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Abstract: The volume of dye production in the chemical industry is growing rapidly every year.
Given the global importance of clean water resources, new wastewater treatment solutions are
required. Utilizing photocatalysis by harvesting solar energy represents a facile and promising
solution for removing dangerous pollutants. This study reports the possibility of increasing the
photocatalytic activity of g-C3Ny by creating nanocomposites with ZnO. Exfoliated g-C3N4/ZnO
nanocomposites were synthesized by heat treatment of urea and subsequent ultrasonic exfoliation
of the colloidal solution by introducing zinc acetate. The uniformity of the distribution of ZnO
nanoparticles is confirmed by the method of elemental mapping. The obtained X-ray diffractograms
of the obtained nanocomposites show typical X-ray reflections for g-C3N,4 and ZnO. It was found
that the introduction of oxide into g-C3Ny leads to an increase in the specific surface area values due
to the developed ZnO surface. The maximum value of the specific surface area was obtained for a
sample containing 7.5% ZnO and was 75.2 m?/g. The g-C3Ny/7.5% ZnO sample also demonstrated
increased photocatalytic activity during the decomposition of methylene blue under the influence of
visible light, which led to a twofold increase in the reaction rate compared to initial g-C3Njy.

Keywords: graphitic carbon nitride; photocatalysts; g-C3N4/ZnQO; visible light; photocatalytic degradation

1. Introduction

In the modern world, the rapid development of technology inevitably leads to an
increase in the production of an ever-growing number of new chemical compounds. Such
compounds are widely used in various industries [1-3]. Organic compounds, which are
the basis of industrial dyes, are especially dangerous because their decomposition products
can have a detrimental effect on living organisms when released into the environment [4,5].
Spreading through water, they can affect people and wildlife at a considerable distance from
their original sources. Organic compounds also decompose at a slow rate and therefore
accumulate and spread along the food chain. Consequently, when released into reservoirs
with industrial wastewater, they disrupt the overall ecological balance of aquatic ecosys-
tems [6,7]. In this regard, interest in the problem of industrial wastewater treatment has
been growing recently.

Currently, physico-chemical, biological, and various other methods are used to solve
this problem, which require expensive tools and can also lead to secondary contamina-
tion [8-12]. The photocatalytic decomposition process is a safe and effective method that
can be used to remove organic pollutants from aquatic environments. Using this method,
the photocatalyst converts toxic organic dyes into non-toxic intermediates under the influ-
ence of ultraviolet or visible light [13-16]. The development of such catalytic materials is
an important task.

In past decade, nanoscale materials gained considerable importance due to their
unique properties caused by scale factor absent in their bulk form. The reason for their
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use in a large number of applications is due to their enhanced catalytic, optical, and
electronic properties at the nano level. Nanoscale transition metal oxides are considered
the most promising catalysts for wastewater treatment in a simple, reliable, fast, and
environmentally friendly way considering their high photocatalytic activity, excellent
solubility, and stability [17-22]. Among them, zinc oxide (ZnO) stands out especially.
ZnO is a nontoxic, low-cost, and broadly available semiconductor that is widely used in
photocatalytic degradation of organic dyes and photocatalytic decomposition of hydrogen
generated from water. The nanostructured ZnO as compared to other nanostructures had
gained importance because of ease in its fabrication and a number of applications. In
order to use it as an efficient photocatalyst for the decomposition of organic pollutants, it is
important to extend the work spectrum of ZnO from UV to the visible light region, increase a
low specific surface area, and hinder the recombination of the photogenerated electron-hole
pairs to improve the photocatalytic efficiency of ZnO [23]. To eliminate this disadvantage,
it is proposed that new promising carbon-based materials be used as carriers [24,25]. One
such material is graphite-like carbon nitride (g-C3Ny). Due to its high stability and ability to
absorb radiation in the visible region of the spectrum (band gap 2.4-2.9 eV), this compound
has been widely used in the field of heterogeneous catalysis [26-28]. The use of g-C3Nj as
a photocatalyst in the visible region of the spectrum was first reported in [29]. Unlike TiO,,
g-C3Ny does not contain noble or rare earth metal atoms in its composition, and it exhibits
high photocatalytic activity in processes induced by the action of visible radiation [30-33].
Materials based on g-C3Ny can be considered as a promising basis for new functional
materials for photocatalysis.

Therefore, the main objective of this paper is the synthesis of a nanocomposite based
on g-C3Ny4 and ZnO with improved photocatalytic properties. The novelty of the presented
research lies in the use of an improved synthetic route. A special feature is the ultrasonic
dispersion of g-C3Ny, preceding the introduction of zinc acetate. The positive effect of
this exfoliation method was previously reported in [34-36]. As a result, the synthesized
g-C3Ny4/ZnO powders demonstrate a small band gap and a large surface area, as well as
an improved ability to absorb visible radiation and an increase in the photodegradation
rate of organic pollutants in composite nanoplanes.

2. Results and Discussion

Figure 1 shows the results of an X-ray diffraction of the obtained powders. The diffrac-
togram of pure g-C3Ny4 contains X-ray peaks typical of graphite-like carbon nitride [37,38].
The most intense peak is located in the region of 27.4° and is associated with the characteris-
tic interlayer stacking of conjugated aromatic rings. A less intense peak at 12.8° corresponds
with the layered structure of the packing of tri-s-triazine units, which corresponds with
the plane (100) in the JCPDS 87-1526 card. ZnO peaks are traced on diffractograms of the
obtained nanocomposites. The intensity of the peaks increases with an increase in the mass
fraction of the oxide in the samples. All detectable X-ray reflections of ZnO can be indexed
by the wurtzite structure (JCPDS No. 36-1451). It is noted that the presence of oxide does
not affect the position of the diffraction peaks of g-C3Ny, and a slight change in the relative
intensity of the peak reflects only the ratio of the components.

The microstructure of the obtained samples is studied using scanning electron mi-
croscopy. The pure g-C3Ny sample consists of randomly stacked layers consisting of
inhomogeneously distributed and agglomerated structures (Figure 2a,b). In the sample con-
taining 7.5% ZnO (Figure 2c,d), the nanolayers are randomly filled with oxide nanoparticles
(NPs). Nanocomposite powders look less agglomerated and have a friable structure.
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Figure 1. PXRD patterns of the initial g-C3Ny, g-C3Ny4/ZnO (5% ZnO, 7.5% ZnO, and 10% ZnO)
nanocomposites.

(d)

Figure 2. SEM images of (a,b) pure g-C3Ny and (¢,d) g-C3Ny4/7.5% ZnO.

X-ray spectroscopy (EDX) elemental mapping results are shown in Figure 3. The
elemental mapping results indicate the existence of C, N, Zn, and O elements suggesting
that ZnO NPs disperse on the g-C3Ny sheets. A uniform distribution of C, N, Zn, and O
atoms could be observed throughout each entire nanoplate.
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Figure 3. EDX mapping of g-C3Ny/7.5% ZnO nanocomposite.

Using TEM and SAED, the surface morphologies and structural characteristics of
g-C3N4/7.5% ZnO nanocomposite were analyzed. Previously, a TEM image of pure
g-C3Ny was shown in [35], where the morphology consists of agglomerated planes. Ac-
cording to the comparison of the TEM data measured in bright field and dark field modes
(Figure 4a and 4b, respectively), ZnO nanocrystals are uniformly located throughout the
sample volume, which is consistent with the results of elemental mapping. ZnO can be
clearly observed as a cluster of irregularly shaped NPs, and g-C3Ny looks like dimmer
sections of two-dimensional layered structures, which indicates the presence of a number
of stacked layers. The g-C3Nj layers are compacted with ZnO NPs and have close contact
between g-C3N4 and ZnO, which is required to form a heterojunction and achieve better
charge separation. The diffraction ring positions in SAED patterns of the nanocomposite
(Figure 4c) match the known interplanar distances in ZnO and g-C3Ny4 and confirm that
individual nanocrystals observed in dark-field mode correspond to ZnO. Figure 4d shows
an HRTEM image in which the ZnO lattice planes were detected at 7.5 wt% g-C3N4/ZnO
composite [39]. The results of X-ray diffraction and TEM confirm that ZnO nanocrystals
having (002) crystallographic phases on their surfaces are in direct contact with g-C3Nj.

N, adsorption-desorption isotherms of pure g-CsNy and g-C3Ny/7.5% ZnO were
measured to gain information about the specific surface area (Figure 5a). According to
the International Union of Pure and Applied Chemistry (IUPAC) classification, obtained
isotherms were determined as type III with mesoporous characteristics, which indicates the
mesoporous structure of the samples. The pore size distribution of the samples shows that
most of the pores fall into the size range from 2 to 50 nm. The specific surface area values
are shown in Figure 5b. The surface area for the resulting samples was calculated using the
Brunauer-Emmet-Teller (BET) equation in the range of relative pressure (P/Py) 0.05-0.3.
The specific surface area of the samples determined by the BET method is 34.4, 54.5, 75.2,
and 68.5 m? /g for g-C3Ny, g-C3Ny/5% ZnO, g-C3N4/7.5% ZnO, and g-C3N4/10% ZnO,
respectively. The optimal amount of oxide in the nanocomposite is 7.5 wt% ZnO, while
further increase leads to a decrease in the values of the specific surface area. The surface of
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the composite samples will absorb more visible light, thereby increasing the photocatalytic
efficiency by providing more active centers.

(d)

Figure 4. (a) The bright-field and (b) dark-field transmission electron microscopy (TEM) image of
g-C3Ny/7.5% ZnO NPs, (c) selected area electron diffraction (SAED) pattern, and (d) high resolution-

TEM (HR-TEM) image.
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Figure 5. (a) N, adsorption-desorption isotherms of initial g-C3Ny and g-C3Ny4/7.5% ZnO samples;
(b) BET surface area plot of initial g-C3N4 and g-C3Ny/ZnO nanocomposites.
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The UV-vis DRS of all samples is demonstrated in Figure 6a. It can be seen that the
absorption of light by g-C3Ny is lower than that of other samples. When g-C3Ny is recombined
with ZnO, the light absorption band edge undergoes a slight red shift. Such a modest change
in the distance between the bands may indicate a tight contact at the interface with g-C3Ny
and ZnO and confirms the synthesis of the nanocomposite. To further study the photocatalytic
effect of the composites, a Tauc plot was derived from the UV-vis spectrum.
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Figure 6. (a) UV-vis DRS and (b) Tauc Plots of the initial g-C3Ny and g-C3Ny/ZnO (5% ZnO, 7.5%
Zn0O and 10% ZnO) nanocomposites.

The addition of ZnO results in a moderate modification of Tauc plots, as illustrated in
Figure 6b. As a result of the shift in absorbance edges for the nanocomposite structure, the
band gaps for g-C3Ny and g-C3N4/Zn0O (5% ZnO, 7.5% ZnO, and 10% ZnO) are 2.85, 2.86,
2.85, and 2.87 eV, respectively. It is reported above that the nanocomposite has a larger contact
interface area (Figure 5), which allows faster charging carrier transit and, therefore, suppresses
charge recombination, leading to increased photocatalytic degradation efficiency.

All samples were examined for their photocatalytic potential towards photodegrada-
tion of MB dye solution. Figure 7a shows the absorption spectra of the dye solution with
samples under visible light irradiation at 10-min intervals. It can be seen from Figure 7b
that the degradation of methylene blue by g-C3Ny in the dark is negligible. After g-C3Ny
is compounded with oxide, its photocatalytic efficiency is further improved. The degra-
dation of MB is analyzed by pseudo-first order kinetics (Figure 7c). The degradation of
MB practically did not proceed in the blank experiment, which illustrates MB can not be
degraded under visible irradiation. The experiment reveals that MB could be degraded at a
rate constant 2.2 x 102 min 1, 3.2 x 103 min~ 1}, 4.6 x 10 min~!, and 3.2 x 10~ min !
using g-C3Ny, g-C3N4 /5% Zn0O, g-C3Ny/7.5% ZnO, and g-C3N4/10% ZnO, respectively.
In the present study, a 7.5% ZnO sample shows better photodegradation performance
as compared to others. This effect is explained by the optimal ratio of components in
the nanocomposite, which positively affects the size of the specific surface area and the
availability of active centers. The rate constant of g-C3N4/7.5% ZnO is about two times
higher than that of pure g-C3Nj,. The results reveal that a certain proportion of ZnO has
the best photocatalytic activity.
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Figure 7. (a) Photocatalytic degradation of MB over g-C3Ny/7.5% ZnO catalyst under visible light;
(b) Kinetic curves, (c¢) Logarithmic kinetic curves of the pseudo-first-order process; (d) Photodecom-
position rate constant versus ZnO content.

Photoluminescence (PL) spectra were obtained to study the processes of charge carrier
transfer. Evaluation of the efficiency of carrier separation will additionally confirm the
improvement of the photocatalytic characteristics of photocatalysts. Photoluminescence
emission spectra of the prepared samples were recorded at an excitation wavelength of
365 nm and are shown in Figure 8a. All samples demonstrated a peak of PL radiation in a
similar region between 400 and 500 nm. A decrease in the photoluminescence intensity for
g-C3N4/ZnO nanocomposites indicated that the high-efficiency electron transferred from
the conduction band of g-C3Njy to the conduction band of ZnO hindered the reorganization
of photoinduced charge carriers. This indicates that the recombination rate of electrons
and holes under visible light irradiation is lower in this case. This leads to higher charge
separation, which can provide more electrons for photocatalytic activity.

The stability of the g-C3Ny4/7.5% ZnO was examined by recycling the photocatalyst
for the photocatalytic degradation of MB dye. After each cycle, the catalyst particles were
collected by centrifugation, washed with distilled water, and dried at 60 °C. Then the
particles were reused, and the dye solution was replaced with a fresh one. As shown in
Figure 8b, no major reduction was observed in the efficiency after four consecutive cycles;
as a result, the g-C3N4/7.5% ZnO photocatalysts were photostable.
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Figure 8. (a) PL spectra of initial g-C3N4 and g-C3Ny/ZnO (5% ZnO, 7.5% ZnO and 10% ZnO)
nanocomposites; (b) Recycling photocatalytic test of g-C3Ny/7.5% ZnO.

Figure 9 shows the mechanism of photocatalytic degradation of MB by g-C3N4/ZnO
nanocomposites. ZnO has a band gap of about 3.37 eV [40,41] and cannot be excited by
visible light. The spectrum of the g-C3N4/ZnO composite can be broadened to the visible
region in contrast to pure ZnO. g-C3Ny is activated by sunlight, causing the electrons to
shift from the valence band (VB) of each sample to the conduction band (CB) and create
h* on the VB of g-C3Ny. These excited electrons are then transferred to the CB of ZnO,
which further promoted it to the surface, leading to the generation of O, radicals. The
holes in the VB of ZnO are transferred to the VB of g-C3Ny, which ensure effective charge
separation in the system. These VB holes in g-C3Ny are further transferred to the surface
to react with surrounding molecules and generate -OH radicals [42,43]. In this way, these
generated radicals are actively involved in the degradation of dye molecules.
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Figure 9. Schematic mechanism of photocatalytic degradation of MB of g-C3N,/ZnO under visible light.

3. Materials and Methods
3.1. Materials

Zinc acetate dihydrate (Zn(CH3COO),-HyO, NevaReaktiv, Saint-Petersburg, Rus-
sia) was used as a precursor for ZnO. Graphitic carbon nitride was prepared from urea
(CH4N;0O, NevaReaktiv, Saint-Petersburg, Russia). Methylene blue (C14H13CIN3S, LenReak-
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tiv, Saint-Petersburg, Russia) was used as model dye. All the reagents used in this research
work are analytical grade.

3.2. Synthesis of Initial g-C3N4 Nanopowder

The initial g-C3N4 nanopowder was synthesized via heat treatment of 10 g urea for
1 h in a muffle furnace in air atmosphere. A dry powder of urea was placed in a quartz
tube heated to 550 °C at a fixed heating rate of 5°/min. As a result of the heat treatment, a
powder of pale-yellow color was obtained.

3.3. Synthesis of Exfoliated g-C3N4/ZnO Nanocomposites

To obtain nanocomposites based on g-C3Ny and ZnO, the following procedure was
performed. The initial sample was treated by ultrasonic dispersion in distilled water for
2 h until a milk-colored homogenized suspension was obtained. The resulting suspen-
sion was divided into four equal portions, to each of which the necessary amount of
Zn(CH3CO0),-2H,0 was added and thoroughly mixed using a magnetic stirrer. Further,
the obtained suspensions were dried at 100 °C until the water was completely removed,
thoroughly ground, and treated thermally at 400 °C. As a result, a series of four samples
was obtained: g-C3Ny, g-C3N4-ZnO 5%, g-C3Ny-ZnO 7.5%, and g-C3Ny-ZnO 10%.

3.4. Physico-Chemical Characterization

The crystal phases of the catalysts were analyzed by powder X-ray diffraction patterns
(XRD) using a Rigaku SmartLab 3 diffractometer (Rigaku Corporation, Tokyo, Japan)
(CuK« radiation, A = 0.154051 nm). The measurement was conducted by varying the Bragg
angle in the range of 10-80°.

The elemental composition and morphology of nanopowders was studied with scan-
ning electron microscopy (SEM) using a Tescan Vega 3 SBH (Tescan, Czech Republic)
scanning electron microscope with an Oxford INCA x-act X-ray microanalysis device
(Oxford Instruments, UK). An Oxford Instruments INCA system was used for chemical
analysis, including elemental mapping utilizing a 10 nm probe size.

The microstructure and morphology evaluation were investigated by Transmission
Electron Microscopy (TEM) using a JEOL JEM2100F microscope (JEOL Ltd., Tokyo, Japan)
in the image and selected area electron diffraction (SAED) mode.

Measurement of N, adsorption-desorption was carried out for specific surface area
and pore structure analysis (ASAP 2020 Surface Area and Porosity Analyzer Micromeritics,
Micromeritics Instrument Corporation, Norcross, GA, USA) in standard mode at 78 K, the
temperature of liquid nitrogen.

Diffuse reflectance spectra of samples were obtained using an Avaspec-ULS2048CL-
EVO spectrometer (Avantes, Apeldoorn, The Netherlands) equipped with an AvaSphere-
30-REFL refractometric integration sphere in the 350-700 nm region.

3.5. Photocatalytic Measurements

Photocatalytic activity of synthesized nanocomposites was studied by measuring
the change in the absorption spectra of methylene blue (C;4H13CIN3S, MB) under visible
light irradiation. For the test, 0.01 g of the nanocomposite was placed in a solution of MB
(10 mg/1). The prepared suspensions were continuously mixed for 20 min in the dark to
establish sorption equilibrium. Then the samples were constantly mixed at a temperature
of 25 °C throughout the analysis in a closed box under the illumination of an Xe lamp
(power consumption 70 W, Amax = 410 nm). Aliquots of samples were taken at intervals
of 10 min during the 90 min of the experiment. All samples were centrifuged to remove
solid particles, and the supernatant was analyzed using an Avaspec-ULS2048CL-EVO
spectrometer equipped with an Avalight-XE Pulsed Xenon Lamp (Avantes, Apeldoorn,
The Netherlands).
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4. Conclusions

In this work, nanocrystalline g-C3N4/ZnO powders were obtained by heat treatment
of a mixture of g-C3Ny and zinc acetate. The resulting series of samples (pure g-C3Ny,
g-C3Ny4/5% ZnO, g-C3Ny4/7.5% ZnO, and g-C3N4/10% ZnO) was studied using a complex
of physico-chemical analysis methods. The ZnO NPs were evenly distributed on the surface
and represented a crystalline modification with a wurtzite structure. The specific surface
area of the powder reached its maximum value at 7.5% of ZnO content. A further increase
in the amount of ZnO in the composition led to a decrease in the values of the specific
surface area. This structure of the Z-scheme led to an increase in the photocatalytic activity
of the studied nanocomposite. Compared with pure material, g-C3Ny/7.5% ZnO showed
a much greater photocatalytic activity. Thus, g-C3N4/ZnO is practically suitable for the
photocatalytic decomposition of organic materials under visible light.
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