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Abstract

Oxygen-doped mesoporous carbon nitride (O-MCN) was successfully synthesized through a polymerization reaction between
urea and glucose using nanodisc silica (NDS) from rice husk ash as a hard template. The presence of oxygen within the
framework of the MCN was confirmedusing X-ray photoelectron spectroscopy (XPS) and Fourier-transformed infrared (FT IR)
analyses. The scanningelectron microscope (SEM) analysis indicates the existence of irregular spherical pores on the surface of
O-MCN mimicking the surface morphology of the NDS. T he Brunauer—Emmett—Teller (BET) surface area of the O-MCN (145
m2g) was similar to NDS (152 m?g’Y). However, the Barrett, Joyner, and Halenda (BJH) pore size distribution of the O-MCN
(48- 84 A) was smaller than the NDS (36-203 A). T he bandgap energy of the O-MCN was calculated to be 2.53 eV. The narrow
bandgap energy suggests that the O-MCN has a high potential to be used as a photocatalyst under visible light irradiation.
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Abstrak

Karbon nitrida berliang meso mengandungi oksigen (O-MCN) berjaya disintesis melalui tindak balas pempolimeran antara urea
dan glukosa menggunakan nanocakera silika (NDS) dari abu sekam padi sebagai templat keras. Kehadiran oksigen dalam kekisi
MCN disahkan melalui analisis spektroskopi fotoelektron sinar-X (XPS) dan inframerah transformasi Fourier (FT IR). analisis
mikroskop elektron imbasan (SEM) menunjukkan kewujudan liang sfera tidak sekata pada permukaan O-MCN yang menyerupai
morfologi permukaan NDS. Luas permukaan Brunauer—Emmett—T eller (BET) O-MCN (145 ng'l) sama dengan NDS (152 ng'
1). Walau bagaimanapun, taburan saiz liang Barrett, Joyner, and Halenda (BJH) O-MCN (48- 84 A) adalah lebih kecil
berbanding NDS (36-203 A). Tenaga sela jalur O-MCN dikira sebagai 2.53 eV. Tenaga sela jalur yang sempit mencadangan O-
MCN mempunyai potensi yang tinggi untuk digunakan sebagai fotokatalis dibawah iradiasi cahaya nampak.
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Introduction

Carbon nitride (CN) is a polymeric material containing
carbon and nitrogenatoms that has unique properties
such as semi conductivity, basicity, high hardness,
chemical robustness, high chemical and mechanical
stability. These properties rely on the structure,
composition, and crystallinity of the CN framework. So
far, five different types of structures of CN have been
reported. Namely, carbon nitrides CsN, (9-CsNy), a-CsN,,
[-C5N,, cubic-C3N,, and pseudocubic-CsN,. The former is
a two-dimensional CN, whereas the latter is three-
dimensional CNs. Among these CNs, g-C3N, has gotten
considerable attention because of its unique and
combined properties such as extreme hardness, energy-
storage capacity, semi conductivity, gas adsorption
capacity, and low density [1]. However, low surface
area (<10 m* g ™) and porosity hamper the application
of g-C;N, in the area of adsorption and catalysis even
though the presence of basic sites is considered
beneficial [1].

Since the discovery of mesoporous carbon nitrides
(MCN) by Vinu et al. in 2005, various types of MCN
with large surface area, pore volume, and pore
diameters havebeensynthesized. Larger surface area
can support more active sites for reaction, whereas the
porousstructure can improve the light absorption [2,
3]. The MCNs have been synthesized using hard-
templating (nanocasting or replication) and soft-
templating (self-assembly) approaches. The MCNs
synthesized via hard-templating approach indicate
better controland replication of the morphology of the
targeted product compared to the MCNs prepared via
soft-templating approach [4].

Various types of oxygen doped mesoporous carbon
nitrides (O-MCN) have been reported to be active as
photocatalysts under visible light irradiation [5, 6].
Among the limitations concerning the synthesis
strategies of O-MCN are the use of environmentally
unfriendly C, N, and O precursors such as carbon
tetrachloride, formaldehyde and ethylenediamine, and
multiple synthesis steps. In addition, the silica

precursors used in the synthesis of the hard template
are from commercial sources such as tetraethyl
orthosilicate (TEOS).

In this paper, O-MCN was synthesized via hard
templating method in a single step by polymerizing
ureaand glucose as the C, O, and N'sources. Nanodisc
silica (NDS) prepared from rice husk ash (RHA) was
used as the hard template. The NDS produced from
RHA add value to agricultural waste, particularly rice
husk, it’s environmentally advantageous, low cost of
production and abundantly available. The
physicochemical characterizations indicate that the
catalysthas potential to be used as a photocatalyst. To
the best of our knowledge, no reports were found on
the use of NDS from RHA as a template for the
synthesis of O-MCN.

Materials and Methods
Raw materials
Nitric acid (HNO;, 69%), sodium hydroxide (NaOH, ,
>99%), glucose (C¢H;,0s >99%), urea (CH,N,O,
>99%) and hydrofluoric acid (HF, 49%, QREC). All
chemicals were of analytical grade and used without
further purification.

Synthesis of rice husk ash

The RHA was produced fromrice husk (RH) according
to the method reported by Adamet al [7]. The rice
huskwas washed with plenty of waterand then rinsed
with distilled water to remove all the soluble dirt and
soil. The RH was dried at room temperature for 48
hours. The cleanand dried RH was then stirred in 750
mL (1.0 M) HNO; for 24 hours to reduce the metallic
impurities. It was further washed thoroughly with
distilled water until the pH of the filtrate reached 7.
The acid-treated RH was dried for 24 hours at 110 °C
and then pyrolyzed at 600°C for 6 hours to remove the
organic components of the RH in a furnace. A white
colored RHA was obtained at the end of the process.
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Synthesis of NDS

A sodiumsilicate solutionwas prepared by dissolving
5.0 g of the RHA in 500 mL (0.5 M) aqueous NaOH
solution[8]. The pH of the sodiumsilicate solutionwas
reduced to pH7by adding 2.0 M HNO; under vigorous
stirring at 1200 rpm. The silica gel started to form
when the pHofthe sodiumsilicate reached 7. The gel
was aged in the mother liquor for 24 hours in a closed
plastic container under vigorous stirring and then for
48 hours under static to allow the silica gel to slowly
precipitate. Afterthe aging process, the formed gelwas
filtered and washed with distilled water until the pH of
the filtrate became constant. The washedsilica gel was
freeze-dried to remove water [9]. A fine white powder
of NDS was obtained. The powder was kept in a
desiccator for further use.

Synthesis of O-MCN

The O-MCNwas prepared using the method reported
by Hu et al. [10] with some modifications. In a typical
synthesis process, glucose (0.5 g) and urea (10 g) were
dissolved in 100 mL of distilled water and heated to
70 °C under stirring. Into the solution, 0.3 g of NDS
was added as a hard template. The solutionwas stirred
at 80 °C until the water evaporated. The catalyst was
then transferredinto a 50 mL crucible and dried in the
oven at 80°C for24 hours. The catalyst was uniformly
ground and calcined at 550 °C for 1 hour at a heating
rate of 5°C min™* A dark brown colored powder was
obtained. The powder was then dispersed in 100 mL of
an aqueous solution of HF overnight to remove the
NDS [11]. The O-MCN powder was filtered and
washed with 1000-mL distilled water, followed by
drying at 80 °C overnight.

Catalyst characterization

The prepared samples were characterized by FT-IR
spectroscopy (Perkin Elmer System 2000 FT-IR
Spectrophotometer) using KBr pellets technique, N,
adsorption porosimetry (Micromeritics Instrument
Corporation model ASAP 2000, Norcross), powder X-
ray diffraction (Siemens Diffractometer D5000
diffractometer Kristalloflex, equipped with CuK
radiation,= 0.154 nm), scanning electron microscopy
(Leica Cambridge S360), energy dispersive
spectrometry (EDAX FALCON SYSTEM), UV-Vis

diffuse reflectance spectroscopy (Perkin Elmer Lambda
35 UV-Vis spectrophotometer) and the XPS spectrum
was recorded on AXIS Ultra DLD, Kratos, equipped
with an AIK X-ray source = 1486.6 eV at 10 mA, 15
kV). All binding energies were calibrated using
contaminant carbon (C 1s = 284.6 eV) as reference.
The C, N, and O content were determined using CHNO
analyzer.

Results and Discussion

SEM analysis

Figures 1(a) and (b) representthe SEM image of NDS
and O-MCN, respectively. From Figure 1(a), it can be
seen thatthe surface of NDS is constructed of irregular
spherical shaped nanoparticles. The de-templating of
NDS from the framework of O-MCN using aqueous
HF had created a porous surface, as shownin Fig. 2(b).
The pores on the surface of O-MCN were spherically
shaped with various sizes similar to the surface of
NDS.

HRTEM analysis

The HRTEM images of NDS and O-MCN are shown
in Figures 2(a) and (b). The HRTEM of NDS revealed
disc-like particles with sizes in the range of 58 to 63
nm. The HRTEM of O-MCN (Figure 2(b)) indicates
the interconnected elongated rod-like nanoparticles
with undefined pore channels. Often, the MCN will
replicate the hard template used in the synthesis
process. The O-MCN synthesized by Park et al. [12]
replicated the morphology of the hard templates, SBA -
15, and cubic meso-SiO, thatthey had used. Cha et al.
[13] synthesized sulphur doped MCN (S-MCN)
utilizing SBA-15 as the hard template, and they too
observed that the S-MCN replicated the SBA-15 as
well. Surprisingly, in this research, the synthesized O-
MCN did not replicate the disc-like morphology of the
NDS. The replication was not observed, possibly due
to the physical properties of the NDS compared to
SBA-15 and O-MCN synthesis procedure. However,
further investigations are required to confirm these
assumptions.

Nitrogen sorption analysis
The nitrogen adsorption-desorption isotherms of the
NDS and O-MCN s shownin Figure 3. Both materials
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exhibit type-IVisothermwith H3 hysteresis loop. The
type-1Visothermconfirmthe existence of mesopores,
whereas the H3 hysteresis loop indicates the mesopores
are slit-shaped with non-uniform size [14]. The BET
surface area of O-MCN (145 m’g™) is slightly lower
compared to NDS (152 m°g™"). The BJH pore size
distribution determined fromthe adsorption branch is
given in inset of Figure 4. Fromthe porogram of NDS,
the mesopore distribution was predominantly in the

range of 39-203 A. The etching process using HF had
created pores with broad diameter range. The pore size
distribution in O-MCN was determined to be in the
range of 48- 84 A. The existence of pore sizes in a
broad rangeis also visible, as in the SEM image of O-
MCN (Figure 1(b). The pore volume of NDS was 0.30
cm’g™, whereas the pore volume of O-MCN was 0.28
cm’g™.

Figure 2. The HRTEM image of (a) NDS and (b) O-MCN
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Figure 3. The nitrogen adsorption isotherms and BJH pore size distribution (inset) of (&) NDS and (b) O-MCN

FT-IR analysis

The FT-IR spectrumof O-MCN is shown in Figure 4.
The sharp intense band observed at 810 cm™ is
assignedto the characteristic bending modes of triazine
units [15]. The bands with weak intensity at 3159 and
3315 cm* are assigned to the stretching modes of
secondary and primary amines andtheir intermolecular
hydrogen bonding [16]. The collection of bands at
1200-1600 cm™ is due to the stretching vibrations of
heptazine-derived repeating units [17]. The absorption
band at 2163 cm™ is assigned to C=N or N=C=N due
to incomplete polymerization of the precursors [18].
The presence of the C-O bond is indicated by the
presence of a weak shoulder at 1156 cm™. The IR
bands relatedto the silica matrix could not be detected,
indicating the successful removal of the template using
aqueous HF.

X-ray diffraction analysis

The XRD pattern of the synthesized O-MCN is shown
in Figure 5. A diffraction peak with a strong intensity
at 20 = 27.2° in the diffractogram of the O-MCN is
indexed to the (002) crystal plane. The plane is
attributed to the lamellar packing of graphite in the -
conjugate plane [19]. The do, value of O-MCN
calculated from Bragg Equation was 0.329 nm. The

value was relatively shorter comparedto pure graphitic
carbon (0.353 nm) [20]. The crystallite size of O-MCN
determined from the Scherrer Equation was 3.00 nm.
The peak associated with amorphous silica at 26 ~22°
is also invisible [21], indicating the high purity of O-
MCN.

CHNO analysis

The elemental analysis of O-MCN is summarized in
Table 1. The chemical composition of the O-MCN
shows a C/N ratio of 0.75 which is equivalent to the
ideal or theoretical C/N value (0.75) of single-
crystalline graphitic carbon nitride [22].

X-ray photoelectron analysis

The XPS of C 1s spectrum (Figure 6(a)) was fitted
into five peaks at 283.2, 284.6, 285.9, 286.8 and
288.1 eV. These are attributed to sp® hybridized
graphitic carbon, sp® hybridized graphitic carbon, N-
C=C bond, C-O and C=N/C=0bonds, respectively
[23, 24]. The deconvolution of O 1s spectrum
resulted in two peaks at 529.2 and 531.3 eV (Fig.
6(b)). The former peak corresponds to the lattice
oxygen, whereas the latter corresponds to the
presence of C-O functional group [25]. The
deconvolution of N 1s spectrum shown in Figure
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6(c) shows the existence of threepeaks. The peak at of the amino-functional group with H-atom (C-N-H)
396.8 eV could be assigned to the sp® hybridized in the aromatic CN heterocycles [26, 27].

aromatic nitrogen bonded to carbon atoms (C-N=C)
while the peak at 398.4 eV emerged from the
tertiary nitrogen in the triazine units N-C; groups.
Finally, the peakat 401.3 eV is derived fromN atom
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Figure 5. The XRD diffractogram of O-MCN
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Table 1. The elemental analysis of O-MCN
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Figure 6. The XPS spectra for () C 1s, (b) O 1s, and (c) N 1s of -MCN

UV-Vis diffuse reflectance analysis

The UV-Vis diffuse reflectance spectrumof O-MCN is
shown in Figure 7(a). The catalyst exhibits intrinsic
absorption in the ultraviolet region attributed to the
band-bandtransition [28]. The absorption edge around
460 nmis associated with the photocatalytic property
in the visible region [29, 30]. The bandgap energy (E,)
of the composites was estimated fromthe intercept ofa
straight-line fitting to a plot of /F(R)hv]°® against hv

(Fig.7(b)), where F(R) is the Kubelka-Munk function
and avis the incidentphotonenergy. From Figure5(b),
the calculated bandgap energy for O-MCN was 2.53
eV. The lower bandgap energy indicates that the O-
MCN has potentialto be usedin photocatalysis under
visible light irradiation.
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Conclusion

Oxygen doped mesoporous carbon nitride (O-MCN)
with high purity was successfully synthesized via a
hard-templatingmethod. Ureaand glucose were used
as the carbon, oxygenandnitrogen source. The nano-
discsilica (NDS) was used asa template. The O-MCN
replicated the surface morphology of NDS; however,
some changes were observed. The BET surface area of
O-MCN (145 nm’g™) was slightly lower compared to
NDS (152 m’g™). The etching of NDS using aqueous
HF had created pores with a broader diameter range
(48- 84 A) compared to NDS (39-203 A). The UV-Vis
diffuse reflectance analysis-indicates that the O-MCN
has the potential to be used in photocatalysis under
visible  light irradiation. - However, further
investigations are needed to be carried out to
understandthe morphogenesis ofthe O-MCN since the
HRTEM indicate morphological change after NDS
removal.
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