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In situ Synthesis of 2D Bismuth/Graphitic Carbon Nitride
Heterojunctions for the Visible Light-Driven Organic Dye

Degradation

Buse Siindiil"”, Ayben Tiirkkan!'”, Zafer Eroglu!**, Onder Metin1.2#

In this study, highly efficient photocatalysts were developed by synthesizing binary heterojunctions of 2D
Bismuth/Graphitic Carbon Nitride (2D Bi/gCN) in various ratios through a facile in situ synthesis method.
Advanced analytical techniques were used to characterize the yielded heterojunctions, and their
photocatalytic performance was evaluated in the Methyl Orange (MO) degradation under visible light
irradiation. The 2D Bi/gCN heterojunctions provided exceptional photoactivity under visible light
illumination, leading to the significantly higher degradation efficiency compared to pristine gCN. To clarify
the high photocatalytic dye degradation activity of 2D Bi/gCN heterojunctions, a band diagram that depicts
the dynamics of electron-hole migration between the gCN and 2D Bi in the heterojunction structure revealed
the formation of a type-I heterojunction. The photophysical and structural characteristics of the 2D Bi/gCN
heterojunctions were assessed by utilizing different approaches to authenticate the effective integration of
2D Bi into gCN layers. The 2D Bi/gCN heterojunctions exhibit enhanced light absorption and improved
charge separation, with the 2D Bio.os/gCN composition exhibiting the highest photocatalytic performance,
achieving 61% MO photodegradation efficiency in 30 min. Kinetic analysis demonstrated that the 2D
Bio.os/gCN composition degraded MO at a rate 2.04 times higher than pristine gCN. Overall, the 2D Bi/gCN
heterojunctions showed promising photocatalytic properties with the 2D Bio.os/gCN heterojunctions
emerging as an exceptionally efficient photocatalyst for MO degradation under visible light illumination.
This research contributes to the understanding and application of 2D Bi/gCN heterojunctions as

photocatalysts in the development of other sustainable chemical processes.

1. Introduction

With the development of technology, the
pervasive issue of environmental pollution has
come to the forefront [1]. Rapidly growing industry
and the increasing population are among the major
factors causing environmental pollution [2]. Water
pollution, in particular, poses a significant threat to
human health and conventional water treatment
methods often fall short of completely removing
contaminants, leading to the persistent presence of
pollutants in various water bodies [3]. The majority
of water pollution is caused by dyes due to their
widespread use in various sectors. Among these
dyes, methyl orange (MO) is used in a wide range of
sectors such as food, textiles, medicine, and printing
because it is a dye that is easily soluble in water
[4,5].

It is well known that azo dyes cause cancer due
to the carcinogenic organic substances they contain
[6,7]. Therefore, the removal of MO from

wastewater is an extremely significant research
topic. The scientific community has recognized the
severity of this human-induced problem and is
actively engaged in ongoing research efforts to
address it. Presently, several established water
treatment technologies are in use, including
adsorption, membrane separation, chlorination,
filtration, electrodialysis, and advanced oxidation
processes (AOP) [8]. Notably, AOPs such as Fenton,
sonochemical, and photocatalysis have proven
highly effective in degrading wastewater pollutants
[9-13]. In this context, photocatalysis, a natural
phenomenon wherein a material utilizes light
energy to cleanse its surface by removing pollutants
and harmful compounds, has garnered significant
attention. Photocatalysis is considered to be the
most efficient strategy among AOPs as it can
effectively mineralize existing wastes in the gas or
liquid phase [14]. The concept of photocatalysis was
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introduced by Fujishima and Honda in 1972 when
they demonstrated the generation of hydrogen
through a photoassisted electrochemical water-
splitting reaction, a milestone in the field [15]. Since
that seminal work, photocatalysis has undergone
extensive research and development. In this
process, a photocatalyst, typically a semiconducting
material or a hybrid/composite of a semiconductor
and conducting material, is excited by light from an
external light source, initiating a series of
photoinduced reactions [15,16]. Among the various
semiconductors commonly investigated in the
literature materials such as titanium dioxide (TiO2)
[17], zinc oxide (ZnO) [18], manganese dioxide
(MnOz) [19], tungsten disulfide (WSz) [20], Black
Phosphorus (BP) [21], and graphitic carbon nitride
(gCN) [22-24] have gained significant prominence.
Notably, gCN, a polymeric semiconductor material
composed mainly of carbon (C), nitrogen (N), and
hydrogen (H) atoms, characterized by a band gap of
2.7 eV (corresponding to a wavelength of 454 nm),
has attracted as a subject of considerable interest in
a wide range of photocatalytic applications [25].
The exceptional attributes of gCN, including its low
cost-effectiveness, non-toxic nature, apparent
stability, and efficient semiconductor properties
under both visible and ultraviolet light, have led to
its widespread utilization across a spectrum of
catalytic applications. These encompass critical
processes such as oxygen reduction reaction, water
splitting, photodegradation of organic pollutants,
and CO: reduction [26-30]. While gCN serves as a
versatile photocatalyst, it is afflicted by issues of
elevated charge recombination rates and
insufficient electrical conductivity. Augmenting the
photocatalytic performance of semiconductor
materials can be effectively achieved through the
formation of heterojunctions, a process that
facilitates the separation of electron-hole pairs.
Consequently, numerous gCN-based
heterojunctions have been documented,
encompassing associations with various materials
such as metals, metal alloys, metal oxides, and other
metal-free semiconductor materials [31-33].
Besides gCN, in recent years, there has been a
growing interest in two-dimensional (2D)
monoelementel materials synthesized with group
15 elements, namely 2D pnictogens (phosphorene,
arsenene, antimonene, and bismuthene), due to
their attractive properties such as wide and tunable
band gaps, high charge mobility, unique spin-orbit
coupling (SOC), and their use in many fields such as
photonics, optoelectronics, catalysis (electro- and
photocatalysis) and biotechnology [34,35]. One of
the primary factors driving the significant interest
in 2D phosphorene materials lies in their distinctive
structural arrangement, resulting in anisotropic
properties exhibited by the individual layers.

Among 2D materials, 2D Bismuth(2D Bi), which
comprises mono/few layers and is distinguished by
its robust stability, exceptional electron mobility,
and low toxicity, presents intriguing prospects for
employment in photocatalytic applications [36].
These prospects stem from its 2D hexagonal lattice
structure, narrow band gap, and substantial surface
area. Notably, 2D Bi possesses semi-conductive
properties, characterized by a tunable bandgap
ranging from 0.3 to 1.0 eV when the exfoliated
layers are less than 30 nm in thickness [37]. As
previously discussed in the context of gCN, the
establishment of heterojunctions offers a potential
solution to circumvent the limitations associated
with 2D Bi as a photocatalyst. Consequently, the
investigation of 2D Bi/gCN heterojunctions
presents a promising avenue for the development of
sustainable photocatalysts with tailored
characteristics. To the best of the authors'
knowledge, no fields have documented instances of
the application of 2D Bi/gCN heterojunctions as
photocatalysts. In the present study, a highly
effective photocatalyst was prepared by combining
2D Bi and gCN in a binary heterojunction structure
with different ratios (denoted as 2D Bix/gCN
hereafter) via the in situ synthesis protocol. The

resulting 2D Bix/gCN heterojunctions were
subjected to comprehensive characterization
employing advanced analytical techniques.

Subsequently, their photocatalytic performance
was assessed in the Methyl Orange (MO)
degradation under visible light irradiation. The 2D
Bix/gCN heterojunctions were exhibited to be an
efficient photocatalyst that can be operated under
visible light irradiation for photocatalytic dye
degradation from water with high product yields
compared to gCN. Furthermore, the study included
the development of a band diagram elucidating the
electron-hole migration dynamics within the gCN
and 2D Bi heterojunctions.

2. Results and Discussion

To prepare the 2D Bix/gCN heterojunctions
(Figure 7), a facile in situ synthesis protocol was
utilized for the first time. In the synthesis protocol,
urea and BiCls were mixed in ethanol solution and
the resultant mixed powder was pyrolyzed under
Argon gas flow. During the synthesis, urea was
converted to the polymeric graphitic carbon nitride
along with the reduction of Bi(II) ions to the metallic
bismuth or 2D Bi. To unveil the structural,
morphological, and photophysical properties of
gCN, 2D Bi, and the 2D Bix/gCN heterojunctions, we

conducted a comprehensive set of
characterizations, including powder X-ray
diffraction  (p-XRD), transmission electron

microscopy (TEM), high-angle annular dark-field
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Figure 1. XRD patterns of a) Biene, gCN, and 2D Bio.os/gCN heterojunction, b) different compositions of 2D

Bix/gCN heterojunctions.

scanning TEM (HAADF-STEM), diffuse reflection

spectroscopy  (DRS), Tauc plot analysis,
photoluminescence (PL), and time-resolved
photoluminescence (TRPL).

The crystal structure of 2D Bix/gCN

heterojunctions was investigated through XRD
analysis. The XRD pattern of pristine gCN shows two
diffraction peaks at 26 = 13.0° and 27.4°,
corresponding to the (100) and (002) planes,
respectively [ 40]. Furthermore, the XRD pattern of
2D Bi suggests a rhombohedral crystal structure,
with diffraction peaks detected at 260 = 39.6°, 27.2°,
and 37.9° assigned to the (110), (012), and (104)
planes, respectively (PDF Card no: 04-006-7762)
[41]. Figure 1a distinctly illustrates the prominent
peaks corresponding to the (012) plane of Biene and
the (002) plane of gCN. The XRD pattern also
indicates that the synthesized 2D Bio.os/gCN
heterojunctions exhibit the characteristic features
of both gCN and Biene, with a discernible broad
peak observed at 260 = 27.81°. In the XRD pattern of
2D Bioos/gCN (Figure 1a), no discernible peaks
corresponding to 2D Bi are observed, likely due to
the low loading ratio of 2D Bi in the nanocomposite.
Upon close examination of XRD patterns for various
compositions of 2D Bix/gCN heterojunctions in
Figure 1b, it becomes evident that the 2D Bio.o3/gCN
and 2D Biooo/gCN heterojunctions exhibit
predominant peaks characteristic of gCN, while the
2D Bio.12/gCN composition displays the distinctive
peaks associated with 2D Bi. As a result of the XRD
analysis of 2D Bi/gCN heterojunctions, the
incorporation of both gCN and 2D Bi components in
the synthesized materials along with variations in
the loading ratio of 2D Bi affecting the characteristic

peaks observed in the XRD patterns were
concluded.
The morphological characteristics of the

materials used in the study were examined by TEM

Figure 2. TEM images of a) gCN, b) 2D Bi, and c-d)
2D Bio.0os/gCN heterojunction.

analysis. In Figure 2a, the TEM image of gCN
demonstrates its mesoporous structure [42], while
Figure 2b presents a TEM image of ultrathin 2D Bi
with a size of approximately 100 nm [43]. The
morphologies of both 2D Bi nanosheets and gCN are
depicted in Figure 2c-d. Upon the formation of the
2D Bioos/gCN heterojunction, no discernible
changes in the morphologies of the 2D Bi
nanosheets and gCN were observed. Notably, the
images reveal the presence of 2D Bi formed between
the layers of gCN. These observations validate the
successful formation of the desired heterojunction
morphological structure through the new synthesis
method. Elemental mapping analysis was
performed to further investigate the elemental
composition of the 2D Bio.os/gCN heterojunction via
HAADF-STEM. By examining the HAADF-STEM
analysis images in Figure 3, it is clearly observed
that the Bi, C, and N elements in the structure are
evenly distributed within the 2D Bioos/gCN
heterojunctions.
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Figure 3. a) HAADF-STEM image, and b) corresponding EDS elemental mapping images of 2D Bio.os/gCN
heterojunction (The scale bars are 100 nm).
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Figure 4. a) Diffuse reflection spectroscopy (DRS) spectra of gCN and 2D Bix/gCN heterojunctions, b) Tauc
plot, c) steady state PL spectra, and d) time-resolved photoluminescence (TRPL) spectra of gCN and 2D
Bio.os/gCN heterojunction.

To assess the photophysical properties of the depicted in Figure 4. DRS analysis, presented in

synthesized 2D Bix/gCN heterojunctions, DRS, tauc  Figure 5a, was conducted to analyze the UV-vis light
plot, PL, and TRPL analysis were examined as absorption capability. The results revealed that the
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2D Bio.0os/gCN heterojunction exhibited significantly
enhanced light absorption at 350 nm, surpassing
not only pristine gCN but also other synthesized 2D
Bix/gCN heterojunctions. Using the Kubelka-Munk
theory for indirect semiconductors, the band gap of
the 2D  Bioos/gCN  heterojunction, which
demonstrated the highest absorbance, was
determined to be 2.71 eV (Figure 4b). In the steady-
state PL spectrum presented in Figure 4c, it is
observed that the PL intensity of 2D Bio.os/gCN is
considerably lower than that of gCN, indicating
more efficient charge separation in 2D Bio.os/gCN
compared to gCN [44]. TRPL was employed to
evaluate charge kinetics and mobility of the
materials with results presented in Figure 4d. The
average lifetime of the 2D Bio.os/gCN heterojunction
decreased from 7.00 ns to 6.03 ns when compared
to gCN. This decrease in both PL, and TRES suggests
reduced recombination in 2D Bio.os/gCN, confirming
enhanced photocatalytic efficiency [45].

Photodegradation experiments were conducted
using MO to investigate the photocatalytic activity
of the obtained heterojunction. The photocatalytic
performance was assessed by degrading 5mg/L of
MO solution using 20 mg of photocatalyst at 25 °C in
a homemade photoreactor under visible light
irradiation. Initially, the photocatalysts were
introduced into the aqueous solution containing the
organic pollutant. Following optimization of the
adsorption-desorption equilibrium duration, visible
light irradiation was initiated, and UV-vis
absorbance values were recorded at regular
intervals. The comparison of photocatalytic
activities was established over a 30-minute period
for the degradation of methyl orange (MO) under
visible light exposure. Subsequently, utilizing a
calibration curve for the time-dependent MO
concentration, the photodegradation efficiency was
quantified. Among the photocatalytic materials
investigated, 2D Bi exhibited a minimal degradation
efficiency, consistent with its known sensitivity to
water. In contrast, gCN exhibited an initial
degradation of MO for up to 5 minutes, resulting in
a 36% reduction in 30 minutes. The introduction of
2D Bioos into gCN resulted in a modest
improvement, achieving a 41% degradation
efficiency (Figure 5a). The 2D Bio.os/gCN composite
similarly enhanced the degradation yield to 56%
compared to pristine gCN, attributed to improved
photophysical properties. Notably, the 2D
Bio.os/gCN heterojunction demonstrated the highest
photocatalytic performance among all tested
materials, achieving a 61% MO photodegradation
efficiency. As evidenced by the distinctive features
in the DRS spectrum, illustrated in Figure 4a, it is
noteworthy that 2D Bioos/gCN exhibits the utmost
relative absorbance capacity among the synthesized
heterojunction structures. Consequently, owing to

this heightened absorbance capacity, 2D Bio.os/gCN
demonstrates superior efficiency in contrast to
heterojunction configurations characterized by a
higher concentration of 2D Bi. This observation
underscores the pivotal role of optimal 2D Bi
loading in enhancing the absorption capabilities of
the heterojunction, consequently influencing its
overall photocatalytic performance. Furthermore,
our previous study showed that the percentage of
self-degradation of MO, i.e. photolysis, was 0.6%
[46]. To analyze the kinetics of the photocatalytic
reaction, pseudo-first-order kinetics (In(Co/Ct) = kt)
were applied. According to this kinetic equation, the
rate constant (k) for 2D Bio.os/gCN was determined
as 0.0162 min'L, representing a 2.04-fold increase in
degradation rate compared to gCN for MO
photodegradation.

The plausible mechanisms using photocatalysts
underlying the degradation of dye are delineated
herein (Equations 1-6) [47,48]. Following the
generation of photoinduced electron-hole (e/h*)
pairs, Oz molecules in the reaction medium
adsorbed onto the surface of photocatalysts. Then
the conduction band (CB) tends to appropriate the
photoinduced electrons, giving rise to superoxide
radicals (#02-) (Equations 1 and 2). These radicals,
in turn, play a pivotal role in the decomposition of
dye molecules. Nevertheless, unstable superoxide
radicals, which cannot readily engage with dye
molecules in an aqueous environment, undergo a
transformation into hydroxyl radicals («OH)
through specific reactions (Equations 3 and 4). The
resultant hydroxyl radicals adsorb onto the catalyst
surface, contributing to the disruption of dye
molecules. Conversely, the holes (h+) residing in the
valence band (VB) of photocatalysts can either
directly dismantle MO molecules or engage in
reactions with H20 to generate hydroxyl radicals.
This dualistic interplay of superoxide radicals and
holes underscores the intricate pathways through
which dye degradation is facilitated in the presence
of photocatalysts.

2D Bi/gCN + hv - e~ + h* @8]
e+ 0,05 (2)
-0; +2H* + e~ - H,0, (3)
H,0,+ e~ -»-0OH+ OH™ (4)
h*+ H,0 »-OH + H* (5)
h*/-OH/- 07 + pollutans — intermediate —

€0, + H,0 (6)

In the context of the proposed mechanism of MO
photodegradation using the 2D  Bix/gCN
photocatalyst, a visual representation is provided in
Figure 6. Band potentials for both gCN and 2D Bi
were established based on comprehensive research
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Figure 5. a) Photodegradation of MO under visible-light irradiation with gCN, and 2D Bix/gCN b)Pseudo
first-order kinetic fitting curves and the corresponding apparent rate constants (Kapp).
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Figure 6. Plausible reaction mechanism of 2D
Bix/gCN.

conducted by our group [37,49]. Upon exposure to
visible light, photogenerated electrons are
postulated to migrate from the conduction CB of
gCN to 2D Bi. These photoelectrons, present in the
CB of 2D Bi, are expected to generate «02— necessary
for the degradation of organic pollutants [39,50].
Simultaneously, photogenerated holes migrate from
the VB of gCN to 2D Bi, which possesses oxidation
potentials. This facilitates the conversion of MO into
intermediates through an oxidation process with
*OH radicals. In light of these findings, we propose
that the 2D Bix/gCN binary heterojunction functions
as a type-l heterojunction, as illustrated by this
mechanism.

3. Conclusion

In this study, 2D Bix/gCN heterojunctions were
successfully synthesized using an in situ method. A
comprehensive  array of characterizations,
including p-XRD, TEM, HAADF-STEM, DRS, Tauc

plot analysis, PL, and TRPL were performed to
investigate the structural, morphological, and
photophysical properties of gCN, 2D Bi, and the 2D
Bix/gCN heterojunction. TEM analysis illustrated
the morphological structures of gCN, 2D Bi, and the
2D Bix/gCN heterojunctions, confirming the
formation of 2D Bi within the gCN layers. Elemental
mapping via HAADF-STEM further demonstrated
the even distribution of Bi, C, and N elements within
the 2D Bioos/gCN heterojunction. DRS analysis
revealed enhanced UV-visible light absorption in
the 2D Bioos/gCN heterojunction, leading to a
reduced band gap of 2.71 eV, indicative of efficient
light harvesting. PL results indicated improved
charge separation in 2D Bio.os/gCN compared to
gCN. Photodegradation experiments using MO as a
model pollutant showed that 2D Bi had minimal
degradation efficiency, while gCN displayed an
initial degradation rate, resulting in a 36%
reduction of MO in 30 minutes. The introduction of
2D Bioo3/gCN slightly improved the degradation
efficiency to 41%. The 2D Bio.o9/gCN composite
achieved a 56% degradation yield, attributed to
enhanced photophysical properties. Notably, the 2D
Bio.os/gCN heterojunction exhibited the highest
photocatalytic performance, with a 61% MO
photodegradation efficiency. Kinetic analysis using
pseudo-first-order kinetics revealed a rate constant
of 0.0162 min-! for 2D Bio.os/gCN, which was 2.04
times faster than gCN for MO photodegradation. In
summary, the synthesized 2D  Bix/gCN
heterojunctions exhibited promising structural,
morphological, and photophysical properties, with
the 2D Bio.os/gCN heterojunction standing out as a
highly efficient photocatalyst for MO degradation
under visible light irradiation.
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Method
Materials

Bismuth (III) chloride (BiClz, 98+%), and methyl
orange (MO, 96%) were obtained from Sigma-
Aldrich. Urea (CH4N20) (99%) was supplied by
Merck. Ethyl alcohol (EtOH, absolute, 99.9%) was
received from iso-Lab chemicals. All chemicals and
solvents were used as received without further
purification unless it is noted.

Synthesis of 2D Bix/gCN

2D Bix/gCN heterojunctions were produced via
the in-situ synthesis method by combining graphitic
carbon nitride (gCN) and 2D Bi at different ratios. In
a typical synthesis of 2D Bix/gCN heterojunctions,
urea, and BiClz were dissolved in 20 ml ethanol in a
100 ml round bottom flask under vigorous stirring
with a magnetic stirring bar. The resultant mixture
was kept overnight in an oil bath at 80 °C. The
obtained powders were placed into a horizontal
quartz furnace and treated with the set program as
follows: 250 °C in 50 min with a heating rate of 5
°C/min in an N2 gas atmosphere and kept at this
temperature for 2 h. After naturally cooling down to
room temperature, the 2D Bix/gCN heterojunctions
were obtained as a powder. For the preparation of
other 2D Bix/gCN compositions, 0.03, 0.06, 0.09, and
0.12 mmol of BiCls were used in the presence of the
constant amount of urea (2 g). The obtained
products were labeled as 2D Bix/gCN (x is the mmol
of BiCl3 precursor used, x = 0.03, 0.06,0.09, and 0.12
). To synthesize pristine gCN and 2D Bi for
comparison with the binary heterojunction, we
employed modified strategies that were previously
developed by our research group [38,3].
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Figure 7. A schematic representation of the
preparation of 2D Bix/gCN.

Photocatalytic dye degradation experiments

The photocatalytic performance of 2D Bix/gCN
heterojunctions was tested in the methyl orange
(MO, 5 mg/L) degradation in a 100 mL quartz
photoreactor under visible light irradiation. A metal
halide lamp (150 W with a UV block) was placed in
a homemade photocatalytic system. Next, 20 mg of
photocatalyst was added to vials and sonicated for
15 min. Following this, the yielded dispersed
photocatalysts were added into 100 mL 5 ppm MO

solution and stirred in the dark for 30 min to reach
adsorption-desorption  equilibrium at room
temperature and normal pH. Approximately 3 ml of
sample was filtered every 5 minutes using a 0.20 um
syringe filter and the absorbance was measured at
regular intervals. After determining the optimum
time for adsorption and desorption equilibrium,
which was 30 minutes, the experiment was
continued by turning on the light source and
measuring the UV-vis absorbance values for 30
minutes. The degradation efficiency was then
calculated from these measurements.

Materials characterization

A Hitachi HT7700 with EXALENS (120 kV)
working in high resolution (HR) mode was used to
obtain TEM images, HAADF scanning transmission
microscope images, and associated EDS elemental
mapping images. The Bruker D8 Advance X-ray
diffractometer using Cu Ka radiation (1.54 A) was
used to study the X-ray diffraction (XRD) patterns.
Photoluminescence  (PL)  spectroscopy was
measured using the Agilent Cary Eclipse PL (320
nm). The nanomaterials were subjected to time-
resolved photoluminescence (TRPL) spectroscopy
using an Edinburgh Instruments FLS1000
spectrometer (377 nm). Diffuse reflectance
ultraviolet-visible-near-infrared (UV-Vis-NIR)
spectroscopy was used to study the absorption
characteristics using a Shimadzu UV-3600 UV-Vis-
NIR spectrophotometer.
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