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Abstract: Pharmaceuticals, especially amine-based pharmaceuticals, such as nizatidine and ranitidine,
contaminate water and resist water treatment. Here, different amounts of graphene sheets are
coupled with g-C3N4 nanosheets (wt% ratio of 0.5, 1, 3 and 5 wt% of graphene) to verify the effect
of surface plasmon resonance introduced to the g-C3N4 material. The synthesized materials were
systematically examined by advanced analytical techniques. The prepared photocatalysts were
used for the degradation of amine-based pharmaceuticals (nizatidine and ranitidine). The results
show that by introducing only 3 wt% graphene to g-C3N4, the absorption ability in the visible and
near-infrared regions dramatically enhanced. The absorption in the visible range was 50 times higher
when compared to the pure sample. These absorption features suggest that the surfaces of the
carbon nitride sheet are covered by the graphene nanosheet, which would effectively apply the LSPR
properties for catalytic determinations. The enhancement in visible light absorption in the composite
was confirmed by PL analysis, which showed greater inhibition of the electron-hole recombination
process. The XRD showed a decrease in the (002) plan due to the presence of graphene, which
prevents further stacking of carbon nitride layers. Accordingly, the Gr/g-C3N4 composite samples
exhibited an enhancement in the photocatalytic performance, specifically for the 5% Gr/g-C3N4

sample, and close to 85% degradation was achieved within 20 min under solar irradiation. Therefore,
applying the Gr/g-C3N4 for the degradation of a pharmaceutical can be taken into consideration as
an alternative method for the removal of such pollutants during the water treatment process. This
enhancement can be attributed to surface plasmon resonance-induced photocatalysis in a 2D/2D
graphene/g-C3N4 heterostructure.

Keywords: amine-based pharmaceutical; graphene; g-C3N4; nizatidine; photocatalysts; solar irradiation

1. Introduction

Protecting the environment from pollution and delivering a sufficient amount of en-
ergy is vital to maintain our natural life on earth. Scientists are considering all the possible
ways to keep the environment at a suitable level where the energy is supplied from a
green sustainable source [1,2]. One of the possible solutions to maintain the green energy
demand with the minimum environmental condition are the engineering and synthesizing
of artificial photocatalysts with super photocatalytic activities. This field has attracted a
huge scientific interest, resulting in many commercial products based on this technology.
The current achievements in semiconductor materials are state-of-the-art technology, which
has been applied in several necessary fields [1]. For example, water decontamination,
environmental remediation, hydrogen production, photosensitive sensing, energy harvest-
ing and energy-storing devices are intensively investigating the new implementation of
semiconductor materials [2–6]. One of the goals is to fully utilize the abundantly free solar
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irradiation for driving significant chemical reactions for large-scale applications. There are
numerous categories of semiconductor photocatalysts that have been investigated, such
as oxynitrides, sulfides, oxides and metal-free semiconductors [7–9]. Free metal semicon-
ductors are highly considered; graphitic carbon nitride (g-C3N4) has shown a new possible
application in the photocatalytic field due to its compatible properties [10–13]. This prop-
erty allows the synthesis of a visible active material with more accessible properties; based
on that, a universal consideration has been provided to investigate this specific material.

Hence, the g-C3N4 materials demonstrated that they were suitable and compatible
with energy and sustainability applications. A thorough review of the literature can give the
readers a general idea about the conditions required to synthesize carbon nitride materials,
which are relatively easy and faster compared to the synthesis of metal oxides and metal
sulfides photocatalysts. In general, the carbon nitride samples can be obtained via the
thermal polycondensation reaction (450–550 ◦C) of nitrogen-rich precursors in a semi-close
system. So far, many precursors have been used as starting materials, such as cyanamide,
dicyanamide, triazine, heptazine, melamine, urea, thiourea and so on. The most dominated
one is melamine because the yield generated is much higher and the defect is less compared
to other starting materials.

The research reported data present more and more understanding of the photocat-
alyst’s material’s methods of working. Therefore, the attention has been orientated to
synthesizing narrow band gap semiconductors and efficient in visible light absorption, as
opposed to what is commonly used, namely, materials with wide band gap photocatalysts,
such as TiO2 and ZnO [7,8]. The drawbacks of these traditional semiconductor-based
photocatalysts are weak light absorption in the visible light region, toxicity, short-term
stability and/or high material costs [9–12]. On the other hand, a polymeric semiconductor
based on graphitic carbon nitride g-C3N4 has been investigated for water splitting under
visible light irradiation. g-C3N4 has a band gap value of 2.7 eV, indicating its visible light
response [14,15]. This semiconductor exhibits excellent needed properties, such as a 2D
shape structure, suitable redox potential, low band gap, high thermal chemical stability
and suitability for large-scale production from low-cost precursors, such as urea, thiourea
and melamine [16–20].

The main limitation in using g-C3N4 material as a photocatalyst is the high recombina-
tion rate of photogenerated electrons and holes, which limits the photocatalytic efficiency.
Thus, finding an appropriate way to overcome the stated problems is challenging. There
are numerous methods used to enhance the photocatalytic activity. Coupling materials
were used to approach the desired enhancement in photocatalytic performance, such as
CdS/g-C3N4, TiO2/g-C3N4 and ZnO/g-C3N4 [13–17]. On the other hand, an interest-
ing approach is introducing a surface plasmon resonance (SPR) effect on the surface of
the semiconductor material to enhance the electron-hole separation ability [21–30]. In a
characteristic SPR phenomenon, the plasmonic electrons on the surface interact with the
absorbed photons and oscillate on the surface of the metallic nanomaterials, resulting in
an improvement of the local electromagnetic field and stimulating active electrons on the
semiconductor, which leads to enhancement in the visible light response [18,20,21]. Primar-
ily, noble metal nanoparticles like Au, Pt and Ag were used to introduce a localized surface
plasmon resonance SPR to the surface of g-C3N4. However, noble metals are expensive and
have a shallow surface interaction with the surface of the g-C3N4 material. On the other
hand, graphene (Gr) is a more affordable non-metallic material and has a strong ability to
introduce surface plasmon resonance similar to metallic particles [31–35].
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Recent studies showed that 2D/2D stacking can provide a better interaction compared
to 0D/2D and 1D/2D stacking structures. Graphene can provide strong 2D/2D stacking
interaction with g-C3N4; therefore, Gr/g-C3N4 composite material is a very attractive
catalyst from both experimental and theoretical aspects [24–26]. To date, only a few studies
have demonstrated the synthesis of Gr/g-C3N4 composite material via different methods,
such as hydrothermal, solvothermal, ionic-liquid and hydrolysis routes. Compared to these
preparation methods, the thermal method dramatically reduces the experimental time and
enhances the product purity [36–39]. The other methods are relatively long and require
multiple steps to obtain the final product. The direct thermal method shows great potential
in reducing the process time and steps. The advantage of combining carbon nitride with
graphene is that both materials are chemically and thermally stable.

The reported Gr/g-C3N4 composite was mainly used for hydrogen evolution, lithium
batteries and photocatalytic degradation of dyes. Currently, more research is oriented in
the direction of wastewater and drinking water treatment from pharmaceuticals [40,41].
Amine-based pharmaceuticals, such as nizatidine and ranitidine, have garnered maximum
researcher attention due to the ability of these compounds to generate toxic nitrogenous
disinfection by-products, which are formed during the disinfection step. On the other
hand, only a few studies have been performed in the area of photocatalytic degradation
of amine-based pharmaceuticals as an alternative method for conventional wastewater
treatment [42–45].

Herein, an easy direct thermal method for synthesizing 2D/2D Gr/g-C3N4 nanocom-
posite material is reported. The amount of Gr attached to the g-C3N4 sheets was investi-
gated by varying the percentage of Gr from 0% up to 5% (pure g-C3N4, 0.5% Gr/g-C3N4,
1% Gr/g-C3N4, 3% Gr/g-C3N4 and 5% Gr/g-C3N4). Then, the effect of SPR on the g-C3N4
surface was examined. The photocatalytic performance of the photocatalysts was evaluated
by the degradation of amine-based pharmaceuticals, nizatidine and ranitidine, under stable
LED and direct solar light. The improvement in the visible light absorption in the combina-
tion was validated by optical and physical analyses, which showed superior inhibition of
the electron-hole recombination process. Consequently, the Gr/g-C3N4 composite samples
demonstrated a boost in the photocatalytic performance, specifically for the 5% Gr/g-C3N4
sample, and up to 85% degradation was achieved within 20 min under solar irradiation.

2. Results and Discussion
2.1. XRD Analysis

An X-ray diffraction analysis was performed to investigate the crystalline properties of
the synthesized carbon nitride material. Figure 1 shows the XRD patterns of the Gr/g-C3N4
prepared via a direct thermal method. All the samples exhibited two main diffraction peaks.
The first peak at around 27.90◦ corresponds to the (002) diffraction peaks characteristic of
interlayer stacking of aromatic systems, and the second diffraction peak at around 13.05◦ is
indexed to the (100) peak that represents inter-planar separation. These diffraction peaks
are in good agreement with those reported for g-C3N4 and were retained during thermal
oxidation [11,12], indicating the existence of the graphite-like structure of g-C3N4. The
results show that increasing the amount of graphene amount reduces the diffraction peak
002. This kind of decrease in the 002 plan growth direction is expected. It can be attributed
to the presence of graphene, which prevents further stacking of carbon nitride layers.
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measured via EDXs analysis and the result is shown in Figure 3. It is seen that the sample 
was composed mainly of three main elements: carbon, nitrogen and oxygen. The atomic 
ratio of C: N was 56.9:38.5 wt%. These results further confirm the high purity of the pro-
duced Gr/g-C3N4 sample. To confirm the coupling of the graphene nanosheets and the 
carbon nitride nanosheets in a 2D/2D structure, a TEM analysis was carried out. Figure 4a 
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The image clearly shows the presence of both sheets, indicating the formation of the Gr/g-
C3N4 composite. 

Figure 1. The XRD patterns of the Gr/g-C3N4 were prepared via the thermal method (inset schematic
presentation of graphene stacking between g-C3N4 layers).

2.2. SEM, EDX and TEM Analysis

The morphological features of the Gr/g-C3N4 samples prepared via the direct heating
method were determined by scanning electron microscopy (SEM). Figure 2 shows the SEM
images of different percentages of the Gr/g-C3N4 samples. The g-C3N4 image depicted
sheet-like microstructures. Moreover, the fabrication of g-C3N4 in the presence of graphene
did not change the sheet structure of carbon nitride. The amount of graphene added to the
surface of the g-C3N4 sheet was increased from 0.5% to 5%. However, the 2D/2D type of
composite was expected to enhance the photocatalytic performance due to the higher area
of interaction [24]. On the other hand, energy dispersive X-ray spectroscopy (EDXs) was
also used to identify and confirm the elemental composition of the synthesized samples.
The elemental composition of the prepared composite samples has been measured via
EDXs analysis and the result is shown in Figure 3. It is seen that the sample was composed
mainly of three main elements: carbon, nitrogen and oxygen. The atomic ratio of C:N
was 56.9:38.5 wt%. These results further confirm the high purity of the produced Gr/g-
C3N4 sample. To confirm the coupling of the graphene nanosheets and the carbon nitride
nanosheets in a 2D/2D structure, a TEM analysis was carried out. Figure 4a shows the TEM
image of the pure graphene sample. Figure 4b shows the TEM image of the Gr/g-C3N4
sample. High magnification on the selected area is presented in Figure 4c. The image clearly
shows the presence of both sheets, indicating the formation of the Gr/g-C3N4 composite.
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Figure 4. TEM images of (a) the graphene sheet, (b) the Gr/g-C3N4 composite samples and (c) high
resolution of a selected area (red arrow) of the Gr/g-C3N4 composite.

2.3. UV-DRS Analysis

The UV-Vis diffuse reflectance spectra (UV-DRS) were used to investigate the optical
properties of the as-prepared photocatalysts (Figure 5). In general, the absorbance spectra of
direct inter-band transition energies of the prepared material are located at the edge of the
visible region, which is compatible with the small band gap energy (2.7 eV). The UV diffuse
reflectance spectrum of the synthesized samples is shown in Figure 5a. The fundamental
absorption edge of the g-C3N4 material was about 450 nm, which is considered to be in
the visible light range. Moreover, the coupling of g-C3N4 with graphene showed a small
red shift of the band edge, which is expected to enhance the photocatalytic performance of
the heterostructure. The optical band gap was calculated according to the following Tauc
equation (Equation (1)):

αhν = A(hν − Eg)n⁄2 (1)

where α, ν, A and Eg are the absorption coefficient, light frequency, proportionality constant
and band gap, respectively. The band gap energy is obtained from the slope drawn near
the band edge. The band gap values for g-C3N4, 0.5%Gr/g-C3N4, 1%Gr/g-C3N4, 3%Gr/g-
C3N4 and 5%Gr/g-C3N4 samples were 2.76, 2.75, 2.72, 2.73 and 2.73 eV, respectively
(Figure 5b–f). The small changes observed in the band gap were expected because the main
role of graphene is to facilitate the separation of charge carriers. Moreover, increasing the
amount of graphene ends up elevating the absorption tail due to the plasmonic effect of
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free electrons on the surface of the graphene [22,23]. The addition of 3% and 5% graphene
on the g-C3N4 structure enhanced the absorption in the visible range by 50 times when
compared to the pure sample. These absorption features suggest that the surfaces of the
carbon nitride sheet are covered by the graphene nanosheet, which would effectively apply
the LSPR properties for catalytic determinations.
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2.4. Photoluminescence Analysis (PL)

The photoluminescence emission peak is mainly considered a result of the recom-
bination process of the photo-generated electrons and hole pairs. In general, the photo-
luminescence emission peak intensity is higher, indicating a higher recombination rate
for photo-generated electrons and holes [34]. Figure 6a shows the PL emission spectra
of the g-C3N4 and Gr/g-C3N4 composite samples. All the samples were exposed to an
excitation process at a wavelength of 370 nm at room temperature and the main emission
peak is observed at about 450 nm. The PL intensities of g-C3N4 reduced dramatically after
coupling g-C3N4 with graphene, indicating the inhabitation of the recombination process
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of free charge carriers in the composite samples. Moreover, the 5% Gr/g-C3N4 has the
lowest PL peak intensity compared to the other samples. The Gaussian fitting was used to
convolute the photoluminescence peaks, as shown in Figure 6a, which helps us to obtain a
clear understanding of excitons in the Gr/g-C3N4 samples and the origin of the emission
concerning the initial precursors. All the samples showed three emission peaks. The carbon
nitride materials are expected to have three states formed due to the presence of the sp3
C–Nσ band, sp2 C–Nπ band and the lone pair (LP) state of the bridge nitride atom [35,36].
To confirm the PL shift, the Commission Internationale de l’Eclairage (CIE) chromaticity
diagram of the pure g-C3N4 sample and the Gr/g-C3N4 composite sample is presented in
Figure 6b. The CIE (x, y) coordinate of the pure g-C3N4 samples located at (0.17, 0.18) were
the CIE (x, y) coordinate of the Gr/g-C3N4 composite located at (0.19, 0.19), which further
confirm that the PL emission is shifted toward light blue-violet. This further confirms that
the PL emission is covering the blue-violet to close green light region. Additionally, the
emission of carbon nitride products obtained from 5% graphene is located close to the edge
of the blue-violet region, whereas the sample obtained from pure carbon nitride showed
deep blue-violet. The differences in the colours further confirms the enhancement in visible
light absorbance.
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2.5. FTIR Analysis

The overlay FTIR spectra were measured to identify the characteristic peaks of the
prepared samples. The response was recorded for the samples at the wavelength range of
600 to 4000 cm−1. In general, all the samples demonstrate their graphitic structure, which
can normally be shown as three main regions. Figure 7a shows the Fourier transform
infrared (FTIR) spectrum of the as-prepared samples to identify the specific interaction
of the functional groups. The result indicates the presence of the graphite-like structure
of carbon nitride. The N-H stretching modes and the O-H from water absorbed on the
surface are present in the broad peak observed in the range of 3000–3500 cm−1. The bands
around 1200–1600 cm−1 are characteristic of a typical stretching mode of CN heterocycles.
In addition, the s-triazine ring mode was observed at 801 cm−1. However, there was some
broadening in the peak at 3000–3500 cm−1, which is indexed to CO vibration. One of the
interesting properties that carbon nitride has is a surface of multiple functional groups, as
presented in Figure 7b. These groups influence the behaviors of the prepared materials.
The most common functional groups that appear while the preparation of carbon nitride
is primary are secondary amine groups (CNH2 and C2NH) due to a small amount of
hydrogen remaining from the initial precursor. The presence of an amine group makes
carbon nitride exhibit electron-rich properties with basic behaviors and the ability for
H-bonding motifs formation [11,12]. This impurity makes carbon nitride more applicable
as catalysis compared to perfect and defect-free g-C3N4. This amine group makes carbon
nitride materials more suitable for the removal of acidic toxic compounds via chemical
adsorption on the surface with the help of electrostatic interactions.
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2.6. Photocatalytic Activity Test

The degradation of pharmaceuticals using the obtained Gr/g-C3N4composite samples
by the direct heating method was investigated under visible light and under direct solar
light irradiation. The degradation of the selected pharmaceutical compounds was followed
with the help of a UV spectrophotometer. The maximum absorbance peak for nizatidine
and ranitidine was the same and was located at 312 nm (lambda max). Figure 8a represents
the concentration changes of nizatidine starting from an initial concentration of 5 mg/L of
the nizatidine aqueous solution at pH = 5.6 (with 5% Gr/g-C3N4). Figure 8b represents the
concentration changes of ranitidine starting at the same concentration. Moreover, a control
experiment was carried out to verify the effect of the visible light on the pure g-C3N4. The
initial concentration remained almost the same for the pure sample, indicating that the
g-C3N4 by itself is not very active under this condition. However, the degradation was
dramatically enhanced after the addition of the prepared Gr/g-C3N4 catalysts. All the
prepared composite samples showed higher degradation performance. As expected, the
Gr/g-C3N4 composite samples exhibited superior photocatalytic performance compared to
the pure sample. The 5% Gr/g-C3N4 showed the best performance among all the prepared
samples (see Figure 8c,d). The enhancement noticed for the 5% Gr/g-C3N4 sample could
be attributed to the coupling of two materials, which facilitates an effective separation of
the charge carriers, as shown in the UVDRS and PL results. Finally, the best sample was
chosen to be tested under direct solar light irradiation (Figure 9a). The sample showed
more enhanced performance under solar irradiation due to more light intensity, more than
80% degradation achieved within 20 min. Figure 9b shows a schematic presentation of the
charge carrier formation and the mechanism of the degradation.
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3. Materials and Methods
3.1. Materials

The melamine powder (M2659 Aldrich, St. Louis, MO, USA) and graphene oxide
(763705-100 ML, St. Louis, MO, USA) were purchased from Sigma-Aldrich and were used
without further purification.

3.2. Characterization

The prepared samples were examined by an X-ray diffraction (XRD, Malvern, UK) test
using an XRD Panalytical X-pert Pro instrument equipped with graphite monochromatized
Cu Kα radiation (λ = 1.540 A◦). The detector was NaI (T1). The samples’ morphologies
were observed using a field emission scanning electron microscope (FESEM, JSM-7800F
JOEL, Tokyo, Japan) with a maximum working voltage of 30 kV, a maximum resolution of
0.8 nm and a working distance of 10 mm used during measurements where the elements
were present near the surface, and analyzed by energy dispersive X-ray spectroscopy (EDX,
JOEL, Tokyo, Japan). The transmission electron microscope (TEM, JOEL, Tokyo, Japan)
model JEM-1400-JEOL was used for high-resolution analysis. The UV-Vis diffuse reflection
spectroscopy (UV-Vis DRS, Waltham, MA, USA) measurements were conducted using
the Perkin Elmer Lambda 650S spectrometer. The photoluminescence (PL, Waltham, MA,
USA) behavior was evaluated using a Perkin-Elmer LS 55 Luminescence Spectrometer. The
degradation of amine-based pharmaceuticals (nizatidine and ranitidine) was analyzed by a
Shimadzu UV-1800 UV/Visible Scanning Spectrophotometer (Shimadzu, Kyoto, Japan).

3.3. Synthesis of Gr/g-C3N4 Composite Materials

The graphene (Gr)-based carbon nitride materials (g-C3N4) were prepared by mixing
a specific volume of a graphene oxide solution with melamine powder. One gram of
melamine powder was mixed with the required wt% ratio of 0.5, 1, 3 and 5 wt% of
graphene, then placed in an alumina crucible and covered with a lid. The mixture of the
graphene oxide and melamine powder was left to dry overnight in an air oven at 80 ◦C.
The dried sample was crushed to a fine powder to ensure a homogeneous distribution of
graphene in the mixture. Then, direct thermal heating was applied up to 550 ◦C at a heating
rate of 20 ◦C/min and stabilized at 550 ◦C for 3 h. After cooling, the product was collected
for further analysis and the process was repeated to obtain the required amount. Simplified
schematic steps of the synthesis are presented in Figure 10. There was no further washing
or purification performed. A pure carbon nitride sample was obtained by the same method
without graphene added to the melamine powder.
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3.4. Photocatalytic Test of (Gr/g-C3N4)

The photocatalytic activity performances of the as-prepared nanosheet were measured
by following the degradation of two amine-based pharmaceutical compounds (nizatidine
and ranitidine). The photoreaction analyses were conducted using a batch system reactor
involving a cylindrical borosilicate glass vessel with an effective volume of 500 mL. All
photoreaction was performed in an open atmosphere at a stable temperature (25 ◦C) with
a cold water circulation system. The reactor was attached to an air diffuser machine
to uniformly disperse the air into the solution. The suspensions (catalyst and pollutant
solution) were prepared by adding 0.1 g of the prepared Gr/g-C3N4 powder into 250 mL
of an aqueous solution of a nizatidine- and ranitidine-contaminated solution with an initial
concentration of 5 mg/L (5 ppm). The system was chosen to be conducted in an open
atmosphere with an air diffuser fixed at the reactor to mimic a real-life situation and
uniformly disperse the air into the solution. The reaction suspensions were magnetically
stirred for 30 min in the dark to ensure adsorption–desorption equilibrium between the
photocatalyst and the pharmaceuticals. One sample was taken after this step to evaluate the
adsorption amount. During illumination with light, about 6 mL of the suspension solution
was taken from the reactor at a scheduled interval. The samples were filtered to remove the
catalyst. For a stable UV source of light, a Mic-LED-365 (from Prizmatix 420 mW) was used
to activate the photocatalytic reaction, then the experiment was repeated under direct solar
irradiation with an average intensity in the range of 1100–1300 W/m2.

4. Conclusions

In conclusion, the Gr/g-C3N4 composite photocatalytic materials were successfully
synthesized by the direct thermal method and were demonstrated to be a highly com-
petitive catalytic system with superior activity for visible-light-induced degradation of
amine-based pharmaceuticals (nizatidine and ranitidine). The results from X-ray diffrac-
tion, the samples’ morphologies and the surface analyzed by energy dispersive X-ray
spectroscopy (EDX) and PL indicate that the selected method can simplify the preparation
of Gr/g-C3N4 compared to other techniques. The photocatalytic tests of the prepared
Gr/g-C3N4 samples showed higher efficiency for the degradation of amine-based pharma-
ceutical models under solar light irradiation. The sample with a 5% graphene to g-C3N4
ratio showed the highest photocatalytic activity compared to lower graphene percentages
(0.5%, 1%, 2% and 3%). The degradation reached 85% within only 20 min. Therefore, ap-
plying Gr/g-C3N4 for the degradation of a pharmaceutical can be taken into consideration
as an alternative method for the removal of such pollutants during the water treatment
process. This enhancement can be attributed to surface plasmon resonance-induced photo-
catalysis in a 2D/2D graphene/g-C3N4 heterostructure. Thus, 2D/2D graphene/g-C3N4
heterostructures can be useful materials for the removal of pharmaceutical pollutants from
water using solar energy.
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