analyses were
conducted using a Carl Zeiss model, GEMINI-SEM300. Mott—
Schottky and photo-switching experiments of the semiconduc-
tor-electrolyte interface as a function of applied potential were
performed with an electrochemical cell connected to a Potentio-
stat/Galvanostat 2273 for chrono-amperometric switching at a
bias of —1.5 V. The cell was irradiated using 1.5 AM sunlight type
radiation from an Optosolar solar cell testing system (details in
SI). A CHNS(O) analyzer from Thermo Fisher Scientific (model
Flash Smart V CHNS/O) was used to determine the percentages of
carbon, hydrogen, nitrogen, and oxygen, based on the principle of
the “Dumas method”, which involves the complete and instanta-
neous oxidation of the sample by “flash combustion”. The
combustion products were separated using a chromatographic
column and detected by a thermal conductivity detector (TCD),
which provides an output signal proportional to the concentration
of the individual components of the mixture. The built-in chro-
matographic column converts the compound and elutes it in the

9782 | Mater. Adv, 2025, 6, 9779-9805

form of NO,, CO,, and H,O, which are then detected using TCD.
TRPL measurements were carried out on an Edinburgh FLS-900
instrument equipped with a steady-state 400 W xenon lamp for
emission spectroscopy and a hydrogen gas nanosecond lamp
(nF920) for lifetime measurements. For superoxide trapping
about, 2.5 mg of the photocatalyst was dispersed in 500 pL of
water and sonicated for 30 minutes. Then, 10 pL of 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) was added to the mixture, which was
then transferred into a capillary for free radical measurements
at room temperature. The EPR spectra were recorded using an
X-band Bruker EMX 300 spectrometer, both in the absence and
presence of light, at room temperature.

2.4. Photocatalytic activity

Using different loadings of Bi,Sn,O; (1%, 5%, 10% and 15%)
in g-C3Ns, degradation studies of 0-DCB were carried out. A
cylindrical Pyrex glass reactor was used as a photocatalytic
reactor for photocatalytic degradation experiments, where the
reactor was irradiated perpendicularly with a white light source
over the reactor, with the white light source emitting in the
350-700 nm range (flux = 234 mW cm™ ) with a peak around
430 nm. The photon flux as measured by a uranyl oxalate
actinometer was found to be ~6.5 x 1014 photons cm > s~ .
For the photo degradation reaction, 100 mg of a photocatalyst
sample was placed in 60 mL of ortho-dichloro benzene (0-DCB)
solution with a molar concentration of 3.3 x 10~> mol dm~*
(pH ~6). The photocatalytic systems were stirred for 5 min at
200 rpm to disperse the powders, as BSN-CN is sparingly
soluble in aqueous media. Next, the systems were placed under
the visible lamp. After every 10 min of visible-light exposure,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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one aliquot of 0-DCB solution was taken, and the absorbance
was measured using a UV-Vis spectrophotometer. Similarly, the
other mixtures were subjected to stirring for 10 min. Next, the
optical absorption measurement of the supernatant was carried
out on a JASCO UV-670 spectrophotometer at the wavelength
A =225 nm, which corresponds to a maximum in the absorp-
tion spectrum of the 0-DCB solution. As a result, different sets
of BSN-CN catalysts demonstrated excellent photocatalytic
activity for the degradation of o-DCB. Almost complete or
partial degradation was achieved within 180-290 minutes for
many of the catalyst formulations. The unique heterojunction
formed between Bi,Sn,0, and C;Nj, coupled with the tunable
bandgap, contributed to the enhanced photocatalytic perfor-
mance. The results indicate the potential of Bi,Sn,0, doped
C;3N; catalysts for effective 0-DCB degradation.

2.5. Electrospray ionization-mass spectrometry (ESI-MS) study

In this study, we conducted an experimental analysis of the BSN-CN
set of catalysts to compare their photocatalytic activity for the
oxidation of ortho-dichlorobenzene (0-DCB). This investigation is
essential for understanding the reaction kinetics and identifying
different intermediates formed during the oxidation of 0-DCB,
leading to the production of carbon dioxide, using a diverse set of
catalysts. ESI-MS studies were carried out using a Thermofisher Q
Exactive plus Orbitrap mass spectrometer equipped with an electro-
spray ionization source. The molecular masses (m/z) were deter-
mined directly by injection at a flow rate of 5 uL, min~* through the
ion source operated in positive mode. The capillary temperature (for
desolvation) was maintained at approximately 320 °C. The ion spray
voltage was maintained at 3.5 kV. The samples were introduced
after dilution to a concentration range of 2-10 uM using ESI-MS
grade water and filtered through 0.2 pm filters. The acquisition time
was two minutes with five microscans being recorded.

For the ex situ ESI-MS study, 60 mL of the o-DCB aqueous
solution with a molar concentration of 0.14 M was placed in a
beaker and each photocatalyst (100 mg) was added. The photo-
catalytic system was initially stirred for 20 min at 200 rpm in
the dark to disperse the powders for adsorption analysis.
Subsequently, the systems were exposed to visible light. At
every 10-minute interval, a portion of o-DCB solution was
withdrawn and diluted with water to make a final concen-
tration of 5 pM, and the resulting peaks were measured using
an ex situ ESI-MS instrument. The same stirring procedure was
repeated for the other mixtures, with the ESI-MS peak mea-
sured after 10 minutes of stirring. Notably, complete degrada-
tion of 0-DCB was observed in ~ 180 minutes when BSN-CN-15
was used as the catalyst, while for other catalysts—BSN, CN,
BSN-CN-1, BSN-CN-5, and BSN-CN-10—partial/complete
degradation of 0-DCB was observed in ~180 to 290 minutes.

3. Results and discussion
3.1. X-ray diffraction (XRD)

Shannon et al. reported that o-Bi,Sn,0, (BSN) transforms to f-
Bi,Sn,0-, above 410 K.*> XRD peaks at 14.4, 23.6, 24.66, 27.76,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and 36.6 suggest the formation of the tetragonal BSN phase
(o form) at room temperature.

In contrast to ideal pyrochlores, which adopt a cubic structure,
Bi has a coordination number of 5 and Sn exhibits an octahedral
coordination. The BiOs - pentahedra is attached to the SnOg —
octahedra by corner sharing only, and a small amount of edge
sharing results in a very complex structure, as has been hypothe-
sised by many groups recently, in which the unit cell consists of
176 atoms.*® The different planes for the Bi,Sn,0, are shown in
the Fig. 1B(a), representing the Bi,Sn,0, with Clc1 ICSD-239965
indicating mainly o-Bi,Sn,0;. The synthesised g-C;N5 (CN) dis-
plays a sharp diffraction peak at around 20 = 27.28° (002), which
suggests a layered structure with a specific interlayer spacing
(dooz) typical of g-C;Ns. Therefore, the samples produced were
mostly composed of g-C;N;.>"8

The low-angle peak at 13.2° can be assigned to an in-plane
structural motif that predicts the difference between the adjacent
polymer units and is not seen, which is natural for the synthesised
G;N; at a higher temperature of 500 °C. The intensity of the peak at
27.28° decreases as a function of BSN dispersion, and there is a slight
shift in the peak to form the heterojunction structure, showing the
BSN to be present and dispersed between the graphitic layers.
However, at room temperature there are no signature XRD peaks
related to BSN, even at 15 wt% dispersion. Once the BSN-CN-15 is
heated at around 180 °C (Fig. 1B(b)), it shows peaks for BSN, and
becomes highly crystalline at ~750 °C (Fig. 1B(e)). This clearly proves
that the BSN is present with the CN in the BSN-CN heterojunction
and is mostly present in the surface or between the layers.

A thorough Rietveld refinement was carried out to under-
stand the lattice parameters and the strain in the lattice for the
BSN-CN-15 samples upon heating (Fig. S13 and S14). As under-
stood from Fig. 1B, the concentration and crystallinity of BSN
increases in the BSN-CN-15 upon heating at different tempera-
tures. The strain factor also increases upon increasing the BSN
concentration in the BSN-CN-15 samples treated at higher
temperature as observed from the Table 3. Similarly, in
Fig. 1A in the different BSN-CN materials, the concentration
of BSN increases in the BSN-CN heterojunction. Therefore, the
strain should increase as a function of BSN concentration in
BSN-CN in a similar fashion, as shown in Table 3.

3.2. Morphological studies (HR-TEM, FE-SEM, elemental
mapping and SAED studies)

A. HR-TEM and crystallographic understanding. HR-TEM
(Fig. 2) for the BSN-CN catalyst is important for understanding
this material, as the XRD does not show a crystalline BSN phase
with CN at room temperature. The HR-TEM images of BSN-CN-
15 and that of BSN-CN-1 show definite fringes, which are
resolved to show the BSN planes of (400) and (404), respectively,
clearly showing the presence of the nano crystalline BSN in the
BSN-CN heterojunction.

The inset of Fig. 2A shows the SAED pattern of the BSN-CN-15,
as presented in Table S3, clearly showing the crystalline pattern
of BSN present over the CN, thereby proving the formation of
the heterojunction. Similarly, in Fig. 2B the SAED pattern of the
BSN-CN-1 shows a definite crystalline pattern of BSN (presented in
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Table S4 in the SI), also clearly showing the formation of nano
crystalline BSN over CN, thereby effectively proving the formation
of the BSN-CN heterojunction in BSN-CN-1. Even the d-spacing
calculation matches with that of the (400) (Fig. 2A) and the (404)
plane (Fig. 2B), thereby also showing the formation of nano
crystalline BSN. Variation in the particle size was observed in the
different TEM images, as shown in Fig. 2C-F. The BSN synthesised
by the same route (Fig. 2C) shows a particle size around ~15-
18 nm, and CN also shows a particle size of ~97-100 nm (Fig. 2D).
However, in the heterojunctions formed there is an increase in the
particle size as a function of the dispersion of the BSN over the CN.
The BSN-CN-5 has a particle size of ~115 nm (Fig. 2E) and BSN-
CN-15 has a particle size of ~145 nm (Fig. 2F).

B. FE-SEM and elemental mapping with EDS studies. The
FE-SEM images for the different samples are shown in Fig. 3.
The CN sample shows a typical ridge-like structure for the g-C;Ns,
as has been observed earlier in the literature.** The FE-SEM
images of BSN show typical granular structures, which are aggre-
gates of small irregular nanoparticles.’® Slight alteration in parti-
cle surface morphology between CN and heterojunction samples
is observed, which indicates that metal species were homoge-
neously dispersed on the CN support. The elemental mapping for
the BSN-CN heterojunction shows the elements to be present in
the same places showing clear formation of the BSN-CN hetero-
junction. The EDS data and the elemental mapping confirm the
presence of CN and BSN (Table S1). The EDS data strongly support
the presence of Bi and O, Sn, C and N in the heterojunction.

3.3. DR-UV-Vis studies

An estimate of the optical band gap energy (E,-gap) was
obtained from a plot of the Kubelka-Munk function F(R) as
given below in eqn (1):*"
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_ Eg)m/Z (1)

where hv is the photon energy and m is a constant that depends
on the nature of the optical transition. For a direct transition,
the value of m is 1 (if allowed) or 3 (if forbidden), while for
indirect transitions, m is 4 (if allowed) or 6 (if forbidden). For a
weakly absorbing semiconductor, F(R) is proportional to the
absorbance, A. Hence, the energy intercept of a plot of A®
(for direct allowed transition) or A*? (for indirect allowed
transition) versus hv yields the corresponding optical band
gap, E;, when the linear region is extrapolated to the zero
ordinate. The band gap of BSN was found to be 2.90 eV, a bit
higher than that reported in earlier literature.® It is classified as
an indirect band gap material, and based on the density of
states, the valence band (VB) is principally composed of O-2p
and Bi-6s orbitals, hybridized with Sn-4d orbitals. The conduc-
tion band (CB) is primarily composed of Bi-6p, Sn-5s, and a
partial admix of O-2p orbitals.*” The hybridized states of the VB
and CB predominantly demonstrate the involvement of Sn-5s
and Bi-6s orbitals, suggesting a high degree of mobility for the
photo-induced electron density. The blueshift in the band gap
can be attributed to the quantum confinement effect owing
to a smaller particle size of hydrothermally synthesized BSN
particles as reflected in the TEM section. The band gap of the
synthesized CN is 2.36 eV (Fig. 4B), which matches with the
earlier literature."*** The composites synthesised by the hydro-
thermal route possess band gaps within 2.36 eV (Fig. 4), and
there is a systematic reduction in the band gap of CN as a
function of BSN dispersion percentage. These heterojunctions
show band gap values of 2.34 eV (BSN-CN-1), 2.25 eV (BSN-CN-5),
2.17 eV (BSN-CN-10), and 2.07 eV (BSN-CN-15), as shown in
Table 2. This observed decrease in the band gap energy may be

© 2025 The Author(s). Published by the Royal Society of Chemistry
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attributed to a combination of factors including the formation of
a heterojunction at the interface between BSN and CN, the
introduction of defect states within the CN structure, and altera-
tions in the material’s morphology and crystal structure induced
by BSN dispersion. The XRD results, as shown earlier, do not show
a complete change in the material morphology and crystal

5 nm™

View Article Online

Paper

structure. Critically, this narrowing of the band gap enhances
the photocatalytic activity under visible-light irradiation by
enabling the material to absorb a broader range of lower-energy
photons, thereby increasing the efficiency of light harvesting.
Furthermore, the creation of a heterojunction facilitates efficient
charge separation by promoting the transfer of photogenerated

Fig. 2 HR-TEM and TEM images for the different samples: (A) BSN—CN-15; (B) BSN—-CN-1; (C) BSN; (D) CN; (E) BSN-CN-5; and (F) BSN-CN-15. The
insets in (A) and (B) show the respective SAED patterns and the insets in (C) to (F) show the particle size distributions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(A) The first row represents FE-SEM micrographs for the different samples: (a) BSN; (b) CN; and (c) BSN-CN-15. (B) The second row shows

elemental analysis with EDS data showing elements Bi, Sn and O, and their overlay for the BSN sample. (C) Third and the fourth row represents elemental
mapping for the BSN-CN shows elements C, N, O, Bi, and Sn, and their overlay, and the related FE-SEM image. The final image of fourth row shows the

EDS results showing the different elements obtained.

electrons and holes between the two constituent materials, effec-
tively mitigating electron-hole recombination and thereby
increasing the availability of charge carriers (electrons and holes)
to drive redox reactions on the material’s surface, ultimately
leading to a substantial improvement in the overall photocatalytic
performance, specifically within the visible-light region of the
electromagnetic spectrum.

The band gap of the BSN-CN heterojunction decreases as a
function of the dispersion of BSN. The band gap of the hetero-
junction depends on structural factors such as: (a) particle size:
the particle size varies as a function of the BSN dispersion in
the BSN-CN-heterojunction as observed in the TEM studies
(Fig. 2), showing an increase in the particle size (Fig. 5B). The
band gap decreases with an increase in the particle size, and
the red shift is mainly due to the reversal of the quantum

9786 | Mater. Adv,, 2025, 6, 9779-9805

confinement effect.” (b) Effect of strain: as shown in the XRD
section, with an increase in the BSN concentration in the BSN-
CN heterojunction the lattice strain increases. The higher
lattice strain is reflected in the lower band gap value for a
higher concentration of BSN in the BSN-CN heterojunction. (c)
Effect of charge exchange from the space charge layer: the band
gap of a heterojunction decreases if the space charge layer
increases, leading to strong upward band bending, which is the
case for the BSN-CN heterojunction. The BSN-CN mainly forms
a Schottky heterojunction, and the difference in the charge
separation increases as a function of BSN in the BSN-CN
heterojunction, which is evidenced later in XPS studies. This
clearly shows the increase in the space charge barrier, which
reduces the VB potential, as has been calculated from the Mott-
Schottky experiment (Scheme 2). The increase in the space

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00954e

Open Access Article. Published on 25 October 2025. Downloaded on 4/2/2026 1:51:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Materials Advances Paper
(A) [=—BsN| (B) —cN © [—BSN-CN-1
Q - g B Q ‘
£ B.G.- 2.90 eV H B.G.. 236 &V ok
< —_ = m a0 &0 s e 7
| O R 3 TR = e,
i = g
T T v 1 v T
4 3 2 3 2 3 Xy« 2
\ Energy(eV) Erblgy(eV) Energy(eV)
(D) [—— BSN-CN-§| (E) [——BSN-CN-10] (F) —— BSN-CN-15|
BG-217eV |
. Q a B.G-207eV ;
5 2z ]
= B.G.- 2.25 eV z NN = o TR
© 00 3 wﬂmi’ﬂ'ﬂm 600 700) - ‘Wavelength (nm) (14 ‘Wavelength (nm)
e = i
I ! 3 N2 3 7
Energy(eV) Energy(eV)

Energy(eV)

Fig. 4 Kubelka—Munk plots for the different samples, with the insets showing DR-UV-Vis spectra for the photocatalysts: (A) BSN; (B) CN; (C) BSN-CN-1;

(D) BSN-CN-5; (E) BSN-CN-10; and (F) BSN-CN-15.

charge usually decreases the band gap, as observed for the
BSN-CN heterojunctions.

To further validate the involvement of superoxide as the active
oxygen species, 5,5-dimethyl-1-pyrroline N-oxide (DMPO) was
employed as a spin-trapping agent. As depicted in Fig. 5A, EPR
spectra exhibited distinct DMPO-O,*~ adduct peaks®*** under
light irradiation, whereas no such peaks were observed in the
dark. This result unequivocally confirms the generation of super-
oxide radicals (O,° ) and suggests a sequential two-electron step.
Fig. 5A(c) clearly shows the formation of the DMPO-O,°~ adduct
peaks for the BSN-CN-15, which are not that prominent for either
CN (Fig. 5A(b)) or BSN (Fig. 5A(a)), showing the effective formation
of the heterojunction, which facilitates electron conduction,
thereby favourably forming superoxide radicals (O,° ).

3.4. X-ray photoelectron spectroscopy studies (XPS)

High-resolution spectra of C-1s and N-1s were further deconvo-
luted into Gaussian-Lorentzian peaks (Fig. 6A and B). The

Table 2 Crystallite size, textural properties, band gap data and isoelectric
points

Isoelectric BET surface  C/N

S. no. Samples point? (ev) Band gap® (eV) area® (m>g ') ratio?
1 BSN 8.64 2.90 18 —

2 CN 6.78 2.36 50 0.652
3 BSN-CN-1  7.51 2.34 12 0.678
4 BSN-CN-5 6.72 2.25 8.1 0.682
5 BSN-CN-10 6.26 2.17 4.5 0.678
6 BSN-CN-15 5.50 2.07 2.7 0.652

“ Isoelectric point calculated from the zeta potential vs pH plot (Fig. 8).
b Band gap values calculated from the Kubelka-Munk (KM) function of
the DR-UV plot. © Calculated from N,-adsorption studies (BET) for
microporous materials. ¢ C/N ratio calculated using the CHN analyser.

© 2025 The Author(s). Published by the Royal Society of Chemistry

deconvoluted C-1s pattern of CN shows significant contribu-
tions at binding energies (BE) of 284.5 eV and 286.6 eV, and
287.5 eV and 288.2 eV (Fig. 6A(a)). The first peak can be assigned to
the presence of graphitic carbon (or adventitious C), and the next
two correspond to sp> carbon in nitrogen-bearing aromatic rings
(N-C—=N) and C-N bonds, respectively. The final peak corresponds
mostly to C-N (where the N is a quaternary amine), thereby
substantially lowering the electron density over C."? In conjunction
with the previous literature, the N-1s spectrum (Fig. 6B(a)) can
be deconvoluted into 3 main signals located at BE of 398.2 eV,
399.3 eV and 400.7 eV, corresponding to pyridinic N in a heptazine
ring (C-N—C), pyrrolic nitrogen (from a triazole moiety) and
overlap of quaternary nitrogen [N-(C)s]/secondary amine species,
respectively."' ™ Li et al. have described them as associated with
C=N-C, C-N=N-C (C-NH,), and = electron delocalization (n-n*),
respectively.*>*® Upon formation of the BSN-CN composite, there
is an alteration in the electron density around both C and N for the
CN, as reflected in the XPS data of C-1s and N-1s for these samples.
In the C-1s, there are smaller changes in the binding energy for the
CN-BSN composite. In the BSN-CN-5 onwards, the sp> carbon in
nitrogen is shifted slightly to a higher BE of 0.2 eV; however, there
is a definite change in the N-1s peak of quaternary N of 401.2 €V,
which is shifted to a lower BE of 400.6 for BSN-CN-5 onwards
(Fig. 6B), showing a probable electronic interaction. There is a
definite systematic shift in the N-1s peak to lower BE as a function
of the BSN in the BSN-CN heterojunction, showing an increase in
the electron density around N-1s. The negative charge around N-1s
increases systematically as a function of BSN in the BSN-CN
heterojunction. The Bi-4f (Fig. 6C) shows two prominent peaks,
after I-s coupling corresponding to binding energies of 158.8 eV
(Bi 4f,),) and 164.1 eV (Bi 4f;,) for the BSN catalyst, consistent with
the previous literature.”’
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However, for the different composite materials, there is a
slight shift in the binding energy towards a higher BE. The Bi
4f,/, of BSN-CN-1 exhibits a BE of 159 eV, and that of the BSN-
CN-15 has a BE of 159.6 eV, which shows there is definitely a
depletion of the electron density around Bi due to the for-
mation of the BSN-CN composite. There is a systematic
increase in the BE of the Bi as a function of BSN increase in
the BSN-CN heterojunction, showing more depletion of elec-
tron density from the Bi. The Sn-3d XPS spectra can be
deconvoluted to Sn-3dss, (490.9 eV) and Sn-3d;/, (499.36 €V)
with a A¢ of 9.6 eV, which matches with the earlier literature.*®
No alteration in the binding energy of the Sn for the BSN-CN
composites formed (Fig. 6E) shows no change in the electron
density around Sn of the BSN for the composite formation. The

9788 | Mater. Adv, 2025, 6, 9779-9805

O-1s XPS spectra for the BSN can be deconvoluted into three
peaks with BE at 529, 532 and 533 eV.*

The first peak mainly represents the O-lattice, the second
represents the surface-OH and the third represents the O-
vacancy.>® There is a definite alteration in the electron density
around O, which can be correlated with BSN-CN composite
formation. There is a definite increase in the BE of the lattice O
and a decrease in the BE of the O-vacancy showing that the
lattice O and the O-vacancy present over the surface react
electronically due to the formation of the BSN-CN nano
composites.

3.5. FT-IR analysis

The Fourier transform infrared (FT-IR) spectra of the synthesized
catalysts (Fig. 7) were meticulously analyzed to gain deeper
insights into their surface functional groups and bonding inter-
actions, which play a crucial role in their photocatalytic perfor-
mance. The set of peaks in the range 1100-1500 cm ™" is mainly
due to the C=N and C-N bond stretching vibrations (Fig. 7B(e)),
and a broad signal between 2700 and 3600 cm " is assigned to
H-X (X = N, O) stretching of amino groups and hydroxyl groups
(Fig. 7A(e)). A strong peak around 803 cm™ ' in all the samples
indicates out-of-plane bending vibrations of N-containing het-
erocyclic (triazine/tri-s-triazine) rings (Fig. 7B(e)).”° This is attrib-
uted to C-N stretching vibrations of the typical 1-3-s-triazine
cycles, and its intensity was found to decrease with the disper-
sion or BSN-CN composite formation. This might indicate the
formation of carbon vacancies upon composite formation,
thereby reducing the structural integrity of the 1-3-s-triazine
cycles to a certain extent.>” The absence of a characteristic peak
at 650 cm ' for striazine indicates that the polymers are
composed mainly of tri-s-triazine type units. The peaks at 1234
and 1320 cm™ " are due to the bridging secondary amine groups
attached to aromatic rings.>' C-N stretching vibrational bands
appeared at 1252, 1323 and 1402 cm '.°*°® The band at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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1633 cm™ ' is related to C=N stretching vibration modes.>* The showing incomplete condensation.>>° In the FT-IR spectra for

absorption band at 3420 cm™ " originates from the water mole- the BSN sample, in the bending region, the absorption bands at

cules, while the stretching mode of N-H appeared at 3200 cm™ !, 610 cm ' were due to Sn-O stretching. The vibrations in the
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SnOg octahedron and the B-O are stretching vibration modes of
BSN,'® whilst the weak bending bands at 530 and 427 cm ™" are
ascribed to Bi-O-Bi bond vibrations.”” The bands centered at
about 3415 cm™ " and 1630 cm ™" are assigned to O-H stretching
and bending modes of water, respectively.

The FT-IR of the different composites/heterojunctions
also shows vibrational bands in the stretching region (4000-
2800 cm '). A prominent and broad peak centered around
3400 cm™ ' was consistently observed across all samples. As
discussed earlier, this characteristic peak is attributed to the
stretching vibrations of O-H groups, indicating the presence of
adsorbed water molecules and/or surface hydroxyl groups
(-OH). The broadness of the peak suggests a range of hydrogen
bonding interactions. The intensity and shape of the O-H peak
varied significantly with the BSN content in the heterojunc-
tions. For example, for CN, the major peak as suggested earlier
is at 3416 cm ™', exhibiting a specific intensity and shape, and
similarly for the BSN sample, the -OH peaks were observed at
3429 cm™'. However, the BSN-CN composites show -OH groups
mainly at 3416 cm™~ ' with notable changes in the intensity of the
different bands as a function of the concentration of BSN in CN.
These variations strongly suggest alterations in the surface hydro-
xylation state of the materials. Surface hydroxyl groups are known
to play a vital role in photocatalysis by influencing the adsorption
of reactant molecules and participating in the generation of
reactive oxygen species (ROS), such as hydroxyl radicals (*OH),
which are primary oxidants in the degradation of organic pollu-
tants like 0-DCB. The peaks at 3266 and 3125 cm™ " in CN can be
tentatively assigned to N-H stretching vibrations and vary notice-
ably with BSN concentration, showing a definite interaction
between the BSN and the NH of CN. Therefore, using this along
with the XPS data, it can be concluded that these BSN-CN
materials clearly show electronic interactions and are hetero-
junction composites. In the lower wavenumber region (2000
400 cm ™), more complex and characteristic spectral features were
observed. However, it is important to note that adsorbed water
molecules can also contribute to peaks in this region. The region
below 1000 cm ™" is particularly informative for identifying the
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presence of metal-oxygen bonds. The increasing intensity of the
metal-oxygen peaks with higher BSN loading confirms the increas-
ing presence of BSN in the heterojunction-composite materials.

3.6. Zeta potential

The zeta potential serves as a crucial parameter for finding the
effective surface potential established by the electrical double
layer at the interface in the BSN-CN set of photocatalysts in a
solvated aqueous environment. Considering the photocatalytic
degradation of 0-DCB in water as an essential solid-liquid inter-
phase reaction, any alterations in the surface charge of the
photocatalyst will exert a considerable influence on both the
adsorption process and the subsequent evolution of various
intermediate species during photo-oxidation. The evaluation of
the zeta potential (Fig. 8B) will provide surface interaction details
for the BSN-CN heterojunction as a function of the pH. At neutral
pH (pH-7), CN shows a negative surface charge (Fig. 8B(a)),
whereas BSN shows a positive surface charge (Fig. 8B(b)). The
surface charge initially decreases for BSN-CN-1 and BSN-CN-5 as
compared to CN, and starts increasing with a higher percentage of
BSN. The BSN-CN-10 and BSN-CN-15 has positive surface charge
mostly reflecting the effect of the BSN in the heterojunction. At
lower pH, there is an addition of H' to the system, and typically,
the surface charge should increase, which is more or less reflected
in the zeta potentials of these photocatalysts. Under alkaline or
basic conditions (pH ~ 10), there is a greater amount of OH™ on
the surface and therefore, the surface charge should be lower than
that at pH 7. Consistently, all these photocatalysts possess a
negative surface charge at pH ~10 (Fig. 8B). This supports the
trend of increasing negative surface charge with increasing pH.

The data suggest that the point of zero charge (PZC) of the
BSN-CN system is likely around pH 7, where the zeta potential
changes sign. In conclusion, the zeta potential data reveal that the
stability of the BSN-CN is highly dependent on pH and dispersion
percentage. pH 10 appears to be the most favourable for achieving
a stable dispersion. This information is valuable for optimizing
the preparation and application of this catalyst system. The values
of the isoelectric point are presented in Table 2.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.7. Cyclic voltammetry (CV)

The cyclic voltammograms (in terms of the current density) in the
200 to 500 mV region for the CN show the characteristic features of
g-C5N5.>® With a higher scan rate, the hysteresis of the curve
increases (Fig. S8). However, the CV features for the BSN at a scan
rate of 20 mV (Fig. 8A(b)) show that the electrochemical features are
different from those of the CN. The BSN-CN-15 (Fig. 8A(c)) shows a
completely different CV as compared to that of CN and that of BSN.
This shows that there is definite electronic interaction between the
two, and, in conjunction with the XPS and FT-IR data, it confirms
the formation of the heterojunction of the CN and BSN. Cyclic
voltammetry (CV) is an electroanalytical technique used to study
redox reactions by sweeping the electrode potential and measuring
the resulting current. It is a powerful tool for characterizing electro-
chemical systems, providing insights into their redox potential. A
heterojunction’s capacitance-voltage (C-V) curve differs from that of
its constituent materials (parents) because it reveals: (a) band
discontinuities: when two dissimilar semiconductors form a hetero-
junction, their band gaps and band alignments at the interface are
discontinuous. This creates a unique energy band structure at the
interface that dictates the behavior of charge carriers. (b) Altered
carrier transport: the presence of an internal electric field at the
heterojunction interface leads to superior charge separation and
improved transport of electrons and holes. This enhanced charge
transfer, often seen as a synergistic effect, is a key feature of
heterojunctions and is reflected in their CV measurements. (c)
Enhanced charge separation at the junction interface or in the space
charge region. The alteration in the CV of the heterojunction,
therefore, shows clearly the space charge separation in the BSN-
CN heterojunction formation and the band bending as shown in
Scheme 3.

3.8. Mott-Schottky and photovoltaic switching and experiment

Mott-Schottky (MS) analysis has been widely adopted in the
field to estimate key operational parameters of semiconductor
photo electrodes, namely the flat band potential, Eg,, and the
donor concentration, N (for an n-type semiconductor

© 2025 The Author(s). Published by the Royal Society of Chemistry

photoanode), or acceptor concentration, Na (for a p-type photo-
cathode). The Mott-Schottky relationship shows the apparent
capacitance measurement as a function of potential under

depletion conditions (eqn (2)):
kT
E — Egp — ?) (2)

where C = capacitance of the space charge region; ¢ = dielectric
constant of the semiconductor; ¢, = permittivity of free space;
N = donor density (electron donor concentration for an n-type
semiconductor or hole acceptor concentration for a p-type
semiconductor); E = applied potential; Eg, = flatband potential;
k = Boltzmann constant; T = temperature; and e = electronic
charge.

The donor density can be calculated from the slope of the
1/C* vs. E curve, and the flat band potential can be determined
by extrapolation to 1/C = 0.

The model required for the calculation is based on two
assumptions:

(a) Two capacitances must be considered: the capacitance
related to the space charge region (Cy.) and the double layer
(Cq1) are considered in series. As Cq; » Cj, the contribution of
the double layer capacitance in this total capacitance is almost
negligible. Therefore, the capacitance value calculated from
this model is assumed to be mainly the value of the space
charge capacitance.

(b) The equivalent circuit used in this model is a series
combination of a resistor and a capacitance (the space charge
capacitance). The capacitance is calculated from the imaginary
component of the impedance [Im(Z)] using the following
relationship (eqn (3)):

12
C? eggyN

-1

Im(Z) = Il 3)

This model is adequate if the frequency (fc) is high enough
(in the order of kHz).

In the Métt-Schottky plot, eqn (2) (plot of the 1/C* vs. E)
showing a negative slope corresponds to a p-type
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Scheme 3 Formation of a space charge layer and band bending after the formation of the heterojunction.

semiconductor (mainly hole acceptor), and a positive slope to
an n-type semiconductor (an electron carrier). The intercept of
this plot at C = 0 will provide the value of the flat band potential
for the material.

Mott-Schottky analysis of the CN and BSN/CN shows nega-
tive slopes (Fig. 9A) in the 1/C? vs. voltage plots, and therefore, it
can be confirmed that they are p-type semiconductors with
mainly electrons as the dominant charge carriers. However, as
materials like CN and BSN will have different Fermi energies,
these materials are entirely different, and the values of their “¢”
and “‘g,” are also different; therefore, the slope value of each of
them will not exactly relate to their respective donor densities
(N). However, the flat band potential (Eg,) has been calculated
for all these systems from the intercept in eqn (2). The valence
band potential can be calculated from the Eg, calculation for
Exc (0.1 M) to SHE (pH-7) to SHE (pH-0) to vacuum:

(1) Exci (0.1 M) to SHE (pH-7) = 0.2881 V.

(2) SHE (pH-7) to SHE (pH-0) = 0.414 V.

(3) SHE (pH-0) to vacuum = 4.5 V (vacuum).

Therefore, for the valence band potential:

Eyg = [Ef, — (0.414 + 0.2881 — 4.5)] V= (Eg, + 3.7979) V

(4)
Eg = (Bvs — Ecs)V (5)

So,
Ecp = (Bvp — Eg)V (6)

The Eyg values calculated from the Mott-Schottky plots are
given in Scheme 2.

Importantly, a clear trend of decreasing slope with increas-
ing BSN concentration was observed, signifying an increase in
carrier concentration. This observation suggests that the incor-
poration of BSN into CN leads to a higher density of free
electrons, which can be attributed to two primary mechanisms:
(a) electron donation: BSN may act as an electron donor to CN,

9792 | Mater. Adv, 2025, 6, 9779-9805

directly increasing the number of free electrons in the composite
material. This electron transfer could stem from the difference in
Fermi levels between BSN and CN, driving electrons from BSN to
CN. (b) Defect generation: the introduction of BSN could create
defect states within the CN structure, either through lattice mis-
match or interfacial interactions. These defects can act as electron
traps or donors, effectively increasing the electron concentration in
the material. Furthermore, a subtle shift in the flat band potential
was observed with increasing BSN concentration. This shift implies
that BSN influences the band bending and energy level alignment
in CN, potentially creating a heterojunction for charge separation
and transfer. The electronic interaction found with the XPS, FT-IR
and CV results previously, therefore, confirms that a heterojunction
between BSN and CN is supported by the observed changes in
carrier concentration and flat band potential. As the BSN content
increases, the interface between BSN and CN expands, leading to a
larger heterojunction area. This expanded heterojunction facilitates
more efficient charge separation and transfer due to the built-in
potential at the interface. The different values of the calculated
valence band potential and that of the conduction band potential
using the band gap value are shown in Scheme 2. The photovoltaic
switching (switch-on/off experiments) behavior of the synthesized
catalysts, encompassing BSN, CN and different heterojunction
composites of BSN-CN, was investigated to elucidate their photo-
responsive properties, directly relevant to their photocatalytic effi-
cacy. The cyclic current-time plots (Fig. 9B) demonstrate a clear
and reversible resistive switching behavior across all samples,
indicating the materialfs ability to generate and modulate photo-
current upon visible-light irradiation. The photo-switching experi-
ments show the photocatalysts of BSN to possess maximum
photocurrent density as compared to that of the CN. Similarly,
the BSN-CN composites also show good photo-response currents
and can be considered very good photocatalysts.

Scheme 2 shows a systematic increase in the VB potential as
a function of BSN dispersion in the BSN-CN heterojunction.
The BSN-CN heterojunction, while visually similar to typical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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BSN-CN-1; (d) BSN-CN-5; (e) BSN-CN-10; and (f) BSN-CN-15.

(A) The first two rows depicts Métt—Schottky and (B) the last two rows shows photo-switching data for the different samples: (a) BSN; (b) CN; (c)

van der Waals systems with its sheet-like structure, functions
with a more powerful mechanism: a Schottky barrier. The
formation of this barrier stems from the natural misalignment
of the Fermi energy levels between BSN and CN. This mismatch
is a critical factor, as it drives a much higher degree of charge
separation than that found in simple van der Waals junctions.
This increased charge separation is directly responsible for a
process called band bending at the valence band (VB) and

© 2025 The Author(s). Published by the Royal Society of Chemistry

conduction band (CB) interfaces. Our XPS data provide con-
crete evidence of this phenomenon, showing a distinct charge
separation around the Bi-4f and N-1s orbitals in the BSN-CN
heterojunction. A systematic increase in positive charge around
Bi-4f and a corresponding increase in negative charge around
N-1s were observed with increasing BSN concentration. This
progressive charge separation is a clear signature of an S-
scheme heterojunction in action. The resulting band bending,
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which is directly affected by the increased charge splitting of the
Schottky barrier, leads to a noticeable lowering of the valence
band. This effect is meticulously detailed in Scheme 2, where we
illustrate the alteration of the BSN-CN VB. While Schottky
barriers are more commonly seen at semiconductor-metal inter-
faces, their presence here at a semiconductor-semiconductor
interface is driven by the significant Fermi level mismatch
between BSN and CN, as confirmed by our Mott-Schottky
studies (Fig. 9A). Ultimately, the robust charge separation that
results from the alignment of these Fermi regions is the key to
the superior performance of the BSN-CN photocatalyst.>**'
With g-C;N5 being a p-n-type material, its Fermi level mostly
lies between the VB and the CB,**® and with BSN being a p-type
material, its Fermi level lies near to its CB,** and accordingly, the
Schottky barrier is represented in Scheme 3.

3.9. Photoluminescence (PL) and time-resolved-
photoluminescence (TRPL) data

Steady-state photoluminescence (PL) at 375 nm excitation and
time-resolved photoluminescence study for CN, BSN and BSN-
CN photocatalysts were carried out. Fig. 10A shows the corres-
ponding emission spectra for CN and the different heterojunc-
tion samples as a function of the dispersion of BSN over the CN
samples. These CN samples were synthesized at 500 °C and
possess a typical PL band around 469 nm. Graphitic materials
usually possess a PL band at 430 nm due to fast recombination
of photo-excited electron-hole (excitons) pairs radiatively.®®
However, the PL band for the CN at 469 nm (Fig. 10A(e)) can
be ascribed to thermally induced incorporation of defects in
CN-X structures, which contribute to the PL process and are
present within the band gap of the materials.®® The defect level
mostly lies below the LUMO and hence requires lower energy
than the radiative recombination process, which causes a red-
shift. However, for the BSN the PL emission observed is very low
as compared to that of the CN materials and also from the
literature.’® In the reported study, BSN was synthesized using a
citrate precursor method and subjected to calcination at 800 °C,
whereas our samples were prepared with only a mild heat
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treatment at 100 °C. This significant difference in thermal
processing likely results in a higher defect density in the
reported samples, which may enhance their photolumines-
cence (PL) properties, compared to our BSN samples. In the
CN-BSN heterojunction, the photoluminescence (PL) intensity
decreases consistently with increasing proportion of BSN in the
heterojunction. Notably, BSN-CN-15 exhibits the lowest PL
emission, confirming that the formation of the heterojunction
alleviates the recombination of photogenerated electron-hole
pairs.">®” The lower the PL emission, the less the recombina-
tion of the photo-excited holes and electrons, and the better the
photocatalytic activity, as shown in the next section.

The luminescence decay profiles for all the different hetero-
junction samples, along with CN, are shown in Fig. 10B. All of
these can be fitted with only a bi-exponential function, as
shown in eqn (7):

—t

(1) = I + By exp (?) 4 Brexp (;—2’) )

where I, is the background or zero offset, 7, and 7, are the two
lifetimes, and B, and B, are pre-exponential factors, as shown
in Table 4.

The deviation from direct exponential decay and the
presence of multiple lifetimes has been documented previously
in the literature for carbon nitride-based materials."*'® A lower
lifetime (~2 s) is mostly attributed to the photogenerated
charge carrier recombination from anti-bonding (c* and n*)
to bonding m molecular orbitals®® and a higher lifetime is
ascribed to non-radiative transitions like inter system crossing
(ISC) from o* to 7*, as well as defect levels.®” In the case of
heterojunctions, the lifetime 7, (ns) and the comparative B2
increase, making the average lifetime of these materials more
than that for CN. The time-resolved results for the BSN, despite
repeating a number of times, were not that stable for our
system. Therefore, it is clear that the heterojunction exhibits
a longer lifetime leading to lower PL and better photocatalytic
activity.

1 Aex=375 nm, Ay ;=465 nm CN (a)
BSN-CN-1 (b)

s BSN-CN-5 (c)

BSN-CN-10(d)
BSN-CN-15(e)

Counts
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(A) Photoluminescence data for the different samples: (a) CN; (b) BSN-CN-5; (c) BSN-CN-10; (d) BSN-CN-15; and (e) BSN. (B) Photolumines-

cence lifetime data for the different samples: (a) CN; (c) BSN-CN-1; (d) BSN-CN-5; (e) BSN-CN-10; and (f) BSN-CN-15.
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3.10. CHN analysis

Elemental carbon-to-nitrogen (C/N) ratios were considered, as
determined by CHN analysis, to understand the structure of the
C3Ns. The pristine carbon nitride (CN) sample exhibited a
baseline C/N ratio of 0.652, reflecting the C;N5 structure as
has been reported earlier,”””" which is much greater than the
C/N ratio of g-C3N,. The elemental analysis from the XPS data
set also shows a C(sp”): N ratio of 3:4.9. The C/N ratios for the
different composites of BSN-CN remain almost comparable
and are shown in Table 2. Therefore, the structure of the C3Nj5
is not compromised by the formation of the BSN-CN compo-
sites. The surface elemental analysis for the C:N ratio for the
different composites from XPS also reflects a similar under-
standing. Therefore, the CHN analysis, along with the elemen-
tal analysis from XPS, shows that with the formation of the
heterojunction, the CN structure remains intact.

3.11. Photocatalytic activity

The photocatalytic activity of the synthesized BSN-CN samples
was assessed through the degradation of ortho-dichlorobenzene
(0-DCB), a model organic pollutant, under visible-light irradia-
tion. The experimental details regarding the irradiation source
were provided earlier. Notably, all the catalysts had band gaps
in the range of 2.90 to 2.07 eV, which lie in the visible region.
Ex situ ESI-MS spectroscopy was employed as a complementary
technique to elucidate the nature of the photocatalytic inter-
mediates formed during o-DCB degradation, thereby serving as
a proof-of-concept for the reaction mechanism.

Fig. 11A depicts the variation in photocatalytic activity of the
synthesized materials as a function of % BSN in CN. The
detailed kinetic data for the individual photocatalysts are
presented in Fig. S2-S7. It is crucial to note that the self-
degradation of o-DCB in the absence of a photocatalyst is
negligible (Fig. S1). Consequently, the percentage of degrada-
tion products is calculated using eqn (8).

The product percentage (PC%) is

Co—C;

PC(%) = ==

x 100 (8)
where C, = UV-Vis intensity of the 0o-DCB without any catalyst
and C; = UV-Vis intensity of o-DCB without the particular
photocatalyst at time ¢;.

In order to achieve a quantitative understanding, the cata-
lytic performance activities for the different photocatalysts are

shown in the inset of Fig. 11A, showing a plot of ¢;,, vs. the %
dispersion of the BSN-CN lattice.
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Table 4 Individual and average PL data for photogenerated charge
carriers in heterojunction samples having different percentages of BSN
Catalyst 7, (ns) B, 7, (ns) B,
CN 2 (59.5%) 1360 10.8 (40.5%) 171
BSN-CN-1 2 (57.9%) 1220 9.4 (42.1%) 195
BSN-CN-5 2 (63.4%) 1460 9.4 (36.6%) 187
BSN-CN-10 2.1 (61%) 1490 9.8 (39%) 203
BSN-CN-15 2.48 (59.3%) 1260 11.98 (40.7%) 179

The absence of 0-DCB self-degradation during the experi-
ment confirms its stability under visible irradiation from the
lamp. The enhanced visible-light photocatalytic activity for
0-DCB degradation is attributed to the modulation of the
electronic band structure of the pyrochlores induced by varying
the % dispersion of BSN in CN. Notably, BSN-CN-15 exhibited
the highest activity (~99.9% degradation in 180 minutes, rate
constant k = 38.38 x 10> min~ ', ¢, = 18.06 min). In compar-
ison, the synthesized catalysts, BSN, CN, BSN-CN-1, BSN-CN-5
and BSN-CN-10 displayed degradation efficiencies of 30%
(290 min, k = 1.23 x 10~° min™"), 36% (275 min, k = 1.62 x
107° min™"), 80% (270 min, k = 5.96 x 1072 min~", ¢y, =
116.28 min), 93% (210 min, k=11.08 x 10> min ™", #,, = 62.54 min),
and 99.9% (210 min, k = 21.93 x 10~° min ", ¢, = 31.6 min),
respectively. The recyclability of the BSN-CN-15 is shown in Fig.
S12 for four consecutive cycles. It shows a slight decrease in the
catalytic efficiency of the catalyst as a function of recyclability to
the extent of 81.4% for three hours of photocatalytic reaction
under similar conditions. The catalyst is treated after reaction
at 100 °C for 2 h. This leads to an enhancement of the
degradation percentage of 0o-DCB solution to ~85% in 3 h.
CN, BSN and BSN-CN-15 were used for the photocatalytic
degradation of 0-DCB with a closed photocatalytic reactor
(Fig. S9), and the parameters of the products were estimated with
a mass spectrometer, as explained in the supplementary informa-
tion. The product from each was found to be CO,, and the
percentage CO, was calculated according to eqn (S12) in the SI.
The percentage of product (CO,) formation is shown in Fig. 11B,
where it is shown that the BSN-CN-15 is the most active catalyst,
forming ~99% CO, in 180 min.

3.12. Ex situ ESI-MS study for the intermediates

Ex situ electron spray injection-mass spectrometry (ESI-MS) was
employed to elucidate the photocatalytic degradation mecha-
nism of 0-DCB over the synthesized catalysts, including BSN,
CN, and their heterojunction composite BSN-CN-15, by identi-
fying the reaction intermediates formed during the process.

Table 3 Unit cell parameters of BSN-CN-15 heated at different temperatures

Lattice parameters”

Bond angle in unit cell”

Sample a b c o=y y Strain (calculated)?

BSN-CN-15-350 °C 12.25 (0.01) 7.67 (0.01) 14.90 (0.02) 90 123.8 1.83 x 107* (8.2 x 1079
BSN-CN-15-500 °C 15.07 (0.02) 9.61 (0.14) 16.58 (0.02) 90 127.82 16.5 x 107* (8.2 x 1077)
BSN-CN-15-750 °C 13.08 (0.004) 7.56 (0.003) 15.14 (0.005) 90 125 21.0 x 107* (2.9 x 107°)

“ Calculated from the Rietveld refinement. ? Calculated from the Williamson-Hall equation (Fig. S15).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (A) Photocatalytic activity for mineralization of o-DCB by different catalysts: (a) BSN; (b) CN; (c) BSN-CN-1; (d) BSN-CN-5; (e) BSN-CN-10; and

(f) BSN-CN-15. The inset shows the change in t;,> as a function of dispersion of BSN over CN. (B) Percentage of CO, formation (final product) as a
function of time using different photocatalysts using mass spectroscopy: (@) BSN-CN-15; (b) BSN; and (c) CN. (C) Recyclability for the o-DCB
degradation under similar conditions using BSN-CN15. (D) UV-Vis spectra for the degradation of o-DCB solution using a 15% BSN and CN

physical mixture.

Fig. 12A presents the ESI-MS spectra of pure 0-DCB and 0-DCB
in aqueous solution, serving as a baseline for comparison. The
spectrum of pure o-DCB revealed characteristic mass peaks
corresponding to its molecular ion and associated fragments,
while the aqueous solution spectrum indicated potential inter-
actions with water molecules, possibly leading to minor shifts
or changes in peak intensities.

A. 0-DCB water solution. The mass spectrum of o-DCB
mainly shows mass fragments of 146, 111, 75 and 50 (m/z).
However, the 0-DCB solution shows 159 and 160 as the main
peak with a very strong peak at 110 representing catechol.
Therefore, the photocatalytic degradation of this mixture
involves the degradation of 0-DCB + H,O and catechol together.

B. BSN. Fig. 12B displays the ESI-MS spectra of the 0-DCB
solution in water degradation over the BSN photocatalyst at various
time intervals (30, 90, 180, 240, and 290 minutes). As the reaction
progressed, a gradual decrease in the intensity of the o-DCB peaks
was observed, accompanied by the emergence of new peaks,
indicating the formation of intermediate products. These inter-
mediates are crucial for understanding the degradation pathway.
The peaks for the different mass spectra are considered up to the
intensity of 1.0 x 10” in order to understand the intermediates.

9796 | Mater. Adv., 2025, 6, 9779-9805

Peaks that are obtained at 30 min are at m/z of 58, 69, 74, and
110, along with very minor peaks at m/z of 159 and 160. There are
quite minor peaks observed at m/z of 87 and 89. The peak at m/z
of 58 represents acetone and that at 69 acetic acid. The mass
peak at m/z of 74 represents either benzene, butanol or an ester
of CH;~0-COO-C,H; known as a McLafferty ion.”> However, the
ester has minor fragmentation peaks at 87 and 89, which are
observed during the reaction, confirming the mass peak at 74 to
be that of esters. The other peak for the mass spectra at m/z of 69
represents acetic acid. After 180 min, if we consider the m/z with
an intensity of 2 x 10°% there are several new peaks that are
obtained. One is at m/z of 98 with fragmentation at 65 and 66
representing phenol.”® Other smaller peak intensities with m/z of
88 correspond to an ester as suggested above, and there is also a
strong peak at m/z 120, again suggesting the McLafferty rearran-
gement. However, as a function of time the intensities of the
intermediates of acetone, catechol and the ester decrease
(Fig. 13). The degradation intermediates and plausible mecha-
nism are depicted in Scheme 4. Fig. 13 shows the degradation of
the different intermediates as a function of time.

C. CN. Fig. 12C displays the ESI-MS spectra degradation of
0-DCB solution in water over the BSN photocatalyst at various

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 ESI-MS spectra for the degradation products of the different photocatalysts: (A) 0-DCB + H,O mixture; (B) BSN; (C) CN; and (D) BSN-CN-15; in
order to understand the different intermediates formed over the catalytic surfaces.

time intervals (30, 90, 180, 240, and 275 minutes). The inter-
mediates formed for degradation of the 0-DCB by this photo-
catalyst are not the same as those of the BSN (Fig. 14). The
different peaks observed after 30 min of irradiation are at m/z
values at of 58, 59, 60 and 62, representing acetone. There is a
peak with a lower intensity at m/z of 64, mostly representing a
dimer of C1.>® There are then several peaks at m/z values of 68,
69, 72, 74, and 76, and the m/z of 72 represents ethyl butanal,

—a— Acetone
15000000 ESter
Catechol
;moooooo-
2
‘»
S 5000000
E \\
of T < SN
0 50 100 150 200 250 300

Irradiation Time (min)

Fig. 13 Variation of the intensities in the mass spectra of the major
intermediates as a function of time for the BSN photocatalyst.

© 2025 The Author(s). Published by the Royal Society of Chemistry

an aliphatic aldehyde.>® The peak at 74, discussed earlier in the
case of BSN, is accompanied by the peaks at m/z of 68 and 69,
representing the McLafferty ion ester of CH;~0-COO-C,H,.”*
There are a few peaks at m/z of 88,105, 106 and 112. The peak at
m/z 112 represents catechol and the previous two are mass
fragments of catechol. The peak at m/z of 88 generally corre-
sponds to 2-pentanol or the fragment of an ester. When we
observe mass peaks at an intensity of 2 x 107, there are certain
peaks that will be observed more for the intermediates, as the
intensity is quite low.

McLafferty Rearrangement

o o o
cl R R
| Wi
—_— — + O<R
cl hv OH R

Catechol Ester
hv |BSN
CHj
BSN Q BSN
co, €— <« HyC CHj
2 HaC OH X+ N
R
Acid Acetone

Scheme 4 Plausible intermediates formed by the BSN photocatalyst from
the ESI-MS data set.
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Fig. 14 Variation of the intensities in the mass spectra of the major
intermediates as a function of time for the CN photocatalyst.

Mass spectra peaks are observed at m/z values of 116, 131
and 145. The peak at m/z of 145 represents the butyl butyrate
ester formed mainly by opening of the ring. The ester may be
formed from butanoic acid formed from the butanal and
butanol. The peak at m/z 131 is mainly due to a benzyl ketonic
intermediate of C,H,0, ,>® which is probably the one from
which the ring opening occurs. The peak at m/z of 116 with
smaller fragments at 115 and 114 represents mainly chloroben-
zene mainly formed by losing one Cl from either 0-DCB or
chlorophenol. The intermediates as shown by the CN photo-
catalyst are quite different as compared to that of the BSN
photocatalyst and are represented in Scheme 5.

D. BSN-CN. The different intermediates formed by the
BSN-CN photocatalyst are depicted in Fig. 12D as a function
of degradation time. The different products formed are a
mixture of both BSN and the CN catalysts together. After
60 min of irradiation, the different mass peaks that were

Cl McLafferty
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cl
Catechol @)

Ketone
R/\); U
Y.
+
CH3

A

co,

Where, R = Alkyl, H

R——0OH

R\ZOH +

H3

Scheme 5 Plausible intermediates formed by the CN photocatalyst from
the ESI-MS data.
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Fig. 15 Variation of the intensities in the mass spectra of the major

intermediates as a function of time for the BSN-CN photocatalyst.

obtained are at m/z values of 63, 76, 88, 89, 106, 105, 112, 116,
131, 145, 158 and 160. As understood above, the peak at m/z of 64
mostly represents a dimer of CI*® or acetone; the peak at m/z 74
and with fragments at 88 and 89 represents an ester of CH;-O-
COO-C,H, known as a McLafferty ion. The peaks with m/z of 105,
106 and 112 represent catechol; the peak at m/z of 116 with
smaller fragments at 115 and 114 represents mainly chloroben-
zene; the peak at m/z 131 is mainly due to a benzyl ketonic
intermediate of C;H,0, ; the peak at m/z of 145 represents the
butyl butyrate ester formed mainly by opening of the ring. It is
quite interesting that the mass peaks at 131 and 145 have stronger
intensity with BSN-CN as compared to that with CN, implying
that these intermediates are formed in greater concentrations
over the heterojunction structure as compared to only CN. The
kinetics for the formation of the different intermediates from
0-DCB are represented in Fig. 15 and are shown in Scheme 6.
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Scheme 6 Plausible intermediates formed by the BSN-CN photocatalyst
from the ESI-MS data in both (A) and (B) pathways.
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3.13. Post-XPS

XPS measurements of the catalysts after the photocatalytic
reaction are shown in Fig. 16. The Bi-4f peaks are obtained at
binding energies of 158.6 and 164 eV for Bi 4f,, and Bi 4f;,,
respectively, for the BSN-CN-15 sample, and similarly for the
BSN sample the Bi 4f;/, can be deconvoluted into two peaks at
159.1 and 157.5 eV binding energies along with a similar
deconvolution of the Bi 4f;, peak at 164.4 and 162.84 eV
binding energies. The XPS spectrum of the BSN before catalysis
(Fig. 6C(b)) shows peaks at binding energies of 158.8 and
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164.1 eV, respectively. This clearly shows that the intermediates
formed like acetates (Scheme 2) etc. are formed over the Bi of
the BSN surface and the Bi goes to a lower oxidation state.
However, in the BSN-CN heterojunction the Bi of the BSN
does not form any lower oxidation state, though there is a small
lowering in the binding energy by around 0.2 eV showing that
the Bi has mostly oxidised the materials and the electron
density is received from the Bi of the BSN-CN. Similarly, the
Sn 3d for the BSN-CN (Fig. 16B) has peaks at binding energies
(BE) of 490.9 and 499.3 for (3ds,, and 3d3,,) and BSN has the

(B) BSN
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Fig. 16 XPS spectra of the photocatalysts after catalytic activity: (A) Bi-4f for BSN and BSN-CN-15; (B) Sn-3d for BSN and BSN-CN-15; (C) N-1s for CN

and BSN-CN-15; and (D) O-1s for BSN and BSN-CN-15.
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same at 490.8 and 499.2 eV, respectively. There is very little shift
in the Sn-3d peaks for the catalysts (Fig. 6D), showing that the
Sn remains electronically almost unaltered during the catalytic
reactions.

The N-1s for the CN after reaction are present at BE of 399.7,
400.8 and 403.2 eV. In the main CN, the N-1s was represented
by 3 main signals located at BE of 398.2 eV, 399.3 eV and 400.7 eV,
corresponding to pyridinic N in a heptazine ring (C-N—C),
pyrrolic nitrogen (from a triazole moiety) and the overlap of
quaternary nitrogen, respectively. The evident increase in the BE
of N-1s for CN mainly represents the withdrawal of electron
density by the intermediates to stabilize over the CN surface
and mainly the quaternary nitrogen to produce stable intermedi-
ates (as shown in Scheme 4) with N* of quaternary N. The O-1s
peaks for the different BSN materials are found at BE of 530.2,
532.1, and 533.5 eV, and those for BSN-CN are obtained at BE of
529.1, 530.2 and 532.1 eV. Post-reaction, a shift of ~1.2 eV toward
higher BE is observed for BSN (Fig. 16D), along with a clear
decrease in the intensity of the O-vacancy peak (~533.5eV). For
BSN-CN, the increase in the BE is lower compared to BSN, and is
~0.4. This also shows that there is a definite interaction between
the O of the BSN and the BSN-CN and the intermediates. The
stronger interaction of BSN shows stronger nucleophilic sites and
weaker ones in the case of BSN-CN.

4. Discussion

Cyclic voltammetry (CV) results (Fig. 8A) clearly show a distinct
cyclic voltammogram for BSN-CN-15 when compared to those
of individual CN and BSN, providing initial evidence of hetero-
junction formation. Further support for the successful for-
mation of this heterojunction comes from the elemental
mapping of the FE-SEM data set for BSN-CN-15, which unam-
biguously confirms the co-localization of Bi, Sn, O, C, and N.
We evaluated the photocatalytic activity for o-DCB degradation
using CN, BSN, and various BSN-CN heterojunctions. Our
findings indicate a direct correlation between increased BSN
content in the BSN-CN heterojunction system and enhanced
photocatalytic performance (Fig. 10A). This is best summarized

Scheme 7 S-scheme for the BSN-CN heterojunction and effective
photocatalytic activity for the materials along with intermediates.
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by the observed activity trend: BSN-CN-15 > BSN-CN-10 >
BSN-CN-5 > BSN-CN-1 > BSN > CN. The different inter-
mediates formed during this process were largely identified
through ex situ ESI-MS analysis. Several factors contribute to
the superior photocatalytic activity of these heterojunctions,
including:

(i) S-scheme heterojunction

The efficacy of a heterojunction is controlled by different
factors like (a) contact between the primary components; (b)
formation of an inbuilt electric field at the interface; (c) the
positions of the CB and VB play a critical role; (d) built-in
electric field and potential barriers at the heterojunction inter-
face also depend on other factors such as semi conductivity
(n-type or p-type); (e) the work function; (f) Fermi level. For-
mation of a g-C;N5-pyrochlore heterojunction is an example of
a van der Waals heterojunction,”” where the two or more
different materials are mainly held together by van der Waals
forces, and this enhances the photocatalytic performance of the
individual components. Usually the van der Waals heterojunc-
tion possesses a familiar Z scheme type of charge separation
mechanism and certain of them may possess a S-scheme for the
charge separation. The “S-scheme” refers to a small band of
photocatalysts in which an oxidation photocatalyst (mainly like
BSN) is coupled with a reduction photocatalyst (mainly g-C;N;).
The oxidation photocatalyst has a higher oxidation potential,
and the reduction photocatalyst has a higher reduction
potential. The electron transfer in the S-scheme is like a ‘step’
from the macroscopic viewpoint and resembles the letter ‘N’
from the microscopic viewpoint. The importance of the S-
scheme lies in the fact that it possesses (a) enhanced charge
separation; (b) preserved redox ability. Type-II heterojunctions,
while also separating charges, can suffer from reduced redox
ability due to the repulsion between photogenerated electrons
and holes at the interface. S-schemes overcome this limitation
by directly transferring electrons to the valence band of the
other semiconductor with a thermodynamically stable redox
couple. This will facilitate the direct transfer of electrons by the
S-scheme favouring the formation of the superoxide radical,
which is effectively formed by the BSN-CN heterojunction, as
evidenced in Fig. 5A(c). Another generic way to show the S-
scheme is by XPS: if the binding energies of one semiconductor
shift positively while those of the other shift negatively, it
indicates electron transfer from the former to the latter, con-
firming the S-scheme mechanism. Though not an in situ XPS
experiment here (where the catalyst is exposed to light whilst
measuring the XPS), once we take a closer look at the XPS data
set for the BSN-CN and BSN and CN separately, it is quite
evident that (I) there is a depletion of the electron density
around Bi due to the formation of the BSN-CN composite. The
Bi-4f (Fig. 6C) in the present manuscript shows two prominent
peaks, after l-s coupling, corresponding to binding energies of
158.8 eV (Bi 4f,),) and 164.1 eV (Bi 4f,),) for the BSN catalyst,
which is in accordance with the previous literature. However,
for the different composite materials, there is a slight shift
in the binding energy towards the higher BE. The Bi 4f,), of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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BSN-CN-1 has BE of 159 eV and that of the BSN-CN-15 has
159.1 eV. (II) Upon formation of the BSN-CN composite, there
is an increase in the electron density around both C and N for
the CN, as reflected in the XPS data of C-1s and N-1s for these
samples (Fig. 6A and B), respectively. Therefore, the spin-
trapping experiment using EPR, along with the charge separa-
tion evidenced by the XPS study, clearly shows the formation of
an S-scheme heterojunction, as shown in Scheme 7.

(ii) Surface charge

As a heterogeneous catalytic reaction involving both solid and
liquid phases, the surface charge of our photocatalysts plays a
crucial role in the adsorption of reactants and intermediates.
Previous studies by Adarsh et al.*®’® have shown that 0-DCB is
typically adsorbed as highly nucleophilic enolates and pheno-
lates. Our findings reveal that BSN exhibits a positive surface
charge, while CN has a negative surface charge (Fig. 9B(b)).
Interestingly, as the BSN content in the BSN-CN heterojunction
increases, the surface charge behavior shifts. For BSN-CN-1
and BSN-CN-5, the surface charge is initially lower compared to
pure CN. However, with higher percentages of BSN, such as
in BSN-CN-10 and BSN-CN-15, the surface charge becomes
predominantly positive, reflecting the dominant influence of
BSN in the heterojunction. This positive surface charge on the
BSN-rich composites is expected to stabilize the negatively
charged enolate and phenolate intermediates, thereby leading
to a faster reaction rate.

(iif) Band gap

The band gap of the BSN-CN heterojunction plays a critical role
in its photocatalytic efficiency. It is observed that the band gap
consistently decreases with more BSN, mostly due to the strain,
particle size and effect of the incremental space charge as a
function of the BSN concentration in the BSN-CN heterojunc-
tion photocatalyst. This reduction in the band gap is directly
linked to the enhanced absorption of visible-light irradiation
and significantly influences the kinetics of the photocatalytic
reaction. Consequently, the progressive lowering of the band
gap with increasing BSN content in the heterojunction directly
correlates with the observed improvement in the photocatalytic
properties, as evidenced by the enhanced mineralization of
0-DCB by these catalysts.

(iv) VB potential

While the valence band (VB) oxidation potential of BSN is
inherently higher than that of CN, we observed a decrease in
the VB oxidation potential as BSN was dispersed within the
BSN-CN heterojunction. The lowering of the VB potential is
mostly due to the effect of the higher Schottky barrier formed in
the BSN-CN heterojunction. Despite this reduction in the VB
oxidation potential, it should be understood that although the
valence band potential decreases, the electron transfer occurs
directly through the S-scheme, thereby enhancing the photo-
oxidation kinetics. The higher space charge also results in the
direct transfer of the e-over this higher VB potential acting as
deep electron traps, thereby increasing the lifetime of the h*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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usually used for the oxidation reaction. The effective VB
potential for these heterojunctions remains sufficiently high
to effectively mineralize 0-DCB and its various intermediates as
has been observed (Scheme 4-6).

(v) PL emission and TRPL understanding

Photoluminescence (PL) emission data (Fig. 10A) reveal a signifi-
cant finding: photoluminescence (PL) and time-resolved photo-
luminescence (TRPL) data provide compelling evidence for how
the addition of BSN enhances the photocatalytic activity of the
BSN-CN heterojunction. A key finding from PL emission data is
the reduction in PL intensity as the BSN concentration increases,
which directly points to a decrease in the electron-hole recombi-
nation rate. This indicates that BSN effectively separates charge
carriers, allowing them to participate in reactions rather than
simply recombining and releasing energy as light. This is further
supported by TRPL analysis, which shows a significant extension
of the average electron-hole pair lifetime. For example, the life-
time increases from approximately 5.56 ns for pure CN to 6.35 ns
for BSN-CN-15, demonstrating that charge carriers in the BSN-CN
composite have a longer lifespan. The hydrothermal synthesis
method used to create this material is crucial because it generates
beneficial interfacial defect states that act as shallow traps,
promoting charge transfer across the BSN-CN junction. These
are not the uncontrolled bulk defects that would typically lead to
non-radiative recombination and reduced activity. The analysis of
our TRPL fits confirms this balance; the absence of a “peak-then-
decline” behavior in carrier lifetime indicates that the defect
density never reaches a detrimental, recombination-dominated
state within our tested compositional range. Instead, these inter-
facial defects work in harmony with the favourable band align-
ment between BSN and CN, efficiently extracting carriers before
deep-trap recombination can occur. This synergistic effect
explains why we see a continuous, monotonic improvement in
both carrier lifetime and photocatalytic performance up to 15 wt%
BSN (Table 4), without an optimal concentration being reached.
Ultimately, the TRPL data confirms BSN-CN-15 as the best
photocatalyst in our series, proving that the introduced defects
do not hinder the degradation of 0-DCB.

(vi) Photocurrent

The higher photocurrent observed for BSN-CN (Fig. 9B) com-
pared to individual CN and BSN indicates a significantly
enhanced hole (h*) current within the heterojunction. This
increased charge separation and transfer efficiency directly
contribute to the superior photocatalytic activity. Furthermore,
this enhanced photocurrent also serves as evidence of the
reusability of these materials as photocatalysts.

(vii)
The distinct chemical compositions of CN and BSN lead to the
formation of different sets of intermediates during o-DCB
degradation. The lone pair electrons on the nitrogen centres
of the conjugated CN structure provide basic sites that signifi-
cantly influence intermediate formation. Similarly, the lone
pair electrons on the Bi-1s orbital in BSN also plays a crucial

Intermediates
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role. Both these factors, along with the varying surface charges,
dictate the specific intermediates observed on each surface.
Specifically, the intermediates formed over CN (Scheme 3)
predominantly include electron-rich ketonic species. This is
primarily due to the readily accessible electron density on the
nitrogen centres of CN, a feature missing from the BSN surface.
This electron density facilitates processes like McLafferty rear-
rangement, leading to a different array of intermediates.

Interestingly, the BSN-CN heterojunctions exhibit a com-
bined intermediate formation pathway, reflecting the contribu-
tions of both CN and BSN surfaces. Kinetic studies of
intermediate degradation (Fig. 13-15) revealed the prevalent
formation of catechol. This is consistent with 0-DCB’s typical
adsorption as catecholate or phenolate in aqueous environ-
ments, leading to these initial intermediates. Significantly,
both catechol and acetone are degraded at a much faster rate,
exhibiting mostly second-order kinetics (Fig. 15). This efficient
degradation of intermediates, leading to products, underscores
their superior photocatalytic performance compared to BSN or
CN alone, as depicted in Scheme 7.

Post-reaction XPS data provides further insight into the
mechanism. It is quite clear from the post-XPS studies that
surface sites over which the reactants and intermediates are
formed and adsorbed are mainly Bi, N and O of the hetero-
junction. Therefore, post-catalysis, most of the reactive sites
will be occupied by the reactants or the intermediates, leading
to a decrease in the catalytic efficiency. As can be observed from
Table S5 and Table S6, showing the elemental analysis of the
elements from the XPS study for the photocatalysts after the
catalytic reaction, it is quite clear that there is no leaching from
the surface, which is unusual for the catalytic reaction. The
2-C3;N;5 and Bi,Sn,0; and even the heterojunctions of BSN-CN
are photo-stable materials, as has been understood from the
long photo-switching experiments, as has been described in
this manuscript, as shown in Fig. 9B. Therefore, mostly the
lowering in the catalytic efficiency was due to the lowering of
the active sites over the catalytic surface by either the inter-
mediates or the adsorbed reactants. This demonstrates the
strong utilization of oxygen vacancies in the BSN-CN materials
compared to BSN. The detection of a lower oxidation state of Bi
in BSN after the reaction suggests the formation of surface
intermediates over the Bi sites and the involvement of the Bi-
lone pair electrons in their formation. For CN, the quaternary
nitrogen (N") centres are primarily responsible for stabilizing
these intermediates. However, in the heterojunctions, while Bi
shows a small decrease in electron density, the N* of quaternary
nitrogen exhibits a more significant increase in binding energy,
indicating that the intermediates are predominantly stabilized
by the CN component.

5. Conclusion

A novel heterojunction has been successfully hydrothermally
synthesized and used as a photocatalyst by integrating
various amounts of BSN with CN, both materials possessing
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remarkably similar band gaps. These materials proved highly
effective in the mineralization of 0-DCB, achieving complete degra-
dation within 180-290 minutes, demonstrating their potential as
efficient photocatalysts. Through detailed ex situ ESI-MS analysis,
various intermediates were identified during the degradation of o-
DCB, and a comprehensive photocatalytic reaction mechanism was
established. The lowering of the band gap as a function of BSN in
the BSN-CN heterojunction can be understood on the basis of the
particle size effect, strain formed by the presence of the BSN in
BSN-CN and space charge formed by the heterojunction of the
BSN-CN. The change in the valence band potential could also be
explained in terms of upward bending resulting from the formation
of the BSN-CN heterojunction Schottky barrier. The enhanced
photocatalytic activity of these heterojunctions is attributed to key
factors including their surface charge, optimized band gap, favour-
able valence band potential and space charge formed due to the
formation of the heterojunction, including the nature of the
intermediates formed. Our comparative studies clearly show a
distinct trend in photocatalytic activity: BSN-CN-15 > BSN-CN-
10 > BSN-CN-5 > BSN-CN-1 > BSN > CN, with BSN-CN-15
exhibiting superior performance. The effective increase in the
kinetics of the BSN-CN is primarily due to the S-scheme transfer
of the ™ and h". Individual BSN primarily yields catechol, esters,
and acetone, whereas CN produces catechol, ketones, esters, and
acetone. The BSN-CN heterojunctions, however, produce a mixture
of both. Crucially, the formation of these heterojunctions signifi-
cantly extends the lifetime of holes, and this effect increases
proportionally with the amount of BSN incorporated, contributing
to their superior photocatalytic efficiency.
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visible-light irradiation, investigating its self-degradation,
adsorption and degradation using various catalysts: BSN, CN,
and BSN-CN composites at different dispersion percentages
(1, 5, 10, and 15). Fig. S8 shows the CV of g-C3N; with different
scan rates; Fig. S9 illustrates the photocatalytic reactor used for
the experiments. Fig. S10 showcases the mass spectrometry
(MS) data for the oxidation products of 0-DCB using BSN, CN,
BSN-CN-1, and BSN-CN-15 catalysts in a closed photocatalytic
reactor under visible light; Fig. S11 provides the mass spectra of
atmospheric air. Fig. S12 shows the long-time XRD (1 h) of the
BSN-CN-15 as a function of temperature: (a) 350 °C; (b) 500 °C;
and (c) 750 °C. Fig. S13 shows the Rietveld refinement plot for
BSN-CN-15-750 °C. Fig. S14 shows the Williamson-Hall plot to
determine the strain calculation (in eqn (S13)). Fig. S15 shows
the SEM images for the used BSN-CN-15 samples with ele-
mental mapping for the different elements: (a) Bi-Ma; (b) C-Ko;
(¢) N-Ko; (d) O-Ko; and (e) Sn-Lo; and (f) EDS spectra for the
sample. Scheme S1: Clcl monoclinic Bi,Sn,0, with lattice
parameters of a = 13.15; b = 7.54; ¢ = 16.01; « = f = 90°; y =
125.012° - ICSD-239965. Table S1 EDS data for the BSN-CN-15
photocatalyst. Table S2 apparent quantum efficiencies for the
different photocatalysts. Table S3 SAED pattern calculation for
Fig. 2A (BSN-CN-15) showing the different planes as compared
to ICSD-File-239965. Table S4 SAED pattern calculation for
Fig. 2B (BSN-CN-15) showing the different planes as compared
to ICSD-File-239965. Table S5 elemental analysis from XPS of
the BSN sample before and after catalysis. Table S6 elemental
analysis from XPS of the BSN-CN-15 sample before and after
catalysis. Table S7 elemental analysis from the EDS analysis of
the (a) BSN-CN-15 after catalysis from Fig. S15f and b BSN-CN-
15-sample before catalysis Fig. 3C. See DOI: https://doi.org/10.
1039/d5ma00954e.
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