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Abstract

Graphitic carbon nitride (g-C3Ny) is tailored with doping of different non-metals (Sulphur and Phos-
phorus). For synthesis through thermal condensation method, the mixtures of urea and dopant with
diverse concentrations have been added for preparation of materials. The basic effect of doping and
its concentration on the structural morphology and absorption spectra of the samples is investigated in
detail. Pure g-C3Ny suffers from high recombination rate of photogenerated electron-hole pairs resulting
in low photocatalytic activity. Different techniques like X-ray diffraction (XRD), Scanning electron mi-
croscopy (SEM), Fourier transforms infrared (FTIR) spectroscopy, and Photoluminescence spectroscopy
(PL) have been used for the characterization. X-ray diffraction studies confirm the formation of the
g-C3Ny structure and SEM images reveal crumpled sheets and irregular plate like shapes of the doped
graphitic nitride samples. FTIR analysis identify the presence of surface amino (N-H) and water (O-H)
groups, cyano terminal group (C=N), (C=C), (C-N) and (C=N) bonds and breathing mode of the tri-
s-triazine units in the samples. PL spectra shows that the sulphur and phosphorus co-doped PSGCN (8
wt.%) sample is better for photocatalytic activity.

1 Introduction

Graphitic carbon nitride (g-C3Ny) is a two dimensional (2-D) polymeric semiconductor. It consists of carbon,
nitrogen, and some impurity hydrogen !. In the presence of visible light, it has commendable stability under
ambient conditions and considered as the most encouraging material for the catalysis 2. It is an inexpensive,
narrow bandgap (2.7 eV), metal-free and environmental-friendly material 3. It contains a group of C-N bond
in the m-state without electron localization and it is the most stable allotrope 4 5. Carbon nitride (C3Ny)
has wide-ranging family of carbon and nitrogen containing materials, with some impurity hydrogen atomsS.
The general formula (C3N3H), is the oldest polymeric material 7.

History of research works on dates back to the 19th century. In 1834, the synthesis of carbon nitride
(C3N4) was done by Berzelius and due to its color, it was given the name of as melon by Liebig &. Franklin
first time recognized its structure as carbon nitride (C3Ny) in 1922 . Teter and Hemley, in 1996, predicted
numerous forms of carbon nitride like a-C3Ny, cubic-C3Ny, 8-C3Ny, and pseudo-CsNy 0. In 1989 it was
established that the replacement of Si with Carbon in Silicon Nitride may yield very strong form 8-CsNy
carbon nitride ''. Graphitic carbon nitride is a potential candidate for photocatalytic activities in the
visible region specially for removing environmental pollutants ' 13. Its photocatalytic efficiency has been
enhanced by doping with transition, rare earth, alkali and noble metals. Bandgap tailoring of g-C3N4 for
enhanced performance has been achieved by Potassium !4 and Sodium '° doping. Iron, Zirconium, Europium
and Cerium doping have improved the photocatalytic ability of g-C3Ny, due to better absorption of visible
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light.!® Ag doping of g-C3N, has enhanced the photocatalytic activity seven times due to the utilization of
visible light. The AgoCO3/PSGCN was synthesized successfully and utilized as photocatalyst for removal
of pollutants from water through electron-hole pair generation . The phosphorous and sulphur co-doping
was responsible for narrowing the bandgap to enhance its photodegradation ability under visible light and
water remediation 8. GCN-ZnO composite has shown 3 times better photocatalytic capability as compare
to pure GCN, for degradation of water pollutants and methylene blue (MB) dye '3 1 The three dimensional
NbO5/ g-C3Ny heterostructures have lower bandgap, improved surface area, low carrier recombination rate
and improved visible light absorption and remarkable photocatalytic activity 2°.

The optical and electrical properties in thermal condensation process depend upon heating rate, pre-
cursor type, thermal treatment temperature, duration, and the environment.?! For the synthesis of g-C3Ny
high nitrogen content precursors like melamine 22 (C3HgNg) cyanamide (CH2N2), dicyandiamide (CoH4Ny),
urea (CH4N20), and thiourea (CH4N2S) at higher temperatures (commonly > 550 C) are commonly used.
These are bulk materials with small surface area 23. Among these, the most efficient material is urea for the
preparation of g-C3Ny which is helpful in producing samples with enhanced surface area, better morphology,
improved photocatalytic activity and high physicochemical stability 24.

Thermal condensation of nitrogen-rich precursors such as urea, cyanamide, dicyanamide, melamine,
thiourea, trithiocyanuric acid, guanidine hydrochloride, etc. has been the most attractive method for prepa-
ration of g-C3Ny due its simplicity and use of cheap, readily available precursor 2°. The transformation
of the nitrogen-rich precursors to g-C3Ny has been proposed starting from cyanamide which condenses to
dicyanamide then melamine. This is followed by loss of ammonia and polycondensation to form melamine
which is transformed into melamine after loss of ammonia. Further polycondensation yields the polymeric
melon, which undergoes rearrangement and polycondensation to yield g-C3Ny 26. The g-C3N, hybridized
with graphene oxide (g-C3N4/GO) via a sonochemical route showed improved photocatalytic properties of
degradation under visible light exposure.?” It was observed that the ternary nanostructure was significantly
more photocatalytic active compared to g-C3Ny 28. The g-C3N4@TiO2 core-shell structure photocatalysts
with controlled ultra-thin g-C3N, layers were prepared by a new method of the sol-gel approaches in situ
coating re-assembled. It strong binding force between the core and shell, which is stable, without secondary
pollution and convenient for recovery 2.

Tremendous interest in graphitic carbon nitride as a photocatalyst has seen it emerging as fascinating
materials in various scientific fields such as environmental pollution abatement, hydrogen evolution from
water splitting, solar cells, sensors, energy storage, etc. 3°. These applications exploit some of the fascinating
properties of g-C3N, which include visible light response, good oxidation power, environmental friendliness,
good chemical and thermal stability, metal-free nature, easy fabrication from readily available precursors and
its polymeric structure allows for easy modifications to alter its properties 3'. Such nanostructures include
metal and non-metal doped g-C3Ny, g-CsNy/carbon nanomaterials heterojunctions, binary and ternary
nanocomposites32. The charge transfer mechanisms involved in the various heterostructures have been
discussed in detail 33. Improved visible light photocatalytic performance has been observed upon formation
of the various heterostructures and this has been credited to improved specific surface area, efficient charge
separation and transfer, improved generation. Graphitic carbon nitride (g-C3Ny), a polymeric, metal-free
semiconductor has become hot-spot in various scientific exploits such as environmental pollution mitigation,
energy generation and storage, organic synthesis, sensors, etc. 5, 34

2 Experimental Methods

Several methods have been explored for the preparation of g-C3Ny with different architectures and electronic
properties. Such methods include chemical vapour deposition (CVD), solvothermal, physical vapour deposi-
tion (PVD), ionothermal synthesis, solid state, sonochemical and thermal condensation methods. We have
used thermal condensation method for the preparation of sulphur and phosphorus doped g-C3Ny samples.
The diammonium hydrogen phosphate was used as phosphorus source during PGCN synthesis. It depends
upon heating rate, precursor type, thermal treatment temperature, duration, and environment. The easi-
est method to make g-C3Ny includes high nitrogen content precursors like melamine (C3HgNg), cyanamide
(CH2N3y), dicyandiamide (CoH4Ny), urea (CH4N2O), and thiourea (CH4N2S) at higher temperatures (com-
monly > 550C).
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2.1 Samples

The samples are prepared by thermal condensation method. Urea, diammonium hydrogen phosphate and
thiourea are used as precursors of g-C3Ny, PGCN, SGCN and PSGCN.

2.2 Preparation of g-C3Ny4

In this preparation of samples 5 g of urea was mixed with 8 wt.% of diammonium hydrogen phosphate and
thiourea. Added 10 ml of distilled water and stirred it for 2 hours. After stirring the solution then start
heated at 90 oC for 1.5 hours. After cooling, the material was crushed and annealed in closed ceramic
crucible at 550 °C for 4 hours at heating rate 10 °C/mint. The final product was in the form of powder.
Similarly, the samples with 16 wt.% and 32 wt.% doping were prepared by the same method.

3 Results and Discussions

3.1 X-RAY DIFFRACTION ANALYSIS

X-ray spectra of GCN, PGCN, SGCN, and PSGCN show three prominent peaks (100), (002) and (101).
The (100) plane is attributed to the in-plane tri-s-triazine nitrogen linkage motifs and (002) plane shows the
periodic stacking layers of conjugated aromatic rings 35. The (101) plane is the confirmation of amorphous
structure of g-C3N, 36,

The XRD patterns of pure g-C3Ny4, phosphorus doped, and then phosphorus and sulphur co-doped
g-C3N, (8 wt.%) samples are given in Fig. 1(a). As a result interplanar stacking distance (d) has decreased
to improve polymerization and dense packing in phosphorus doped g-C3Ny.

Table 1: Interplanar distances and hkl values of (8 wt %) samples.

Samples hkl 20 (°) d (A)
GCN (100) 17.29 5.125
PGCN-8% (100) 18.36 4.8125
PSGCN-8% (100) 17.57 5.04

GCN (002) 29.47 3.029
PGCN-8% (002) 29.81 2.99

PSGCN-8% (002) 28.90 3.095
GCN (101) 40.41 2.23

PGCN-8% (101) 39.16 2.295
PSGCN-8% (101) 38.14 2.355

Table 1. shows interplanar distances for (8 wt.%) (002) the value of d has decreased for PGCN and
increased for PSGCN. While for (101) it has increased in both the samples.

XRD patterns of pure g-C3Ny with 16 wt % doping are shown in Fig. 1(b). Table 2. shows that after
doping the interplanar distance d has decreased for (001) peak. For (002) the value of d has decreased PGCN
and SGCCN and increased for PSGCN. While for (101) the value of d has increased PGCN and PSGCN,
but reduced in SGCN. As a result interplanar stacking distance (d) has decreased to improve polymerization
and dense packing in phosphorus doped g-C3Ny 37.

Table 2: Interplanar distance and hkl values of (16 wt. %) samples.
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Figure 1: XRD Graphs of all percentages ((a) 8 wt.%, (b) 16 wt.%, and (c) 32 wt.

Samples hkl 20 (°) d (A)
GCN (100) 17.29 5.125
PGCN-16% (100) 17.46 5.075
SGCN-16% (100) 18.25 4.86
PSGCN-16% (100) 17.34 5.11
GCN (002) 29.47 3.029
PGCN-16% (002) 30.38 2.94
SGCN-16% (002) 31.40 2.845
PSGCN-16% (002) 28.79 3.095
GCN (101) 40.41 2.23
PGCN-16% (101) 39.44 2.28
SGCN-16% (101) 41.32 2.18
PSGCN-16% (101) 39.45 2.28

XRD patterns of pure g-C3N4 with 32 wt.% doping are shown in Fig. 1(c). (100) peak has shown hole-to-
hole distance corresponding to the nitride pores and (002) peak measure distance between the stacked layers
of aromatic units. As a result interplanar stacking distance (d) has decreased to improve polymerization
and dense packing in phosphorus doped g-C3Ny. The (101) peak shows the amorphous carbon structure in
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the samples. In Table.3, we observe that interplanar spacing d for (001) and (002) diffraction peaks have
reduced, on the other hand has increased for (101) plane.®®

Table 3: Interplanar distance and hkl values of (32 wt. %) samples.

Samples hkl 20 (°) d (A)
GCN (100) 17.29 5.125
PSGCN-32% (100) 18.70 4.74
GCN (002) 29.47 3.029
PSGCN-32% (002) 30.04 2.94
GCN (101) 40.41 2.23
PSGCN-32% (101) 39.78 2.26

3.2 SCANNING ELECTRON MICROSCOPY (SEM)

Scanning electron microscopy has been employed to examine morphology of un-doped, sulphur doped, and
sulphur-phosphorous co-doped graphitic carbon nitrides (g-C3N4, SGCN, and PSGCN) samples.

Figure 2: SEM image of g-C3N,4 Sample.

In as prepared un-doped GCN sample the SEM image (Fig. 2), shows irregular, non-smooth irregular
plate type structure, this has been shown in the enlarged image.

Figure 3: SEM image of SGCN Sample.

The SGCN image represent sulphur doped sample is shown in Fig.3, shows crumpled sheets, irregular
flakes due to decreased interplanar distance as seen from X-ray diffractogram. The layered structure decom-
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posed due to presence of sulphur in GCN indicating that doping had reduced crystal growth of GCN. This
disordered structure of SGCN is most likely caused by higher atomic radius of the sulphur.3?

Figure 4: SEM image of PSGCN Sample.

Fig. 4 shows laminar large sized sheet like structure for co-doped PSGCN samples, because of increased
interplanar distance as seen from the XRD. The flakes irregular with some agglomeration.

3.3 FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR)

FTIR graphs, in the range 500-3500 cm™, of un-doped g-C3N,, PGCN and SGCN and PSGCN are displayed
in Fig. 5. The range 500-1500 cm™ represents fingerprint region of skeletal vibrations, 1500-2000 cm™' show
double bonds, 2000-2500 cm™! indicates triple bonds and 2500-3500 cm-1 single bond between the atoms.
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Figure 5: Combined FTIR Graph of all percentages (8, 16, and 32 wt.%.

Fig.5 shows that strong evidence of the formation of desired structure is the presence of characteristic
bending mode of the tri-s-triazine units around at 800 cm™. In PSGCN (8 wt.%) it shifted from 808 to 800
cm™t, but it remains unchanged in sulphur doped specimen. In PGCN and PSGCN (16 wt.%) intensity has
decreased and is shifted from 808 to 802, and 806 cm-1, but it remains unchanged in sulphur doped specimen.
In SGCN and PSGCN (32 wt.%) intensity has decreased and is shifted from 808 cm-1 to 804 cm-1, but it
increased in phosphorus doped specimen. The FTIR spectra have confirmed the formation of a g-C3N,4 phase
in all samples as it contains skeletal vibrational modes of C-N heterocycles in the 1200-1700 cm™! region. The
band is clearly visible in all specimens, but peak intensity is decreasing with doping and co-doping which can
be attributed to the changes in the structure.*® For the carbon dioxide related bond (C=C) the wavenumber
has reduced and shifted to 2165-2195 cm™ for PGCN, SGCN and PSGCN samples, respectively. Another
vibrational mode corresponding to vibrating cyano terminal group (C=N) is appearing at 2355-2365 cm™!
for g-C3Ny, SGCN, PGCN, and PSGCN samples. The intensity of this mode has enhanced with the doping
and co doping. FTIR spectrum of GCN, PGCN, SGCN, and PSGCN show broad bands of stretching and
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deformation modes of -NH2 groups at 3180-3130cm ! respectively, with decreased intensity in all samples
a1

3.4 PHOTOLUMINESCENCE SPECTROSCOPY

The optical properties of different samples were studied by the Photoluminescence (PL) spectra analysis.
PL spectra reflect the charge transfer, capture and recombination of electron-hole pairs of photocatalytic
material. The high-strength photocatalytic material has a large amount of photogenerated carriers and good
photocatalytic performance. Conversely, the photocatalytic material with low strength has less photogener-
ated carriers and poor photocatalytic performance 4.
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Figure 6: Combined PL spectra of all percentages (8, 16, and 32 wt. %.)

The photoluminescence spectra of un-doped g-CsNy, SGCN and PSGCN samples are displayed in Fig.
6. All samples show broad intense luminescence peaks in the 400-450 nm range. This emission peak can
be ascribed to the radioactive recombination of electron-hole pairs. Combined spectra (8 wt.%) show that
slight blue shifting has been observed after doping and co-doping. Intensity of sulphur doped sample has
enhanced significantly but it has decreased marginally in sulphur-phosphorous co-doped sample. It means
the co-doped PSGCN (8 wt.%) sample is slightly better for photocatalytic activity. For 16 wt.% and 32
wt.%, shows that no considerable shift in peak positions, and reveals increased intensity in the co-doped
material which is attributed to higher electron hole recombination rate. It gives new results which means
negative impact on photocatalytic activities of the samples which is contradictory to the reported results.
On the other hand, the sulphur doped sample has shown no considerable variation both in peak position
and intensity.

4 CONCLUSIONS

To prepare the pure g-C3Ny, Phosphorus and Sulphur doped and co-doped g-C3N, samples by thermal
condensation method. The structural and optical properties were measured by XRD, SEM, FTIR, and PL
spectroscopy analysis. X-ray diffraction peaks (100), (002) and (101) have been observed in all samples which
represent hexagonal phase. Presence of these peaks confirmed that the structure of g-C3Ny has been retained
after doping and co-doping with Sulphur and Phosphorus. The SGCN SEM image sample shows crumpled
sheets, irregular flakes due to decreased interplanar distance in accordance with the X-ray diffraction result.
The laminar large sized sheet like structure is observed in SEM image of co-doped sample. The morphology of
PS- g-C3Ny, sample reveals irregular flakes, and agglomerates with sizes up to 50 pm. In FTIR spectra, show
that strong evidence of the formation of desired structure is the presence of characteristic breathing mode
of the tri-s-triazine units around at 800 cm™. The typical skeletal vibrations of aromatic C-N heterocycles
appearing at 1200-1700 cm-1 are related to (C-N) and (C=N) bonds and confirm the formation of g-C3Ny
phase. For the carbon dioxide related bond (C=C) the wavenumber has reduced and shifted to 2165-2195
cm™! for PGCN, SGCN and PSGCN samples, respectively. Another vibrational mode corresponding to
vibrating cyano terminal group (C=N) is appearing at 2355-2365 cm ™! for g-C3N4, SGCN, PGCN, and
PSGCN samples. The intensity of this mode has enhanced with the doping and co doping. FTIR spectrum
of GCN, PGCN, SGCN, and PSGCN show broad bands of stretching and deformation modes of -NHy groups
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at 3180-3130cm ! respectively, with decreased intensity in all samples. PL spectra shows that the Sulphur
and Phosphorus co-doped PSGCN (8 wt.%) sample is better for photocatalytic activity.
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