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ABSTRACT: In this study, a tertiary composite of graphitic
carbon nitride (GCN) with copper and manganese is utilized for
photocatalytic degradation to add to efforts for tackling environ-
mental pollution problems. The photocatalytic efficiency of GCN
is enhanced with the doping of copper and manganese. This
composite is prepared using melamine thermal self-condensation.
The formation and characteristics of the composite Cu−Mn-doped
GCN are affirmed by X-ray diffraction (XRD), scanning electron
microscopy (SEM), ultraviolet (UV), and Fourier transform
infrared spectroscopy (FTIR). This composite has been used for
the degradation of an organic dye (methylene blue (MB)) from
water at neutral conditions (pH = 7) of the solution. The
percentage photocatalytic degradation of MB by Cu−Mn-doped GCN is higher than that of Cu−GCN and GCN. The prepared
composite enhances the degradation of methylene blue (MB) from 5 to 98% under sunlight. The photocatalytic degradation is
enhanced owing to the reduction of hole−electron recombination in GCN, enhanced surface area, and extended sunlight utilization
by the doped Cu and Mn.

1. INTRODUCTION
The world is currently facing energy crisis and environmental
contamination issues, which need to be addressed. The
presence of many organic dyes as pollutants in water is
dangerous not only for humans but also for the aquatic
ecosystem.1 In the past, various materials have been engaged in
the photodegradation of organic pollutants that are present in
the water.1 Many methods are in place for wastewater
treatment such as membrane separation, distillation, evapo-
ration, adsorption, ozonation, ion exchange, aeration, chlori-
nation, reverse osmosis, extraction, and advanced oxidation
processes.2 However, photocatalysis is among the new
technologies used to decompose organic dyes from wastewater
by hydroxyl radicals (OH0) and is efficient among all the
advanced oxidation (AO) processes.2

g-C3N4 (GCN) is one of the vital entities being easily
available, highly stable, easy to fabricate, and low cost and
bearing unique electronic structures, nontoxicity, and good
intrinsic electron mobility and also shows a good response
through the visible light field.3,4 GCN has been used as a
photocatalyst in microbial control, water disinfection, electro-
lyzing, and fuel cells.3 The synthesis can be easily done by
heating nitrogen-rich organic compounds, for example, urea
[CO(NH2)2], thiourea (H2NCSNH2), melamine (C3H6N6),
cyanamide (CN2H2), and dicyanamide (C2N−3).5 In the

current study, we have used melamine as a precursor to
synthesize GCN due to its low cost.6,7 Although GCN is an
efficient catalyst, its catalytic efficiency for the photo-
degradation of organic pollutants still needs to be
improved.6,8,9 Although many nonmetals such as B, C, N, O,
S, P, F, and I have been doped on GCN to improve the
photocatalytic activity, in comparison, doping of metals into
GCN improves the catalytic efficiency 7−10 times.4,9,10

In the current work, we present a narrative synthetic way to
prepare the Cu−Mn-doped GCN nanosheet by utilizing the
Cu−Mn and melamine supramolecular network. Cu−Mn and
melamine form a two-dimensional (2D) supramolecular
network via hydrogen bonding. Photocatalytic activity of the
Cu−Mn-doped GCN was demonstrated for photodegradation
of the organic dyes methylene blue (MB) and RhB under
visible irradiation, which showed improved catalytic perform-
ance. X-ray diffraction (XRD), Fourier transform infrared
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spectroscopy (FTIR), and scanning electron microscopy
(SEM) were used to confirm the composition of Cu−Mn-
doped GCN.

2. EXPERIMENTAL SECTION
2.1. Raw Materials. Melamine (C3H6N6, 99%, DAEJUNG

Chemical and Metals Co., Ltd., Korea), nitric acid (HNO3,
70% Sigma Aldrich), ethylene glycol (C2H6O2, Sigma Aldrich,
99%), copper chloride (CuCl2, ALFA AESAR, 99%), ethanol
(C2H5OH, Sigma Aldrich, 95−100%), MB (C16H18ClN3S,
QREC, 30%), hydrogen peroxide (H2O2, Sigma Aldrich, 30%),
manganese chloride (MnCl2, ALFA AESAR), and distilled
water were used.
2.2. Synthesis of Graphitic Carbon Nitride (GCN). The

GCN was thermally prepared by melamine self-condensation.
7 g of melamine was taken into a covered ceramic and placed
in a muffle furnace at 500 °C for 4 h with a heating rate of 10
°C per minute; after cooling at 25 °C, a canary-yellow solid
product was attained.11 Then, it was ground to the powder
form with an agate mortar. In a round-bottom flask (RBF), the

powdered product was taken and 5 M nitric acid solution was
added; the RBF was placed in an oil bath and refluxed for 24 h
at 110 °C. The refluxed solution was then washed with water
through centrifugation to bring the pH of the sample to 7.
Then, the sample was dried till it was dry.12

2.3. Synthesis of Cu−Mn−GCN. Cu−Mn−GCN is
synthesized with a very simple method. Three different
solutions were prepared, and all these solutions containing
0.5 g (carbon nitride, CuCl2, and MnCl2) were added in 10 mL
of distilled water and 10 mL of ethyl glycol. Then, these
solutions were sonicated for about 5−10 min. This solution
was autoclaved at 160 °C for 16 h. Then, the solution was
cooled at room temperature (25 °C), rinsed with distilled
water, and dried at vacuum conditions to attain the Cu−Mn−
GCN composite.13

2.4. Characterization. The crystal structure and phase
purity of the synthesized product Cu−Mn−GCN were
characterized by XRD.14 The X-ray diffraction data of Cu−
Mn−gC3N4 were collected using a Siemens Diffractometer
D5000 diffractometer Kristalloflex, equipped with Cu Kα

Figure 1. XRD pattern of Cu−Mn−GCN.

Figure 2. FTIR spectra of Cu−Mn−GCN.
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Figure 3. continued
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radiation, λ = 0.154 nm, FTIR spectra were recorded using a
NEXUS 670 spectrometer,15 UV−visible absorption spectra
was characterized using a UV-2450 Shimadzu Vis-spectrom-
eter, a SEM Leica Cambridge was used to study the
morphology and surface of the synthesized composite, and
UV−visible absorption spectra were collected using a UV-2450
Shimadzu Vis-spectrometer.14,16

2.4.1. XRD. The X-ray diffraction (XRD) patterns of Cu−
Mn−GCN-500 are displayed in Figure 1. The XRD pattern
shows that a diffraction peak at 16.16° was assigned to the
crystal plane (100), which was due to the interplanar
separation of the tri-s-triazine. The diffraction peak at 27.52°,
crystal plane (002), is due to the stacking of the aromatic
system present between the carbon nitride (CN) layers. The
XRD patterns of the composite displayed that the assigned
peaks (100) and (002) exhibited are on the right side, owing to
the crystal lattice distortion after Cu−Mn chelation.17 Two
peaks at 32.27 and 39.67° in the XRD pattern confirm the

presence of Cu in the composite. In the XRD pattern, Mn
species do not display their peak like in manganese chloride,
manganese oxide, and manganese nitride and the Cu−Mn−
GCN-500 composite. The GCN nanosheet did not hinder the
growth of GCN, but when Mn has added, the nature of the
material changed from crystalline to amorphous, and it was
clear that Mn was present in the coordination form like the
Mn−N bond. The presence of Mn and Cu in the composite
was also confirmed by scanning electron microscopy (SEM).

2.4.2. FTIR. The FTIR spectrum was used to identify the
Cu−Mn−GCN. Two broad peaks are shown in Figure 2 at
3150 and 3400 cm−1, which were caused by the occurrence of
secondary and primary amines in the stretching vibration form,
respectively. If the absorption peaks were strong, it means that
there were many terminal amines. Figure 4 shows that the
absorption peaks at 3400 and 3150 cm−1 were weak, which
means the low quantity of terminal amines. The band between
1200 and 1700 cm−1 which includes peaks at 1645, 1470,

Figure 3. SEM diagrams of Cu−Mn−gC3N4 in different magnifications.

Figure 4. (a) Absorption spectra of different pH values at 0 min. (b) Absorption spectra of different pH values at 20 min. (c) Degradation at
different pH values.
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1415, 1330, and 1245 cm−1 was attributed to the stretching
vibrations of the connected units of N−(C)3 and C−NH−C
for skeletal vibrations of heptazine heterocyclic rings. However,
the absorption intensity of Cu−Mn−GCN in this region
(1200−1700 cm−1) was less compared to that of pure GCN
due to the formation of Cu−Mn−Nx because the bonding
between Cu, Mn, and N atoms could lower the stretching
vibration of heptazine or triazine rings. The peak at 810 cm−1

was attributed to the bending vibration of heptazine and s-
triazine ring systems. The peak appearing at 2180 cm−1 was
due to the Mn-induced surface defect in the −CN group.
These peaks revealed embedding of Cu−Mn atoms in the
polymerization of melamine, while Cu−Mn−Nx species were

formed by coordination of Cu and Mn atoms with the N atoms
from the triazine rings18

2.4.3. Scanning Electron Microscopy (SEM) and EDX
Data. SEM was utilized for exploring the structure as well as
the morphology of the Cu−Mn−GCN composite. The
presence of GCN nanosheets and Cu−Mn dispersed on
GCN at different comparable sizes of 0.5−10 μm and a
magnification of X1000−X3000 is characterized by SEM
(Figure 3). It was reflected that the structure of GCN was a
wrinkled sheet. Cu−Mn doping on GCN nanosheets improves
the surface area of the Cu−GCN.19 EDX data were obtained
for the composite, and incorporation of metals in the

Figure 5. (a) Absorption spectra of different times for 80 ppm solution. (b) Absorption spectra of different times for 60 ppm solution. (c)
Absorption spectra of different times for 40 ppm solution. (d) Absorption spectra of different times at 20 ppm. (e) Absorption spectra of different
times for combinations. (f) Absorption spectra of different times for combinations.
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nanocomposite was confirmed. The EDX analysis images are
shown in Supporting Information S1.

2.4.4. Surface Measurement (Brunauer−Emmett−Teller
(BET)). Specific surface area was determined for the composite,
which was found to be 88.9 m2/g, which is a relatively high
value for the graphitic carbon nitride composite. It is clear from
the previously reported data that bulk g-C3N4 possesses small
specific surface area, while the improved specific area in the
nanocomposite can be attributed to the improved photo-
catalytic properties. The BET analysis graph is shown in
Supporting Information S2.
2.5. Catalytic Performance. 2.5.1. Effect of PH. The

catalytic activity of Cu−Mn−GCN composites was charac-
terized on the conventional organic dye pollutant MB. 100
ppm MB aqueous solution was prepared, and 0.01 g of Cu−
Mn−GCN, at neutral PH, was added to 50 milliliters (mL) of
100 parts per million (ppm) MB solution; the second solution
was made in acidic conditions at pH 4, and the third was kept
at basic conditions at pH 11. A few drops of dilute H2O2 were
added to each solution. The mixture of Cu−Mn−GCN and
MB solution was stirred for 20 min to achieve the equilibrium
of adsorption/desorption.

The solutions were retained in a shaker in the presence of
sunlight. It was seen that after 20 min, the neutral solution
became colorless, and after a long time, the basic solution also
became colorless, but no change was noted for the acidic
solution. Absorption analysis was performed for all three
solutions, and it was noted that the neutral conditions
displayed maximum degradation compared to the other two
solutions, as shown in Figure 4a−c, at 0 and 20 min.

2.5.2. Effect of Concentration. After 20 min, 10, 30, 70, and
90% MB was degraded for 80, 60, 40, and 20 ppm solution,
respectively, (Figure 5a−d). Cu−Mn−GCN and MB solution
of the neutral conditions could degrade 100% of the MB within
25 min, and at the basic conditions, 70% of the MB was
degraded, but no change for the acidic conditions was
observed. 0.01 g of each pure GCN, Cu−GCN, and Cu−
Mn−GCN was added to 50 mL of 100 ppm MB solution of
neutral conditions. All three solutions were stirred for 20 min
to arrive at the equilibrium of adsorption−desorption. A few
drops of diluted H2O2 were added to each solution. All the
solutions were kept in a shaker in the presence of sunlight.

Absorption analysis was performed at 0 min, and at 10 min,
it was noted that Cu−Mn−GCN eliminated 90%, Cu−GCN
eliminated 75%, and pure GCN did not eliminate MB from the
solution. Figure 5e,f illustrates the degradation performance for
all pure GCN, Cu−GCN, and Cu−Mn−GCN at 0 and 10
min. 0.01 g of each pure GCN Cu−GCN and Cu−Mn−GCN
was added to 50 mL of 100 ppm MB solution of neutral
conditions. All three solutions were stirred for 20 min to arrive
at the equilibrium of adsorption−desorption. A few drops of
dilute H2O2 were added to each solution. All the solutions
were kept in a shaker in the presence of sunlight. Absorption
analysis was performed at 0 min, and at 10 min, it was noted
that Cu−Mn−GCN eliminated 90%, Cu−GCN eliminated
75%, and pure GCN did not eliminate MB from the solution.

2.5.2.1. Total Organic Carbon Analysis (TOC). A total
organic carbon analyzer (TOC, Shimadzu, TOC-L series) was
used to look at the mineralization of Cu−Mn over GCN
samples, and more than 50% degradation of total organic
carbon was observed. Using a fluorescence spectrophotometer
(Hitachi, F-7000), the three-dimensional excitation−emission
matrix fluorescence spectra (3D EEMs) were studied. The slit

was 10 nm wide, and the excitation (Eex) and emission (Eem)
wavelength scanning ranges were 250−400 and 250−500 nm,
respectively. Analysis was done to check how well the bare
Cu−Mn over GCN catalysts could mineralize. The excitation
(Eex) and emission (Eem) wavelength scanning ranges were
250−400 and 250−500 nm, respectively, and the slit was 10
nm wide. Analysis was done to check the bare Cu−Mn over
GCN catalysts’ potential for mineralization.

3. CONCLUSIONS
In this study, a Mn−Cu-doped GCN composite was developed
to be used as a photocatalyst for the degradation of the organic
dye MB. The Cn−Mn−GCN-500C composite was synthe-
sized thermally by self-condensation of melamine. The material
showed excellent performance for degradation at neutral pH.
0.01 g of Mn−Cu−GCN showed the highest catalytic activity.
The experiment was performed with different concentrations
of MB solutions of 20, 40, 60, and 80 ppm. The catalyst
displayed a higher activity after 15 min in a solution of 20 ppm
concentration, and the activity increases with the amount of
the catalyst. Hydrogen peroxide (H2O2) was used as an
initiator for the reaction by providing hydroxyl ions. FTIR
spectra of the composite were also recorded as a peak appeared
at 2180 cm−1 due to the Mn-induced surface defect in the
−CN group. These peaks revealed embedding of Cu−Mn
atoms in the melamine, while Cu−Mn−Nx species were
formed by coordinating Cu and Mn atoms with the N atoms
from the triazine rings. Cu−Mn doping on GCN nanosheets
improves the surface area of the Cu−GCN. The presence of
Mn and Cu in the composite was also confirmed by SEM
analysis, which reveals that Mn−Cu doping with GCN
increases its surface area. XRD analysis confirms the presence
of the Mn−N bond and the change of the structure from
crystalline to amorphous after doping. These calculations show
that the prepared Mn−Cu possesses good catalytic activity and
is a good candidate for the environmental remediation sector.
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