Anh hwéng cua pha tap boron dén cau tric tinh thé, hinh
thai, nang lwong viing cadm va hoat tinh quang x(c tac caa
g-C3Na4

TOM TAT

g-CsN4 va g-C3N, pha tap boron di duogc tdng hop thanh cong bang phuong phép ngung tu don gian urea va
hdn hop urea va boric acid twong tng. Anh hudng cua pha tap boron 1én cau trdc tinh thé, hinh thai bé mat, ndng
lwong ving cam va tinh chét quang xGc tac cua g-CsN4 da dugc nghién ciu mot cach c6 hé théng théng qua nhiéu ki
thuat khac nhau bao gom nhiéu xa tia X (XRD), quang phd hong ngoai bién ddi Fourier (FT-IR), hién vi dién tur quét
(SEM) va Quang pho phan xa khuéch tan tia cuc tim (UV-Vis DRS). Ngoai ra, dong hoc cua cac phan img quang xdc
tac va anh huong cua lugng chat xuc tac quang dén hiéu suat phan hiy quang methyl blue (MB) da duoc khao sét.
Két qua cho thay tat ca cac mau déu thé hién hoat tinh quang x(c téc trong viing anh sang kha kién. Pang chii ¥, mau
B-g-C3N;-1:30-500,550 c6 hiéu suat phan huy quang cao nhat, dat 92%.

Tir khéa: g-CsN, va g-CsN4 pha tap boron, quang xdc tac, chiéu xa anh sang kha kién va phan huiy MB.



Influence of boron doping on the crystal structure,
morphology, band gap and photocatalytic activities of g-CsNa4

ABSTRACT

Undoped g-CsNs and boron-doped g-CsNa photocatalysts were synthesized successfully using the facile
condensation method, in which urea and a mixture of urea and boric acid were heated, respectively. The effect of
boron-doping on the crystal structure, surface morphology, bandgap energy, and photocatalytic properties of g-CsNa
was systematically investigated through various techniques including X-ray diffraction (XRD), Fourier Transform
Infrared Spectroscopy (FT-IR), Scanning Electron Microscopy (SEM), and Ultraviolet-Visible Diffuse Reflectance
Spectroscopy (UV-Vis DRS). Additionally, the kinetics of photocatalytic reactions and the impact of the photocatalyst
amount on the efficiency of Methyl Blue (MB) photodegradation were examined. The results revealed that all samples
exhibited photocatalytic activity in the visible light region. Notably, the sample B-g-C3sN4-1:30-500,550 demonstrated

the highest photodegradation efficiency, reaching 92%.

Keywords: g-CsNa, boron-doped g-CsNa, photocatalysis, visible-light irradiation, and MB degradation.

1. INTRODUCTION

Environmental  pollution, particularly
water pollution caused by persistent organic
pollutants, is becoming a major global concern
due to the constant growth of population and
modern industry.! Photocatalysis is considered an
attractive method that has gained worldwide
attention in research. Photocatalysis, an advanced
photochemical oxidation process, has been
extensively studied for its potential applications
in  wastewater treatment. Compared to
conventional methods, photocatalysis based on
semiconductors offers many advantages. In
recent years, there has been a notable increase in
interest in g-CsN4 due to its unique electronic
structure,?® suitable bandgap (approximately 2.7
eV) for visible-light-driven photocatalysis,* high
thermal and chemical stability, and non-toxicity.®
However, a major drawback of g-CsNy is its fast
recombination rate of photo-induced electrons
and holes, which reduces its efficiency in
degrading  organic  compounds  through
photocatalysis.® Consequently, the development
of g-CsNgs-based photocatalytic materials with
higher activity for wastewater treatment has
garnered significant attention from both domestic
and foreign.”® Various approaches have been
employed to modify the properties of g-CsNa,
such as metal and non-metal doping,’
nanostructure modification,*® and heterojunction

construction.t* Among these approaches, non-
metal doping is considered an effective method
for lowering the recombination rate of electron-
hole pairs and enhancing photocatalytic
performance. Recent reports have demonstrated
that doping boron into g-CsNs results in unique
structural and electronic changes, making it a
potential candidate for wastewater treatment.*2*3

In this paper, we systematically investigate the
effect of boron-doping on the crystal structure,
surface  morphology, bandgap energy, and
photocatalytic properties of g-C3Na.

2. EXPERIMENT
2.1. Chemicals

All of the starting materials used in this
paper were of analytic grade and were ultized
without further purification.

2.2. Synthesis of g-CsN4 and boron-doped g-
CsNs

To prepare the mixture of urea and boric
acid with different weight ratios, it was necessary
to finely grind them together using an agate
mortar. Once properly ground, the mixture was
transferred into a porcelain bowl and sealed with
aluminum foil. This step was crucial to prevent
the sublimation of precursors and promote the
condensation of products. The sealed bowl
containing the mixture was then placed into a
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furnace. The annealing process began by heating
it at 500 °C for 2 hours. After this initial
annealing, the temperature was raised to 550 °C
and maintained for another 2 hours. The heating
rate during both annealing stages was set at 10 °C
per minute. Once the sintering process was
finished, the furnace was let to naturally cool
down to room temperature before the sample was
removed.

To ensure the removal of any unreacted
impurities, the obtained sample was washed
several times with ethanol. The sample was then
denoted as B-g-CsN4-n:m, where n:m represents
the weight ratio of boric acid to urea (options
included 1:10, 1:20, 1:30, 1:40, and 1:80). For
comparison purposes, pure g-CsNs was also
synthesized following the same procedure, but
without the addition of boric acid.

2.3. Material characterizations

Samples were analyzed using X-ray
diffraction (XRD) to obtain their XRD patterns.
The XRD measurements were conducted at room
temperature using a D8 Advance Brucker
diffractometer operated at 40 kV and 100 mA,
with Cu-Ko radiation (Ax« = 1.5406 A). The
scanning range was set between 20 and 80° at a
step size of 0.03°. The Fourier Transform Infrared
(FT-IR) spectra of the samples were recorded
within the range of 4000 to 400 cm™ using an
IRAffinity-1S spectrometer. To investigate the
optical properties of the photocatalysts, UV-Vis
Diffuse Reflectance Spectroscopy (UV-Vis DRS)
was performed using a Jasco-V670 UV-Vis
spectrometer. The particle size and surface
morphology of the samples were examined using
Scanning Electron Microscopy (SEM) with a
NanoSEM-450 instrument.

2.4. Photocatalytic activities of g-C3sN4 and B-
doped g-CsN.

The photocatalytic activities of all the
samples obtained were evaluated by studying the
degradation of MB in an aqueous solution under
visible light irradiation. In this experiment, 0.03
g of the photocatalyst was added to 80 mL of an
MB solution with a concentration of 10 mg/L in
a 250 mL glass beaker. The mixture was then
stirred continuously in the dark for 2 hours,
allowing the adsorption and desorption processes
of MB molecules on the catalyst surface to reach
equilibrium.  After this, the synthesized
photocatalysts were subjected to six hours of
irradiation using a tungsten filament lamp (60 W
-220 V).

At specific intervals of irradiation, 7 mL of

the mixed suspension was extracted and
centrifuged at 6000 rpm for 20 minutes to remove
the catalyst from the mixture. The residual MB
concentration was then measured by analyzing
the absorbance at 663 nm using a UV-Vis CE-
2011 spectrometer. The photodegradation
efficiency of MB was calculated using the
following formula:

C,-C

H% = .100

0

In which, C, is the initial concentration of
MB and C is the remaining concentration of MB
after each corresponding irradiation time.

3. RESULTS AND CONCLUSION

3.1. Effect of the Boron concentration on the
crystal structure of g-CsN.

The crystal structure of undoped g-CsNa
and boron-doped g-C3sN; samples was
investigated using XRD and FT-IR techniques.
Figure 1 displays the XRD patterns measured at
room temperature for both g-C3N4 and B-g-C3Ns-
n:m samples.
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Figure 1. XRD patterns of g-C3sN4 and B-g-C3Na-n:m-
500,550.

Experimental results reveal that all
samples exhibit two characteristic peaks of g-
CsN4 at 20 = 12.7 and 27.4°. This suggests that
doping boron into g-CsN4 does not alter its crystal
structure. The peak at 20 = 12.7° corresponds to
the periodic arrangement of tri-s-triazine units in
the crystal plane (100), while the peak at 20 =
27.4° represents the arrangement of aromatic
conjugate systems on the crystal surface (002).
Upon introduction of boron, the peak associated
with the crystal surface (002) undergoes a slight
shift towards smaller angles depending on the
concentration of B. This shift may be attributed
to the replacement of C or N atoms by B atoms.**
Furthermore, the intensity of the peak at 26 =
27.4° decreases with increasing B concentration,
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indicating that boron doping results in a decrease
in the crystallinity of g-CsNa4. This finding is
consistent with previous reports,14-16
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Figure 2. FT-IR spectra of g-CsNsand B-g-C3Ns-n:m-
500,550.

Changes in the crystal structure of g-C3sN4
with added boron were also investigated by FT-
IR analysis. The results displayed in Figure 2
indicate that all doped samples still exhibit
characteristic peaks of the structural bonds
present in g-CsNs. This observation further
confirms that boron doping does not alter the
crystal structure of g-C3sN4. Specifically, the peak
at 813.96 cm* corresponds to the breathing mode
of the tri-s-trazine units. Meanwhile, the range of

(e); B-g-C3N4-1:10 (f).

Figure 3. SEM images of g-CsN4 (a); B-g-CsNs-1:80 (b); B-g-C3N4-1:40 (c); B-g-C3N4-1:30 (d); B-g-CsN4-1:20

peaks from 1240.23 to 1635.64 cm™ is associated
with the valence oscillation of C-N bonds in
conjugated aromatic rings. Additionally, there are
broad absorption bands in the range of 2900 to
3400 cm, which correspond to the stretching
vibration modes of the N-H bond and the
hydroxyl group of adsorbed water molecules.
Furthermore, it was observed that the intensity of
the peaks in the range of 1240.23 to 1635.64 cm-
Lslightly decreases with increasing boron content.
This could be attributed to the overlap between
the C-N stretch and the typical vibration of the B-
N bond at 1370 cm™,1718

3.2. Effect of the B concentration on the
surface morphology of g-C3sN,

The effect of the doped B content on the
surface morphology of obtained samples was
investigated by SEM. Figure 3 displays SEM
images of both undoped g-C3N4 and boron-doped
g-CsN4 samples with different resolutions.

Analysis of the SEM images shown in
Figure 3 reveals that the surface morphology of
the samples after boron doping does not differ
significantly from that of the undoped sample.
Additionally, it is worth noting that the particle
sizes of all the obtained samples are in the
nanoscale range.



3.3. Effect of the B concentration on the band
gap energy of g-C3Ny

As the photocatalytic performance of
semiconductors is strongly influenced by their
optical absorption behavior, we used UV-Vis
Diffuse Reflectance Spectroscopy (UV-Vis DRS)
to investigate the optical absorption of g-CsNa4
and B-g-CsNs-n:m samples. Figure 4 shows the
UV-Vis DRS spectra of all the samples.
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Figure 4. UV-Vis DRS spectra of g-CsNs va B-g-
C3Ng-n:m samples.

Our findings reveal that most of the
synthetic samples are capable of absorbing light
in the visible region. The absorption band extends
from the near-ultraviolet to the visible region,
with the absorption edge occurring at a
wavelength of approximately 500 nm. Compared
to the g-CsN. sample, the ability of most B-doped
C3N4 samples to absorb light in the visible region
slightly decreases. Notably, the B-g-C3Ns-1:80
sample exhibits a stronger shift of the absorption
edge towards longer wavelengths than the pure g-
C3N4 sample and the remaining doped samples.
This suggests that the B-g-CsN4-1:80 sample has

the best adsorption capability in the visible region.

The variation in absorption edges among the B-
doped samples implies that B has become
incorporated into the structure of g-CsN4, thereby
altering the intrinsic electronic properties of pure
g-C3N4.

To determine the band gap energy of the
samples, we plotted a graph of Kubelka-Munk
[F(R) hv]*? dependence on absorbed photon
energy. The results are presented in Table 1. It is
worth noting that previous studies have
demonstrated that boron doping in g-CsN. leads
to a reduction in the band gap energy.!4819
However, in this particular study, the band gap
(Eg) of the doped samples is generally higher

than that of undoped g-CsN4 (which is 2.90 eV).
This discrepancy may be attributed to the use of
urea as the precursor in this research, instead of
melamine or thiourea commonly used in other
studies. The band gap energy increases with the
B concentration, which suggests a decrease in the
photocatalytic activities of boron-doped samples
compared to undoped g-CsNa.

Table 1. Variation in the band gap energy for g-CsNa
and B-g-CsNs-n:m.

Sample Band gap energy (eV)

g-CsNq 2.90
B-g-C3N,-1:80 2.86
B-g-C3N,-1:40 3.05
B-g-CaN4-1:30 2.97
B-g-CaN4-1:20 3.06
B-g-C3N4-1:10 3.22

3.4. Effect of the B concentration on
photocatalytic activities of g-CsNa

The organic pollutant chosen to evaluate
the photocatalytic performance of all the obtained
samples was MB. Figure 5 shows the graph
depicting the dependence of C/Co, on time, where
Co represents the concentration of the MB
solution after 2 hours of being kept in the dark,
and C represents the concentration of the MB
solution after t (in hours) of irradiation.
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Figure 5. C/C, as a function of irradiation time for g-
CsNa4 va B-g-C3Ngs-n:m samples.

Figure 5 and Table 2 present the graph
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and data, respectively, for the dependence of
MB's C/Co on irradiation time and the
photodegradation efficiency of boron-doped g-
CsN4 and undoped g-CsN4 materials after 6 hours
of irradiation. The experimental results
demonstrate that the photodegradation efficiency
increases with a small amount of B doping.
Specifically, after 6 hours of irradiation, the
catalytic efficiency of g-C3N4 is 26.97%, while B-
g-CsN4-1:80-500,550 exhibits a higher efficiency
of 43.13%. This improvement can be attributed to
the decrease in the band gap energy of the pure
material sample g-CsN4 (2.90 eV) compared to B-
g-CsNs-1:80-500,550 (2.86 eV).

Table 2. MB photodegradation efficiency for g-CsN.
and B-g-C3N4-n:m samples after 6 hours of irradiation.

Sample Photpc_ieg radation
efficiency (%)

g-CsNs 26.97
B-g-C3N4-1:80 43.13
B-g-C3N4-1:40 63.44
B-g-CsN4-1:30 68.09
B-g-CaN4-1:20 54.90
B-g-C3N4-1:10 12.76

It is worth noting that the MB
photodegradation efficiency of B-g-CsNs-1:10-
500,550 is extremely low, at only 12.76%. This
aligns well with the high band gap energy value
of 3.22 eV, which prevents the photocatalyst
from effectively absorbing visible light.

Compared to the g-CsNs sample, B-g-
C3N4-1:40, B-g-CsN.-1:30, B-g-CsN.-1:20, and
B-g-C3N4-1:80  exhibit  better  catalytic
decomposition performance. Notably, B-g-CsN.-
1:30 showcases the highest photodegradation
efficiency of 68.09%, making it the best material
among the synthesized samples in terms of
photocatalytic activity.

3.5. Evaluation of photocatalytic reaction
kinetics

The kinetics of photocatalytic reactions
for g-CsNs and B-g-CsNs-n:m samples were
evaluated using the Langmuir-Hinshelwood
model, which represents the irradiation time
dependence of the In(Co/C).

Figure 6 shows that the irradiation time
dependence of In(Co/C) is linear. This indicates

that the photodegradation of MB for both g-C3N4
and B-g-CsNs-n:m samples follows the
Langmuir-Hinshelwood model, with a high
coefficient of determination (R?> 0.983).

14w o-CaNg y = 0,0500x + 0,0082
o B-g-C3N4-1:80-500,550 y = 0,0845x + 0,0069
| & B-g-C3N4-1:40-500550 y=0,1674x + 0,0547
v B-g-C3N4-1:30-500,550 y = 0,1899x - 0,0299 v
| & B-g-C3N4-1:20-500,550 y = 0,1330 + 0,0470
« B-g-C3N4-1:10-500,550  y = 0,0232x + 0,0029

Irradation time (h)

Figure 6. Ln(C,/C) as a function of irradiation time for
g-CsN4 va B-g-CsNs-n:m samples.

The evaluation of the photocatalytic
reaction Kkinetics, as shown in Table 3, reveals the
obtained data for g-CsNs and B-g-C3Ns-n:m
samples. It is observed that most of the boron-
doped g-CsN4samples have higher constant rates
compared to the pure g-CsN4 sample. Specifically,
the sample B-g-C3N4-1:30 exhibits the highest
rate constant (k = 0.1899, R? = 0.9955), which is
three times higher than the pure g-CsN4 sample (k
=0.0500, R? = 0.9951). This finding is consistent
with their respective photocatalytic performances.

Table 3. Obtained data for g-C3sN4 and B-g-CsNa-n:m
samples as evaluation of photocatalytic reaction
kinetics following the Langmuir — Hinshelwood
model.

Sample Kapp (N) R?

g-CsN4 0,0500 0,9951

B-g-CsN4-1:80 | 0.0845 0.9951

B-g-CsNs-1:40 | 0.1074 0.9895

B-g-CsN4-1:30 | 0.1899 0.9955

B-g-CsN4-1:20 | 0.1330 0.9832

B-g-CsN4-1:10 | 0.0232 0.9623

3.6. Effect of the amount of catalyst on
methylene blue photodegradation efficiency



The amount of photocatalyst plays a
crucial role in heterogeneous photocatalysis as it
directly affects the photocatalytic activities. In
this study, we investigated the impact of varying
photocatalyst amounts (0.01, 0.02, 0.03, 0.04, and
0.05 g) of B-g-CsN:-1:30-500,550 on the
photocatalytic degradation of a 20 mg/L
concentration of MB. The results are presented in
Figure 7 and Figure 8.
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Figure 7. C/C, as a function of the irradiation time
with different amounts of B-g-C3Ns-1:30.
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Figure 8. Photodegradation efficiency as a function of
the photocatalyst amount for B-g-C3N.-1:30 after 6
hours of irradiation.

Figure 7 and Figure 8 illustrate that the
photodegradation  efficiency  significantly
increases from 68% to 92% as the amount of
photocatalyst increases from 0.01 g to 0.03 g.
This can be attributed to the larger number of
active sites provided by the increased amount of
photocatalyst, resulting in more free radicals HO»
(the main agents involved in the decomposition
of organic compounds). However, when the
amount of photocatalyst exceeds 0.03 g and
reaches 0.05 g, the photodegradation efficiency
decreases from 92% to 69%. This decrease may
be due to the increased turbidity of the solution

resulting from a large amount of photocatalyst,
which reduces its light absorption capacity and
consequently diminishes the MB
photodegradation efficiency. Additionally, an
excessive amount of photocatalyst can cause the
agglomeration of catalyst particles, leading to a
decrease in surface area and, consequently, a
decrease in photodegradation efficiency.

4. CONCLUSION

This study focused on the synthesis and
characterization of undoped g-CsN4 and boron-
doped g-CsNs photocatalysts. A simple
condensation method was employed to
synthesize the photocatalysts by heating urea
alone or a mixture of urea and boric acid. Various
techniques such as XRD, FT-IR, SEM and UV-
Vis DRS were employed to investigate the effect
of boron-doping on the crystal structure, surface
morphology, bandgap energy, and photocatalytic
properties of g-CsNs. The kinetics of
photocatalytic reactions and the impact of the
amount of photocatalyst on the efficiency of
methylene blue (MB) photodegradation were
examined. The results showed that all the samples
exhibited photocatalytic activity in the visible
light region. Particularly, the sample B-g-C3Ng-
1:30-500,550 exhibited the highest
photodegradation efficiency of 92%.
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