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ABSTRACT

The behaviour of g-C,N, samples under thermal oxidation etching process were investigated. The
g-C,N, samples were prepared from melamine powder by following a two-step heating method in a
semi-closed system. The effects of different thermal oxidation etching processes were systematically
investigated to understand the influence of this process on the g-C N, properties. The transformation
of g-C\N, 3 h (bulk) to g-C,N, 12 h (nanosheets) was confirmed by conducting systematic studies
including scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Photoluminescence (PL), Fourier-trans-
form infrared spectroscopy (FTIR), UV-vis diffuse reflectance spectroscopy (UV-vis DRS), Brunauer
Emmett Teller (BET) analysis and particle size analysis. Methylene blue (MB) dye was selected as a
model organic pollutant to evaluate the photocatalytic activity of the g-C N, samples. The XPS, UV-vis
DRS and FTIR results indicated no major effect of the oxidation etching process on bulk g-C,N, in the
first 9 h. However, some variations were observed in XRD, particle size and BET analysis indexing
where the etching process was observed to reduce the particles size and lower the number of layers
on the g-C,N, backbone. After 12 h of oxidation etching treatment, XPS and FTIR spectra showed
some variation in the C-H, CO and N pyridinic structure of g-C,N,. MB results showed faster (150
min) degradation by the g-C,N, nanosheets compared to bulk g-C,N, (240 min) under solar irradia-
tion. This can be attributed to other factors such as smaller particle size, rich carbon surface and high
surface area exhibited by the g-C,N, nanosheets. Thermal oxidation etching of g-C,N, for 12 h is more
effective at enhancing the photocatalytic degradation of organic pollutants under solar irradiation.
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1. Introduction

Photocatalytic semiconductors are promising materials
for addressing global environmental and energy challenges.
Highly active photocatalysts that can degrade environmen-
tal pollutants or can split water under solar light irradiation
have potential applications in environmental decontam-
ination and solar energy conversion. The semiconductor
photocatalysts that have been developed to date include
transition metal oxides, metal sulphides and oxy-nitrides

*Corresponding author.

[1-3]. Recently, interest has shifted to producing narrow
band gap semiconductors opposed to the commonly used
wide band gap photocatalyst such as TiO, and ZnO [4,5].
Some of the traditional semiconductor-based photocata-
lysts have several limitations that include (i) weak light
absorption, (ii) non-suitable redox potential for the photo-
catalytic reaction, (iii) short-term stability, and/or (iv) high
material costs [6-9].

Wang et al., recently reported on graphite-like carbon
nitride (g-C,N,), which is an active semiconductor that
can be used for water splitting under visible light irradi-
ation [10]. The g-C,N, is a polymeric semiconductor that

1944-3994 / 1944-3986 © 2018 Desalination Publications. All rights reserved.



268 F. Al Marzouqi et al. / Desalination and Water Treatment 116 (2018) 267-276

can exist in 3D (bulk) and 2D (nanosheet) structures, and
has a band gap of 2.7 eV [11,12]. This organic semicon-
ductor has attracted attention around the world due to
its suitable redox potential, low band gap, greater ther-
mal-chemical stability and suitability for large-scale pro-
duction from low-cost precursors such as urea, thiourea,
melamine, cyanamide and dicyanadiamide [12-15]. More-
over, its preparation is comparatively simple. g-C,N, bulk
materials can be synthesized via thermal polycondensa-
tion of conjoint monomers to obtain a typical mass poly-
mer in a low vacuum system or under a high pressure
[16-18]. Several research groups have reported use of a
semi-closed system to obtain g-C,N, under ambient pres-
sure, which, from an industrial point of view, is more con-
venient to produce this material at a large scale [19,20].
In addition, g-C,N, nanosheets have been obtained from
g-C,N, bulk materials using methods such as acidifica-
tion, somcatlon and thermal oxidation processes [21,22].
However, the duration of oxidation processes varied
among research groups, leaving a big debate regarding
the effect of this process on g-C,N, properties. To the best
of our knowledge no systematic investigation has been
done on the effect of the duration of thermal oxidation
etching process on the formation of g-C.N, nanosheets
from g-C,N, bulk materials. In this study, we investigate
the effect of two- -step heating method on the nature of the
g-CN, in a semi-closed system under ambient pressure.
After obtaining,the bulk g-C )N, material a second step
called thermal oxidation etching process was carried out
for different time durations started from 3 h up to 12 h in
steps of 3 h at 550°C without nitrogen. The effect of the
second step on g-C.N, bulk was investigated via various
techniques along with the photocatalytic activity evalua-
tion of the as-prepared g-C,N, samples using methylene
blue dye solution (5 mg/L) as a model organic pollutant.
The results showed that g-C,N, nanosheets were obtained
after heating the melamine powder at 550°C for 12 h. In
the first 9 h of treatment, no major changes were observed
regarding the g-C,N, structure. Oxygen acted as an etch-
ing agent on the g-C N, surface and reduced the number
of layers making the material fluffier. After 12 h of etching,
the oxygen and H,O intercalate in between layers, allow-
ing the oxidation etching process to occur more, resulting
in surface modification with groups such as CO, C-H and
N pyridinic.

2. Experimental
2.1. Materials and methods

Melamine powder was purchased from Sigma-Aldrich
(M2659 ALDRICH) and was used without further purifi-
cation. The synthesis of the g-C,N, photocatalyst was per-
formed in a muffle furnace by directly heating melamine
in a semi-closed system. One gram of melamine powder
was placed into an alumina crucible and covered with a
lid. Thereafter, direct heating was applied by increasing the
temperature to 550°C at a heating rate of 20°C/min under
a nitrogen flow for 25 min. Thermal oxidation and etching
was further performed at 550°C without nitrogen for 3-12 h
in steps of 3 h. After cooling, the product was collected for
further analysis.

2.2. Characterization

The crystal phases of the samples were observed by
X-ray diffraction (XRD) analysis using a MiniFlex600 bench
top X-ray diffractometer with graphite monochromatized
Cu Ko radiation (A = 1.540 A) source. The morphology of
the samples was examined using a field emission scanning
electron microscope (FESEM, JSM-7800F JOEL, Japan). A
maximum working voltage of 30 kV, maximum resolution
of 0.8 nm, and a working distance of 10 mm was used during
measurements. X-ray photoelectron spectroscopy (XPS)
was carried out using a multi-probe X-ray photoelectron
spectroscope (XPS) (Omicron Nanotechnology, Germany).
The XPS spectra were divided to individual components
using the Casa XPS software (Casa Software Ltd). During
measurement, the sample surface was flooded with elec-
trons using a built in neutralizer. UV-vis diffuse reflection
spectroscopic (UV-vis DRS) measurements were conducted
using the Perkin Elmer Lambda 650S spectrometer. Infrared
spectra were obtained on a CARY 600 FTIR from Agilent
Technologies. Brunauer Emmett Teller (BET) surface area
analysis was carried out using ASAP2010 under liquid N,
with 50 P/P_ points, Micromeritics, USA. The particle sizes
were measured using Microtrac particle sizer machine.
Photoluminescence (PL) behaviour was measured using a
Perkin-Elmer LS 55 luminescence spectrometer.

2.3. Photocatalytic activity test

Methylene Blue (MB) dye was chosen as a model of an
organic degrading pollutant to test the photocatalytic activ-
ity of the as-prepared g-C,N, samples. All photodegradation
reaction experiments were carried out in a photocatalytic
reactor batch system consisting of a cylindrical borosilicate
glass reactor vessel with an effective volume of 500 mL.
The studies were conducted in March, when the solar light
intensity varied from 1300 to 1400 W/m?and the tempera-
ture varied from 25 to 29°C during the measurements. The
experiment carried out in the open atmosphere with an air
diffuser fixed at the reactor to uniformly disperse oxygen
into the solution. The reaction suspensions were prepared
by adding 0.1 g of as-prepared g-C,N, sample into 250 ml of
aqueous methylene blue solution (0.4 mg/ml), with an ini-
tial concentration of 5 mg/L. Prior to illumination, the reac-
tion suspensions were magnetically stirred for 30 min in the
dark to ensure adsorption-desorption equilibrium between
the photocatalyst and methylene blue. Upon illumination,
6 ml aliquots of suspension were taken from the reactor at
scheduled time intervals. The sample was centrifuged at
8000 rpm for 5 min and then filtered to remove the catalyst.
The filtrate was analysed on the UV-Vis spectrophotometer
to evaluate the degradation of the MB dye.

3. Results and discussion
3.1. Characterization of g-C N, nanosheets

Thermal oxidation etching was employed to synthesise
metal-free g-C N, nanosheets. First, the g-C,N, bulk mate-
rial was obtained by subjecting melamine to polycondensa-
tion under a nitrogen flow at 550°C at a heating rate of 20°C
/min for 25 min. Then, further treatment was performed
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without nitrogen for 3, 6, 9 and 12 h. The different amounts
of g-CN, powder obtained at these different treatment
durations are shown in Fig. 1a. The yield of g-C,N, powder
increased with reaction time from 3 to 12 h. This variation
in yield indicates modification in the sample density as a
result of oxidation etching process. The schematic represen-
tation of the oxidation etching process mechanism is shown
in Fig. 1b.

Fig. 2 show SEM images of g-C,N, samples prepared
with different durations of thermal oxidation etching. The
SEM images show sheet-like microstructures. However, the
g-C,N, sheets obtained after 12 h seems to be softer and
fluffier (Fig. 2d inset) compared to the samples treated for
3, 6 and 9 h, which seems to be more solid (Figs. 2a, 2b, 2c).
Micrometre-sized sheets were obtained due to aggregation
of different nanometre-sized crystal stacking layers [23-25].
The elemental composition of the prepared samples was
identified using energy dispersive X-ray spectroscopy
(Fig. 2e). The EDX analysis shows main signals from carbon
(C) and nitrogen (N). The other signals (Al) are from the
sample holder and the platinum used for sample coating.
No other peaks were detected, confirming the high purity
of the as obtained products.

Fig. 3 shows the XRD patterns of the g-C,N, prepared
via thermal oxidation for 3, 6, 9 and 12 h. All samples exhib-

ited two diffraction peaks. The first peak at around 27.90°
corresponds to the (002) peak that is characteristic of inter-
layer stacking of aromatic systems, and the second diffrac-
tion 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-C,N, and
were retained during thermal oxidation [26], indicating the
existence of the graphite-like structure of g-C.N,. The crys-
tallite grain size for the samples were calculated using the
Scherre’s equation D = KA/ (Bcos0) where K is the shape fac-
tor (1), 0 is the Bragg’s diffraction angle, A is the wavelength
of X-ray diffractometer used in the analysis (A = 1.540 A)
and B is the full width at half maximum (FWHM) of the
respective XRD sample peak. The grain sizes were found
to be 42, 43, 44 and 52 nm for the samples prepared at 3,
6, 9 and 12 h, respectively. This kind of increasing in the
grain size value is expected and it has been observed pre-
viously [27]. It can be attributed to the further 2D growth
happening during the formation of g-C,N, nanosheets due
to longer reaction time. Moreover, the overall intensity of
the diffraction peaks decreased as the duration of the ther-
mal oxidation increased up to 12 h, and this is attributed to
the reduction in the structural correlation length due to a
decrease in the number of layers, reflecting the formation of
g-C,N, nanosheets.

Thermal Oxidation etching process
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Fig. 1. (a) The volume of 50 mg of g-C,N, powder heated at 550°C for different durations of thermal oxidation (b) Schematic illustra-

tion of the preparation of the g-C,N, nanosheet.
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Fig. 2. SEM images of g-C,N, prepared using thermal oxidation etching with different durations. (a) 3 h, (b) 6 h, (c) 9 h, and (d) 12 h.
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Fig. 3. XRD patterns of g-C,N, samples obtained by heating
melamine and conducting thermal oxidation for various times
of 3,6,9 and 12 h.

3.2. Optical properties of nanosheets

The optical properties of the various g-C,N, samples
were determined by UV-Vis diffuse reflectance spectros-
copy (UV-vis DRS), and the results are shown in Fig. 4. The
band edge shifted to a longer wavelength from 390 nm for
g-C,N, heated for 3 h to up to 410 nm for the rest of the sam-
ples treated for longer times, which is consistent with pre-
vious results [28,29]. However, the samples absorbed near
UV and visible light up to 470 nm. The spectra also show a
long absorption tail for the samples treated for longer time,
which can be attributed to structural defects that formed
with longer treatment. The optical band gap was calculated
using the Tauc plot (the curve of (E*A)? versus E where E is
the energy in eV and A is the absorption) [30]. The band gap
values for the g-C,N, samples obtained at various thermal
oxidation times were calculated to be 2.7, 2.65, 2.7 and 2.7
eV, respectively (Fig. 5). Interestingly it seemed the thermal
oxidation etching process had no effect on band gap ener-
gies confirming that there were no major changes on the
g-C,N, main structure in all samples.

The Fourier transform infrared (FTIR) spectra of the
samples are shown in Fig. 6. The results further confirm
the presence of the graphite like structure of carbon nitride.
The broad peak in the range of 3000-3500 cm™is due to NH
stretching modes and water absorbed on the surface. The
bands at 1200-1600 cm™ are characteristic of the typical
stretching vibrations of CN heterocycles. In addition, the
s-triazine ring vibrational mode was observed at 801 cm™,
which is in good agreement with the previously reported
results and confirms the formation of g-C,N, [31,32]. There
were no major differences in the FTIR spectra of all the sam-
ples. However, there was some broadening in the peak at
3000-3500 cm™, which is indexed to CO vibration.

XPS measurements performed to determine the chemi-
cal composition of different g-C,N, samples (Fig. 7a) and to
follow the core levels changes of the constituent elements
(Figs. 7b, 8a and 8b) as a results of increasing the thermal
oxidation time. The XPS survey spectra shows that the main
elements present were carbon (Cls), nitrogen (N1s) and low
concentration of oxygen (Ols). The XPS spectra were ana-
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Fig. 4. UV-Vis absorption spectra for g-C,N, samples obtained at
various thermal oxidation time.

lysed and divided into high-resolution individual compo-
nents using Casa XPS software. The amount of each element
and the carbon to nitrogen ratio (C/N) (wt%) are shown in
Table 1. There was a slight increase in the C/N ratio with
increase in treatment time. This enhancement may indicate
a carbon-rich surface which may enhance the photocata-
lytic activity by promoting charge carrier separation [33].
In addition, the carbon to nitrogen ratio remain close to the
C,N, formula by a variation of 0.15 to 0.29 wt%, which is
acceptable taking the inconsideration the sample surface
defects. Fig. 7b represents the O 1s where the main peak was
observed at 531.6 eV. Interestingly, the oxygen band structure
remained unchanged after heating the samples for 12 h indi-
cating that oxygen is not involved in the g-C,N, backbone
structure and it has been used only as etching agent during
the oxidation etching process and the modification of the
surface structure. Therefore, the amount of oxygen slightly
increased from 0.65 wt% for g-C,N, heated for 3h up to 0.78
wt% for g-C.N, treated for 12 h. In general, the binding ener-
gies for carbon nitride materials are mainly located in the
range between 400 and 398 eV for the main nitrogen (N1s)
peak and between 286 to 289 eV for the main carbon (Cls)
peak [34]. The carbon and nitrogen core levels are shown in
Figs. 8a and 8b where the binding energies at 286.7, 288.4
and 289.2 eV are indexed to carbon from C-NH,, C-N and
C=N respectively while, the binding energies at 397.1, 397.1
and 400.3 eV are ascribed to nitrogen from C=N- C, N-(C),
and C-N-H respectively. The investigation revealed that no
changes occurred for carbon and nitrogen core levels for
samples treated up to 9 h. However, after treating the sam-
ple for 12 h, low intensity core levels peaks started appear-
ing indicating surface modification. In the case of carbon,
two peaks appeared at binding energies 284.27 and 290.2 eV.
The peak at 284.27 eV could be attributed to C-C or C-H car-
bons while the other peak at 290.2 eV can be assigned to CO
resulting from etching process and adsorbed on the sample
surface [35,36]. In the case of nitrogen, the peak at binding
energy 393.6 eV can be assigned to edge type N pyridinic.
This N pyridinic peak has been reported and was observed
for the sample treated for 12 h because higher energy or long
treatment time is required for such structures [37-39]. The
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Fig. 6. FTIR spectra for g-C N, samples obtained at various ther-
mal oxidation time.

appearance of CO in the XPS after treating the sample for
12 h can be explained by the oxidation etching process that
occurred on the surface of the sample.

Fig. 9 shows the photoluminescence emission spectra
with an excitation wavelength of 360 nm for the g-C,N, sam-

ples at room temperature. For all samples, the main emis-
sion peak is centred at about 450 nm and can be attributed
to recombination of the photo-generated electron-hole pairs
in the g-CN,. A higher emission intensity indicates an
increase in the recombination rate of the photo-generated
electron-hole pairs, and the results indicate that the g-C N,
heated for 12 h has the highest formation of photo-gener-
ated electron-hole pairs and recombination rate while the
g-C,N, heated for 3 h had the lowest. This decrease in inten-
sity can be attributed to electron trapping within the bulk
of the material due to a crystal mismatch that prevents elec-
tron-hole pair recombination [40].

The nitrogen adsorption desorption isotherms analy-
sis was performed to investigate the BET surface area and
porosity of the samples. The g-C,N,samples showed a type
3 shape of isotherms according to the IUPAC classification
(Fig. 10). This shape indicates the occurrence of slightly
mesoporous-like structure. The presence of the mesopores
are due to the aggregation of sheets to form the bulk g-C.N,,
leaving pores in between [41]. The BET surface area and
porosity results are showing in Table 2. The BJH Adsorption
Surface Area of pores decreased with increase in the oxida-
tion etching process time indicating the transformation of
the multilayers of g-C,N, 3 h (bulk) to few layers of g-C N,
nanosheets after 12 h. On the other hand, the g-C,N, treated
for 12 h showed a smaller BET surface area compared to
other samples. Since the BET measurement was done for
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Table 1
The amount of C, N, and O in different g-C,N, samples
XPS surface elemental analysis
Content (%) C N (@] C/N
g-C)N,3h 42.23 56.92 0.65 0.74
g-C.)N,6 h 42.28 57.01 0.71 0.74
g-C.N,9h 44.07 55.16 0.77 0.79
g-CN,12h 43.68 55.54 0.78 0.78

dry powder sample, this decline in the surface areas could
be attributed to the significantly low amount of surface area
available for nitrogen adsorption due to the overlap of the
single nanosheets [42]. Particles size analysis was also inves-
tigated in order to confirm the reduction of g-C,N, multilay-
ers structure (bulk) to few layered g-C,N, nanosheets with
smaller size particles after heating the sample for 12 h. The
particle size distribution of samples was showing in Fig. 11,
where the average particle size was 4967, 4139, 2280 and
1783 nm for g-C,N,3 h, g-CN,6 h, g-C,N,9 h and g-C,N, 12
h respectively. This decline in the particle size is attributed
to thermal oxidation etching process.

3.3. Evaluation of the photocatalytic activity

Methylene blue was selected as the pollutant to inves-
tigate the photocatalytic degradation of the g-C,N, pre-
pared at various thermal oxidation times under solar
irradiation. Methylene blue is the most common material
in studies of the performance of semiconductor photocat-
alytic nanomaterials using UV-Vis absorption spectra,
where the maximum absorptive energy is at 664 nm [43].
The photocatalytic degradation of Methylene Blue using
g-C,N, prepared with different heating times is shown in
Fig. 12a as a function of the degradation time. This figure
indicates that compared to the g-C,N, prepared at shorter
treatment time, the g-C N, samples heated for 12 h have
superior performance in the degradation of methylene
blue and faster degradation rate. Fig. 12b shows that the
band intensity at 664 nm gradually decreased with irradi-

ation time. This is evidence of the g-C,N, being more effi-
cient in the degradation of methylene blue. The MB peak
at 664 nm gradually blue shifted to shorter wavelength
during degradation due to hypsochromic shift [44]. Hence,
this photocatalyst has great potential for use in practical
applications when compared to the other g-C,N, catalysts
heated for shorter time intervals.

4. Conclusion

In this work, an investigation of behaviour of g-C,N,
samples under thermal oxidation etching process was
demonstrated. The g-C,N, nanosheets were obtained after
performing the etching process for 12 h. The g-C,N, 12 h
showed higher photocatalytic activity under solar irradi-
ation. XPS, UV-DRS and FTIR analysis showed no major
changes in g-C.N, in the first 9 h of treatment. However,
some variation was observed in XRD, particle size and
BET analysis confirming that the etching process was
mainly involved in reducing the particles size and lowering
the number of layers where the main structure of g-C,N,
remained same. After 12 h treatment some C-H, CO and N
pyridinic structures were evident. MB degradation by the
g-C,N, nanosheets under solar irradiation was faster (150
min) than with g-C.N, bulk material (240 min). This was
attributed to the smaller particle size, rich carbon surface
and high surface area exhibited by the g-C N, nanosheets.
Therefore, heat treatment of g-C N, for 12 h is more effective
and the photocatalytic degradation of organic pollutants
under solar irradiation.
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