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Abstract

In this paper, graphitic carbon nitride (g-CsN4) was prepared by direct pyrolysis of melamine and then used to synthesize P-doped
graphitic carbon nitride nanosheets with ultrasound in phosphoric acid. This simple method helps increase the trapping of light,
change the electronic property of g-CsN, and prevent charge recombination in the as-prepared photocatalyst. The useful features
of this method to prepare P-doped g-CsN4 nanosheets are its simplicity, short synthesis time, economical and environmentally
friendly. The present study demonstrates the ability of phosphoric acid to synthesize P-doped g-CsN, nanosheets with ultrasound,
which leads to an increase in photodegradation of Tartrazine under visible light.
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1. INTRODUCTION

Organic pollutants present in industrial wastewater
are of significant concern to the health of the
general public. There are several established ways
to remove such contaminants [1]. In recent years,
there has been a growing interest in the use of
semiconductors as photocatalysts for dye
degradation [2, 3].

Azo dyes are a class of synthetic organic dyestuffs
that are manufactured worldwide and have a
variety of applications such as textiles, paper,
foodstuff, and cosmetics [4]. Tartrazine is widely
used in the food and drugs industries. It also has a
high solubility in water. Some people are
susceptible to Tartrazine as it can cause breathing
difficulties. Thus, Tartrazine waste from the food
and drugs industries must be treated with
appropriate yet affordable technology before being
released to the environment [1, 5].

In recent years, the photocatalytic degradation
method has attracted increasing attention as
cleaner and greener technology for removing toxic
organic pollutants in water and wastewater [6].
Semiconductor photocatalyst appears to be a
promising technology as it has several applications
in the environmental system such as air
purification, water disinfection, water purification,
and hazardous waste remediation.

Graphitic carbon nitride was discovered in the
1830s [7]. In recent years, due to the unique
physicochemical property and electronic band
structure, graphitic carbon nitride has been
developed as a metal-free and non-toxic
photocatalyst with visible light response [8, 9, 10].
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Graphitic carbon nitride, as an analog of graphene,
has been of considerable interest due to the strong
electron donor nature of nitrogen present in g-
CsNa, which is absent in graphene [11]. It is a
defect-rich, N-bridged poly (tri-s-triazine),
whereby the defects and nitrogen atoms serve as
active sites for electron conductivity [12]. The
highly condensed tri-s-triazine ring structure
makes the polymer possess high stability
concerning thermal and chemical attacks and an
appealing electronic structure, being a medium-
gap semiconductor excitable with visible light [9,
13, 14]. The application of polymeric carbon
nitride-based photocatalysts in environmental
cleanup has also been demonstrated for the
degradation of dyes and colorless light-weight
molecules [15, 16]. In addition to this, it is a
potential candidate for other applications like CO,
reduction and hydrogen evolution [17, 18], sensors
[19,20], anticorrosion coating [21,22], and can also
be used in fuel cell and energy storage devices [23,
24].

In recent years, g-CsNs has been used for the
photocatalytic degradation of organic colors such
as Rhodamine B [25, 26], Methyl Orange [27, 28],
and Methylene blue [29, 30]. In most articles,
phosphorus-doped in g-C3N4 is produced by
thermal copolymerization [31, 32, 33]. In this
work, the synthesis of the P-doped g-CsNa
nanosheets by ultrasonic g-CsN4 with phosphoric
acid was prepared for the first time. This simple
method in the short synthesis time, exhibited novel
strategies to enhance the visible light
photocatalytic performance of g-CsNa.
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2. EXPERIMENTAL

2.1. Preparation of the Photocatalyst

The g-C3N4 powder was synthesized with direct
pyrolysis of the melamine based on the report [21].
To prepare g-CsNs 5 g melamine was put in a
crucible and was heated in a furnace for 4 h at
550°C. Then after reached to room temperature,
the pale yellow g-CsN4 was collected and milled to
powder.

The mixture of phosphoric acid and g-CsN4 (1.8 g
L") was exposed to ultrasound irradiations to
prepare the P-doped g-CsN: nanosheets
photocatalyst for 6 h. The color change from
yellow to milky white was observed. Then the
mixture was centrifuged for 15 min at 5000 rpm
and residual dried in an oven at 60°C for 12 h to
study the P-doped g-CsNs nanosheets phase,
morphology, composition, and structure by using
field emission scanning electron microscopy and
X-ray diffractometer. Then the electrochemical
properties of the P-doped g-CsN4 nanosheets were
studied by impedance spectroscopy and cyclic
voltammetry.

2.2. Photocatalytic activity measurement

The photocatalytic activities were evaluated by
degradation of Tartrazine solution under visible
light irradiation. The bulk g-CsN4 (1.8 g L) was
dispersed in phosphoric acid solution (0.1mol L)
and exposed to ultrasound irradiations for 6 h.
Then 20 mg L*' of Tartrazine was added to
photocatalyst. The mixture was stirred in the dark
for 30 min to reach the adsorption-desorption
equilibrium. Then the mixture was exposed to
visible light for 100 min, and approximately 5 mL
of it was collected at selected times during the
photoreaction process and centrifuged at 5000 rpm
for 10 min to separate the photocatalyst. The
adsorption changes in the solutions during the
photocatalytic process were investigated by
spectrophotometer.

3. RESULT AND DISCUSSION

3.1. Characterization

Fig. 1 displays the XRD patterns of the pure-g-
C3Ns4 and P-doped g-CsNa. Typically, g-CsNa
powder shows two diffraction peaks. One of them
at about 27.3°, corresponding to the inter-planar
stacking peak of the conjugated aromatic system,
which could be indexed as the (002) diffraction
plane. The other at about 13.1° corresponds to the
in-plane structural packing motif of the tri-s-
triazine units, which could be correctly indexed to
the (100) diffraction plane for graphitic materials
(Fig. 1a) [34].

It is worth noting that both the (002) and (100)
peaks can be observed in the X-ray pattern of P-
doped g-CsN4 nanosheets, indicating that the basic
structure of g-CsNa is preserved. The (002) and

(100) Peaks intensities decreased for P-doped g-
CsNs nanosheets compared to bulk-g-CsNsa,
showing the thin and few-layered analysis (Fig. 1b)
[35]. The results show that in addition to doped
phosphorus to graphitic carbon nitride, secondary
graphitic carbon nanosheets have also been created
using this method, which improves photocatalytic
efficiency.
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Fig. 1. XRD pattern of (a) bulk g-C3sNa4 and (b) P-doped
9-C3Na.

In order to confirm the effect of H3PO4 on the
morphology of the as-prepared catalyst, the
morphologies of the representative samples were
examined by FESEM analysis. As depicted in Fig.
2a, the g-CsN4 sample exhibited a layered, stacked
texture surface and plate-like structure. As shown
in Fig. 2b, the treatment with HsPO4 had markedly
changed the morphology of g-CsN4, causing the g-
CsNg4 layer structure to disappear, and the g-CsNa
nanosheets form [35].

Fig. 2. FESEM images of (a) bulk g-C3Na, (b) P-doped
g-CsNa nanosheets and EDS elemental mapping images
of (c) P-doped g-CsNg4, (d) C element, (e) N element and
(f) P element.
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Meanwhile, the energy dispersive spectroscopy
(EDS) elemental mapping of P-doped g-C3N4 was
performed to display the distribution patterns of
the components (Fig. 2¢). As shown from Fig. 2(d-
f), all three major elements (C, N, and P) are
uniformly distributed in the P-doped g-CsNa
sample.

The P-doped g-CsN4 exhibited enhanced visible
light photocatalytic performance. This synthesis
method is beneficial for tuning the bandgap
structure, enhancing light trapping, accelerating
charges  separation and inhibiting the
recombination of the photo-induced electron-hole
pairs.

3.2. Electrochemical Characterization

The electrochemical properties of g-CsNa before
and after HsPO,4 treatment were investigated by
electrochemical impedance spectroscopy. The
electrochemical impedance spectroscopy
measurements are carried out over a frequency
domain from 100 kHz to 0.1 Hz at open circuit
potential.  The electrochemical impedance
spectrum shown in Fig. 3A implies the decreased
electron transfer resistance in P-doped g-CsN.
nanosheets than bulk-g-C3N4 because of the much
smaller diameter of the semicircular Nyquist plots.
Thus, the P-doped g¢g-C3Ns4 nanosheets show
improved charges separation and electronic
conductivity, which result in enhanced
photocatalytic activity.

Then the electrochemical responses of g-CsNa
were studied by measuring the cyclic voltammetric
(Fig. 3B). The voltammetric response of g-C3N4
after HsPO4 treatment was significantly improved
compared to HCI. The enhanced voltammetric
response of p-doped g-CsN4 nanosheets indicates
that the electronic conductivity of g-CsN.
improved after HsPO, treatment. Therefore, in this
work, g-C3N4 was used after HsPO4 treatment for
the photodegradation of Tartrazine.
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Fig. 3. (A) Electrochemical impedance spectroscopy
plots and (B) Cyclic voltammograms of (a) bare
(graphite pencil), (b) graphite/g-CsN4 treatment with
HCI and (c) graphite/g-CsNa treatment with HsPOa in 5
mmol L' [Fe(CN)s]*.

3.3. Effect of Catalyst Amount

Degradation of dye is affected by the amount of
photocatalyst. Results obtained from experiments
on dye degradation using different amounts of P-
doped g-CsN, from 1.4 to 2.2 g L were illustrated
in Fig. 4A. In the photocatalytic process, the
reaction has taken place on the surface of the
catalyst, so the amount of catalyst loaded into the
system can affect the performance of this reaction.
The increase in catalyst amount increases the
number of active sites on the photocatalyst surface,
thus causing an increase in the formation of the
number of OH radicals that can take part in the
actual discoloration of dye solution. However, the
amount of degraded Tartrazine increased with
catalyst loading up to 1.8 g L™* but decreased after
further loading. This is because excess catalysts
concentration increases the turbidity of the
solution, which in turn reduces the light
transmission through the solution.

"2 ](A)

S
g ey b
oA =< 3 é
-
02 d
od
D 10 2 0 4 % @ W W % 10 1o
Teme fming
(B) owx "1 Lamon
s d
[
.
" * > 7
z 0 ~ __///f c
- S
g % //_‘;“{!
3 an o F
? A
s _:‘—//
= - . @
» 50 ) %0 10
Time (min)
- - - - a8
o 04 s -
o] - . b c
g o
-
£
L8
- f
R e
A2 * d

o 10 20 0 &0 50 &0 70 80 80 100 0
Tine (min)

Fig. 4. (A) Photocatalytic degradation, (B)
Photocatalytic ~ degradation percentage and (C)
Photodegradation rate of 20 mg L of Tartrazine under
visible light irradiation with different amounts of (a) 0,
(b) 1.4, (c) 1.6, (d) 1.8, (¢) 20 and (f) 2.2 g L*
photocatalyst.

Fig. 4B shows that after 100 min, the degradation
percentage was at a maximum with about 85% at
1.8 g L? of catalyst loading. Thus, the optimum
amount of catalyst loading was found to be 1.8 g
L
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Also, the effect of photocatalyst amount on the
Tartrazine degradation rate showed that the highest
degradation rate occurred at the optimum
photocatalyst amount, where the slope of the
degradation plot showed the highest value (Fig.
4C). As shown in Table 1, the degradation rate of
Tartrazine has presented the highest value at the
optimum amount of photocatalyst. The
photodegradation rate was obtained 0.0004,
0.0069, 0.007, 0.012, 0.0097 and 0.0008 min-* for
P-doped ¢-CsNs nanosheets, with different
concentration of 0, 1.4, 1.6, 1.8, 2.0 and 2.2 g L*
of g-C3N4 respectively. The photocatalyst with 1.8
g-CsN4 showed the highest photodegradation rate.
Also, the best correlation coefficient (R?) is 0.9964
and suggests a reasonably good fit between the
degradation rate of Tartrazine and time.

The photocatalytic efficiency of the P-doped g-
CsN4 nanosheets has been compared with different
photocatalysts which were shown in Table 2. This
Table shows that the photodegradation time of
Tartrazine is more in the reported photocatalysts.
Also, the degradations have been performed either
with lower dye concentration or a higher amount
of photocatalyst compared to the present study.
These are some of the advantages of this
photocatalyst. So, the P-doped g-CsN. nanosheets
showed better photodegradation of Tartrazine
under visible light compared to the reported
photocatalysts.

3.4. Effect of electrolyte

Tartrazine photodegradation was performed in two
electrolytes with different compositions, and the
effect on photocatalytic performance was
investigated. The photodegradation of 20 mg L™!
Tartrazine on g-C3Ns were examined in various

supporting  electrolytes, with  the same
concentration (0.1 mol L™!) of phosphoric acid and
hydrochloric acid. The photocatalytic properties of
g-CsNs4 were studied after HsPOs and HCI
ultrasonic  treatment by measuring their
photocatalytic performance (Fig. 5). The P-doped
g-CsN4 nanosheets show excellent photocatalytic
performance and indicate the separation efficiency
of the photo-induced electron-hole pairs is further
improved. The H3PQO, treatment not only helps to
form the g-CsNs nanosheets but also tunes the
bandgap of g-CsN.. Thus, these synergistic effects
lead to improved photocatalytic degradation
performance of Tartrazine under visible light.

The results show that using phosphoric acid as an
electrolyte increases  the photocatalytic
degradation performance of Tartrazine compared
to hydrochloric acid. The photocatalyst was
prepared in the referred supporting electrolyte for
the photodegradation process.
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Fig. 5. Effect of electrolyte type: (a) HCI and (b) H3PO4
on photodegradation of Tartrazine.

Table 1. Photocatalytic degradation rate of Tartrazine with different amounts of photocatalyst under visible light.

Photocatalyst concentration  Line equation Line slop R?
(gL (Tartrazine degradation rate)
0 Y =-0.0004x + 0.0007 -0.0004 0.8851
14 Y =-0.0069x + 0.0389 -0.0069 0.9858
1.6 Y =-0.007x + 0.0733 -0.007 0.9599
1.8 Y =-0.012x + 0.0254 -0.012 0.9964
2.0 Y =-0.0097x + 0.0805 - 0.0097 0.979
2.2 Y =-0.008x + 0.0876 - 0.008 0.9172
Table 2. Comparision of different photocatalysts in photodegradation of Tartrazine.
Photocatalyst Concentration of Amount Irradiation Light % Reference
Tartrazine of catalyst  time (min) source Degradation
Cu-modified silicon  1.035 x 10°mol LT NA 200 uv 67.45 [36]
nanowires
LaFeOs/ ZnO 10mgL* 3gL? 180 uv 84.00 [37]
TiO2 0n magnetic 1x10°mol L* 2gL? 120 uv 80.00 [38]
particles
Periwinkle shell ash 30 mg L™ 5gL? 60 uv 85.00 [39]
p-doped g-C3Ns 20mg L 18gL? 100 Visible 85.00 Present
nanosheets work




V. Haji Aghaei and N. Ajami / Ultrasound-Assisted Synthesis of P-Doped .... | 103

3.5. Effect of adsorption time on the photocatalytic
behavior of the g-C3N4

The  relationship  between  photocatalytic
performance and adsorption time of Tartrazine, on
the P-doped g-CsN4 nanosheets surface, with 1.8 g
L' concentration in the dark at 25°C was
investigated in a range of 15-45 min (Fig. 6). As a
result, the adsorption of dye on the surface is
altered, thereby causing a change in the reaction
rate. Compared with the bulk-g-C3Ns, the
absorption of the band edge of P-doped g-CsNa
nanosheets show significant enhancement in
photocatalytic removal of Tartrazine. The
synergistic effect between increasing the specific
surface area and the number of active sites in the
photocatalyst increases the amount of dye
adsorbed on the photocatalyst surface, and as a
result, increases the photocatalytic degradation
performance. After reaching the equilibrium time
of 30 min, the photocatalyst adsorption rate
decreases with increasing time up to 45 min,
indicating that the optimum contact time for
Tartrazine adsorption is 30 min.
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Fig. 6. Effect of adsorption time: (a) 15, (b) 30, (c) 45
min on photodegradation of Tartrazine.

3.6. Effect of Ultrasonic time on the photocatalytic
behavior of the g-CsN4

The relationship  between  photocatalytic
performance and ultrasonic time of g-CsN4 in
phosphoric acid was investigated in a range of 4.0-
8.0 hours. The photocatalytic performance of
ultrasonic g-CsN4 in phosphoric acid compared to
the bulk-g-CsN4 was enhanced. This strategy is
beneficial to increase the surface area, enhance
light trapping, accelerate charges separation and
create more active sites.

The ultrasonic g-C3N4 in phosphoric acid shows
significant enhancement in photocatalytic removal
of Tartrazine. As shown in Fig. 7, the
photocatalytic performance exhibits a significant
enhancement by increasing the ultrasonic time
from 4.0 to 6.0 hours, but this effect is constant
with increasing time to 8.0 h. The photocatalytic

degradation rate remains almost unchanged after
6.0 h. So it was selected as the best ultrasonic time
for g-CsNa. After this time, P-doped ¢-C3N4
nanosheets are formed, which are shown by
FESEM images (Fig. 2).
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Fig. 7. Effect of ultrasonic time: (a) 4.0, (b) 6.0, (c) 8.0
hour on photodegradation of Tartrazine.

4. CONCLUSION

In summary, graphitic carbon nitride (bulk-g-
CsN4) was fabricated by direct pyrolysis of
melamine and then was sonicated in phosphoric
acid to prepare P-doped g-C3N4 nanosheets. In this
simple method, the P-doped g-CsNs nanosheets
would enhance light trapping and increase charge
separation, which makes it a more efficient
photocatalyst than a bulk g-CsNa counterpart to
remove Tartrazine. The performance of the
photocatalytic activity is correlated to the structure
of g-C3sNg, and the results showed that the p-doped
0-CsN4 nanosheets enhanced the photodegradation
of Tartrazine under visible light.

Several characterizations investigated the changes
in the crystal structure, microstructure, and optical
properties of g-CsN4. The useful features of this
method to prepare the P-doped g-CsN. nanosheets
are its simplicity, short synthesis time, economical
and environmentally friendly. The present study
demonstrates the ability of phosphoric acid to
prepare the P-doped g¢g-CsNs nanosheets with
ultrasound. We have obtained good results for P-
doping based on this method, which can be used
for different samples in the future, especially
carbon allotropes.
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