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Abstract

In this research, the g-C;N,/TiO, nanocomposite was prepared by a simple hydrothermal method and was used as pho-
tocatalyst for dye degradation. Prior to that, the g-C;N,/TiO, was characterized by different analytical techniques such
as FTIR, XRD, SEM, and nitrogen gas adsorption. Main functional groups of g-C;N,/TiO, composite are shown in the
FTIR spectrum. The XRD pattern reveals that the presence of anatase and rutile phases of TiO, as well as layer stacking of
conjugated aromatic and in-planar repeating triazine unit of g-C;N,. The SEM analysis shows the presence of 2D-layered
structured of g-C;N, and agglomerated spherical TiO, particles (OD). The 2D/0D g-C;N,/TiO, nanocomposite shows higher
photocatalytic activity than pure g-C;N, and TiO,, whereby 100% of MB was degraded under visible light after 2 h. This is
attributed to their high surface area which is 273.32 mg~! and generation of more effective reactive oxygen species of «OH

and O, to degrade MB.
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Introduction

Photocatalytic degradation of organic pollutant using nano-
structured materials had become an interesting research area
by researchers worldwide. This is because of their explicit
advantages, including high surface areas, effective charge
separation, directional charge transport, and light trapping/
scattering effects (Sun et al. 2020). In particular, nanostruc-
tured titanium dioxide (TiO,) such as zero-dimensional
(0D), one-dimensional (1D), two-dimensional (2D) and
three-dimensional (3D)/hierarchical have been explored
and tested as photocatalyst for degradation of various dyes.
It is well published that OD materials like TiO, nanoparticle
managed to degrade Congo red (CR) dye completely after
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80 min of continuous illumination (Sathiyan et al. 2020;
Li et al. 2019a; Goutam et al. 2018). Recently, researcher
reported that 1D TiO, nanotubes doped with copper shows
high photocatalytic activity with 90% degradation of methyl
orange after 180 min (Razali et al. 2020a). On top of that,
it was also found that 3D TiO, nanocomposite is not only
capable to degrade methyl orange dye but also could be
used in biomedical application for cell growth and as an
antibacterial material (Razali et al. 2018). Even though
the performance of nanostructured TiO, materials is good
somehow, they are not efficient enough since pure nano-
structured TiO, materials work only under UV light due
to their large bandgap energy and fast-recombination thus
slowing their photocatalytic activity rate. Thus, combination
with low bandgap energy of organic semiconductor was pro-
posed to enhance their photocatalytic activity under visible
light. Recently, graphitic carbon nitride (g-C;N,) has been
reported to be a promising candidate for photocatalysis due
to their low bandgap energy and easily prepared at low cost
(Gahlot et al. 2021; Kang et al. 2018; Zhang et al. 2017).
The 2D-layered structure of g-C;N, similar to graphene
with conjugated system benefits the transport of charge car-
riers and their low bandgap energy of ~2.7 eV endows the
polymeric semiconductor with visible light-absorbing ability
up to 460 nm (Chen et al. 2020; Hong et al. 2020). Strong
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covalent bonds between carbon with nitride atoms and tris-
trizaine (C¢N,)-based building blocks in the molecular struc-
ture of g-C;N,, made them thermally and photochemically
stable semiconductor (Chegeni et al. 2020; Muhmood and
Uddin 2020; Li et al. 2019b). Therefore, due to their unique
properties, 2D-layered g-C;N, was combined with 0D TiO,
nanoparticles to produce 2D/0D heterostructures g-C;N,/
TiO, nanocomposite photocatalyst. The synthesized 2D/0D
nanocomposite photocatalyst was characterized using vari-
ous instruments to study their physical and chemical proper-
ties. Then, the performance of the photocatalyst was tested
for methylene blue (MB) degradation.

Experimental
Materials and reagents

All chemicals are the analytical grade (AR) and used with-
out any further purification. Urea powder (NH,CONH,;
AR, >99.0%), titanium tetrachloride (TiCl,, AR, >99.0%)
and sulphuric acid (H,SO,, AR, >99.0%), benzoqui-
none (C4Hy(=0),: AR,>98.0%) and isopropyl alco-
hol ((CH;),CHOH; AR, >99.7%) were purchased from
Sigma-Aldrich.

Preparation of layered g-C;N,

Bulk g-C;N, was produced via a thermal poly-condensation
method. Typically, 20 g of urea was placed into a ceramic
crucible with a cover and heated in a furnace at 550 °C for
4 h with heating rate 5 °C per min. After cooling down
naturally, the coarse solid products were collected and well
ground into powder with the size around 180 pm in a mortar.
To prepare layered g-C;N,, 1 g of bulk g-C;N, was put into
a beaker with 20 mL of concentrated sulphuric acid and
magnetically stirred for 8 h at room temperature to ensure
that the bulk g-C;N, was exfoliated into layered g-C;N,
completely. Subsequently, the sticky mixture of g-C;N, and
sulphuric acid was poured into 100 mL of distilled water and
then transferred to a water bath for another 8 h of magnetic
stirring at a specific temperature of 80 °C to remove the
excess sulphuric acid. The resulting suspension was cen-
trifuged to separate the solid particulates from liquid. The
solid was washed by replacing the liquid after centrifuging
with distilled water and was centrifuged again for 2 times.
Finally, the collected solid sample was dried to obtain lay-
ered g-C;N,.

Preparation of g-C;N,/TiO, photocatalyst

The obtained layered g-C;N, was weighted for 1.0 g and
poured into a beaker with 100 mL of distilled water. The
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mixture was stirred to be homogeneous for 10 min. 20 mL
of titanium tetrachloride (TiCl,) was poured into the solution
mixture immediately in fume hood, because it is a volatile
liquid and easily vaporized. The solution was stirred further
for 20 min and dried in oven for 24 h at 70 °C. After drying,
the powder sample was annealed at 400 °C for 1 h with rate
of 20 °C/min. The yellowish white powder obtained was
labeled as g-C;N,/TiO,. TiO, nanoparticle was prepared
using similar procedure without the addition of g-C;N,
solution.

Characterization of sample

Fourier transform infrared (FTIR) spectroscopy was used
to study the functional group of sample. FTIR spectra were
conducted on Niconet 5700 FTIR spectrometer with the
sample was dispersed in potassium bromide (KBr). The anal-
ysis was done from 400 to 4000 cm™~! wavenumber. X-ray
diffraction (XRD) was utilized to study the crystal structure
and the XRD patterns were acquired on Bruker D8 Advance
X-ray diffractometer (Bruker AXS, German) at a scanning
speed of 0.2 s™! from 10 to 90° of 26. The morphology of
the sample was captured by ZEISS SUPRA™ 35VP scan-
ning electron microscope (SEM). Micromeritics ASAP 2000
instrument was used for the nitrogen gas adsorption analysis
at the temperature of — 196 °C (boiling temperature of lig-
uid nitrogen) to determine the Brunauer, Emmett and Teller
(BET) surface area and porosity. For sample preparation, the
powder sample of about 1.5 mg was poured into glass tube.
The prepared sample in glass tube was degassed at 300 °C
for 5 h under vacuum to remove the previously absorbed
contaminant on the surface and pores of the samples before
measurement.

Photocatalytic activity study

First, 10 mg powder of each photocatalyst was separately
dispersed in 60 mL dye aqueous solution at a specific con-
centration (5 ppm). Preceding to the photocatalytic test, the
mixture solution was stirred magnetically in dark for 1 h
to attain adsorption/desorption equilibrium between dye
and photocatalyst. A specific solution (5 mL) of initial con-
centration (C,) was taken out, and then, the solution was
exposed to visible light with a 300 W halogen lamp with
a UV cutoff filter. The distance between solution and lamp
was 5 cm. During the reaction process, reactant mixtures
were continuously stirred and samples were extracted after
regular intervals (30 min) to define the degradation of dye.
The extracted samples were centrifuged at 6000 rpm for
10 min for solid-liquid separation and to remove suspen-
sions. Temporal concentrations variation of MB dye was
monitored by investigating the change in absorption peaks
at 665 nm using the UV—-Vis spectrometer (Perkin Elmer
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Lambda 35 UV-Vis). The photodegradation efficiency (1)
was calculated using the following equation:

% =G 100 1
CO 4 ()

Degradation(y) =

where C, is the initial absorption of MO and C, is the
absorption of MO after the reaction at ¢ time. The photo-
catalytic testing was replicated for 3 times.

Photocatalytic mechanistic investigation

To explore the exact mechanistic pathway of MB photo-
catalytic degradation using the g-C;N,/TiO, nanocomposite
under visible-light irradiation, 0.1 mmol of quenchers such
as benzoquinone (BQ) and isopropyl alcohol (IPA) were
added in the reaction system for superoxide radicals (O;,)
and hydroxyl radical (OHe) trapping, respectively.

Results and discussion

Figure 1 shows the FTIR spectra of prepared photocatalyst
samples. For TiO, sample, a broad peak observed within
1500-500 cm™! is due to the metal and oxygen bond corre-
sponding to Ti—O stretching vibration (Razali et al. 2020b).
The peaks at 1641.42 cm™" and 3400-3500 cm™! were cor-
responding to hydroxyl group of physically adsorbed water
(Razali and Yusof 2018). For g-C;N,, it has a strong char-
acteristic peak at 813 cm™!, which is part of the bending
vibration of the triazine rings (Zheng et al. 2020). In addi-
tion, several absorption bands ascribing to the representative
stretching mode of the carbon nitride aromatic ring were

—— g-C;N,/TiO,
— g-C3N,
— TiO,
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Fig.1 FTIR spectra of pure g-C;N,, TiO, and g-C;N,/TiO, nano-
composite photocatalyst

also detected in the range of 1000 to 2000 cm™'. Among
them, 1240 and 1317 cm™! are pertained to the stretching
vibration of the C-N, H-C and C-N (-C)-C connecting
unit (Tian et al. 2013). The peaks at 1408 cm™!, 1461 cm™!
and 1641 cm™! are due to the stretching vibration of CN
in the g-C;N, structure (Dong et al. 2013). Lastly, a broad
peak at region of 2500-3600 cm™! indicates the stretching
vibration modes of the terminal NH groups, as reported by
other researchers (Li et al. 2020; Wang et al. 2019). While,
within 1240-1570 cm™ region is an aromatic C-N bonds
(Tan et al. 2019). For the g-C;N,/TiO, hybrid sample, their
spectra clearly show the main characteristic of both g-C3N,
and TiO,. For instance, broad peak at 2500-3700 cm~!is
assigned to N-H stretching and the peaks of Ti—~O-Ti and
Ti—O stretching within 1100-500 cm™! (Hao et al. 2020).
However, these peaks shifted to red shift as compared to
pure TiO, sample. This phenomenon is attributed to a
decrease in the vibrational energy of the Ti—-O-Ti and Ti-O
bonds. It means that the bond strength is weakened, sug-
gesting that a strong interaction at the interfacial contact
between these two compounds, which further confirms the
successful preparation of the g-C;N,/TiO, nanocomposites.
Furthermore, the appearance of sharp peak at 1631.78 cm™!
which is attributed to the stretching vibrations of C-N and
C=N heterocyclic unit confirm the presence of g-C;N, in
the g-C;N,/TiO, nanocomposite sample (Hao et al. 2020).
The XRD pattern of pure g-C;N,, TiO, and g-C;N,/
TiO, nanocomposite are shown in Fig. 2. Two broad peaks
were observed at 13.48° and 27.55° for pure g-C;N, sample
(Fig. 2a). First peak is corresponding to the (1 0 0) crystal
plane of the in-planar repeating triazine unit. Meanwhile
second peak was indexed as (0 0 2) crystal plane of layer
stacking of conjugated aromatic system (JCPDS: 87-1526),
as reported previously by other researchers (Tan et al. 2019;
Dong et al. 2014). While in Fig. 2b, pure TiO, sample
displays sharp and narrow peaks at 27.52°, 36.2°, 39.26°,
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Fig.2 XRD patterns of a pure g-C3N, b TiO, and ¢ g-C;N,/TiO,
nanocomposite photocatalyst
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41.3°, 44.08°, 54.36°, 56.72°, 62.78°, 64.1°, 69.02° and
69.78° which are assigned to the (110), (101), (200), (111),
(210), (211), (220), (002), (310), (301) and (112) rutile TiO,
(JCPDS: 21-1276) (Warkhade et al. 2019; Fang et al. 2020).
For g-C;N,/TiO, nanocomposite sample (Fig. 3c), similar
XRD pattern was observed as pure g-C;N, and TiO, except
the addition of new peaks at 25.4°, 48.6° and 75.4° which
are assigned to (101), (200), (215) anatase TiO,, respectively
(JCPDS: 21-1272). The appearance of the anatase TiO,
peaks was due to the chemical interaction between g-C5N,
and TiO,, which confirms the g-C;N,/TiO, heterojunction
formation. On top of that, as can be seen in XRD pattern the
peak of the interlayer stacking of g-C;N, aromatic segments

and rutile TiO, is overlapped thus resulted in formation of
broader peak in g-C;N,/TiO, nanocomposite sample at~27°,
as compared to pure g-C;N, sample. This phenomena sug-
gested the produced sample is composed of both g-C;N,
and TiO,. The appearance of new peak of anatase TiO, for
nanocomposite sample is interesting since the existence of
both phase of TiO, which are anatase and rutile can enhance
the photocatalytic activity (Antunes et al. 2020).

The SEM images of studied samples are shown in Fig. 3.
Layered structures are observed in Fig. 3a, suggesting that
sheet-like g-C;N, (2D) was successfully synthesized using
hydrothermal method. The thickness of sheet-like structure
was found to be <100 nm. Meanwhile, the TiO, shows the

Fig.3 SEM micrographs of a pure g-C;N, b TiO, and ¢ g-C;N,/TiO, nanocomposite photocatalyst
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irregular shape particles with the size within 60—80 nm as
observed in Fig. 3b. The nanoparticles were found to be
agglomerated to form bulk particles due to the heating pro-
cess during the preparation step. The nanoparticles are uni-
formly wrapped on the surface of the layered g-C;N, in the
g-C;N,/TiO, composite (Fig. 3c).

Figure 4 shows the nitrogen adsorption—desorption iso-
therm plot of pure g-C;N,, TiO, and g-C;N,/TiO, nano-
composite. The isotherm for all studied samples exhibit a
typical IV-like isotherm with H3 hysteresis according to
IUPAC classification (Abdelraheem et al. 2019; Ahmed
et al. 2017). Type IV isotherms are usually associated
with capillary condensation in mesopore structures.
Mesoporous structures are encountered with materials
having pores in the general range of 2-50 nm. As shown
in Table 1, the pore sizes of the samples are between 8.88
and 32.92 nm, which is in the mesopore range suggest-
ing very narrow distributions of the mesopore dimen-
sions. The surface area of pure g-C;N,, TiO, and g-C;N,/
TiO, nanocomposite was found to be 73.42, 186.48, and
273.32 m?/g, respectively, suggesting that more pores

Table 1 BET surface area, pore volume and pore size of pure g-C;N,,
TiO, and g-C;N,/TiO, nanocomposite

Sample Surface area Pore volume Pore size (nm)
(m*/g) (cm’/g)

g-C3N, 73.42 0.167 32.92

TiO, 186.48 1.240 8.88

g-C3;N,/TiO, 273.32 1.720 21.99

were produced in TiO, and g-C;N,/TiO, nanocomposite
sample (Table 1). This is due to the small size particle of
near-spherical TiO, nanomaterials used in this research.
Smaller spherical TiO, nanoparticles will produce high
numbers of particles and pores. The pore volume and pore
size of the g-C;N,, TiO, and g-C;N,/TiO, nanocomposite
is tabulated in Table 1. BJH pore-size distribution of the
studied samples can be observed in Fig. 4 (insert). A broad
BJH pore-size distribution curve of pure g-C;N, within
20-80 nm is a wide pore-size distribution proposing
that g-C;N, composed of both macropore and mesopore

1.4 1000 -
(a) g-C3N, (b) TiO,
512 50.04 ) 5 0-04
2 = S 800 I
2 5o0.03 £ £
E 1.0 s E 50.03
- ] T o
° £ 3
gos %(’02 £ 600 Eqp
172} o
§ g 001 8 o 0.01
ye1 2 . g a0 &
€04 0 20 40 60 80 100 3 0
i Pore diameter (nm) o 0 20 40 60 80 100
200 Pore diameter (nm)
0.2
o—n—0—0
0.0 0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 04 .6 0.8 1.0
Relative pressure (p/p,) Relative pressure (p/p,)
1200 -
(c) g-C;N,/TiO,
5 1000 _ o.03 A
= (= |
° = b ‘
£ - $ |
E 800 S0, § |
; o ¢ M“v&\
o £ ¢
£ 3 ¢
g 601 So01 [ ¢
° o
id S
£ 400 © V“
c 0
3 0 20 40 60 80
9 .00 Pore diameter (nm)
0 '
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure (p/p,)

Fig.4 Nitrogen adsorption/desorption isotherms and BJH pore-size distribution profiles (inset) of a pure g-C;N,, b TiO, and ¢ g-C;N,/TiO,

nanocomposite photocatalyst
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structures. This is attributed to their layered structures. On
the other hand, narrow pore-size distribution was observed
for spherical TiO, nanoparticles sample. The average of
pore diameter is about 33-37 nm. Interestingly, both
pattern which are wide (5-33) nm and narrow (34-35)
nm pore-size distribution was obtained for g-C;N,/TiO,
nanocomposite sample proved the existence of layered
and nanoparticle pores. Moreover, the pore-size distribu-
tion of nanocomposite sample is only in mesopore range
proposing that TiO, nanoparticle was loaded onto layered
g-C;N, to create only mesopores. These type of pores were

100  (a)
g-C;N,/TiO,
80

60

40

Degradation (%)

20

0 30 60 90 120
Time (minutes)

(c)

expected to provide a good adsorption and active site for
degradation of MB.

The degradation was carried out under visible light using
synthesized g-C;N,/TiO, nanocomposite, pure g-C;N, and
TiO,. After 120 min, complete degradation (100%) of MB
was achieved for g-C;N,/TiO, nanocomposite. While,
49.06% of MB was degraded using pure g-C;N, and single
TiO, was managed to degrade only 10.20% (Fig. 5a). As
well known, TiO, is not active under visible light, thus low
degradation was obtained due to the adsorption of MB into
the TiO, surface and photolysis of MB (3.80%). High photo-
catalytic capability of g-C;N,/TiO, nanocomposite was due

100%  (b)

Visible light
A
by e eeeee

g-C;N,
~2.83 eV

h’hf h* h*

TiO,

Fig.5 a Degradation rate, b mechanism of interphase charge transfer, and (c) nano-spherical inter-layered of g-C;N,/TiO, photocatalyst
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to the interface charge transfer between g-C;N, and TiO,,
which can prevent the recombination of electron and positive
hole charges (Fig. 5b). On top of that, large BET surface of
g-C;N,/TiO, nanocomposite which is attributed to their lay-
ered and nano-spherical structures (Fig. 5c), thus could pro-
duce more reactive oxygen species (ROS) such as hydroxyl
radical (*OH) and superoxide radicals (*O,) to degrade the
MB compound. For comparison, the photocatalytic activity
of synthesized g-C;N,/TiO, nanocomposite and other pho-
tocatalyst for degradation of MB under visible-light irradia-
tion is listed in Table 2. The TiO,/g-C;N, nanocomposite
exhibits better or comparable photocatalytic activity in MB
degradation.

The bandgap energy of g-C;N,/TiO, nanocom-
posite was determined using UV-Vis. A graph of [In
(R,.x — Ri/R — R,,;,)]* versus photon energy (bandgap
energy, Eg) was plotted, where R, ,, represents the maxi-
mum reflectance value in the desired wavelength and R ;,
represents the minimum reflectance value in desired wave-
length. The energy bandgap was determined based on the
intersection from the extrapolation of the straight line of the
curve to the y-axis =0 (Kumar et al. 1999). In this study,
the bandgap energy of g-C;N,/TiO, nanocomposite was

found to be 2.83 eV (Fig. 6a). Due to the combination of
g-C;N, and TiO,, the g-C;N,/TiO, own a smaller bandgap
than pure TiO,, making this nanocomposite photocatalyst
active under visible light. It is well known that pure TiO,
is not active under visible light due to their large bandgap
energy (3.2 eV), as studied by many researchers (Zangeneh
et al. 2015; Colmenares et al. 2016).

The repeatability test of TiO,/g-C;N, nanocomposite
for MB degradation was carried out for five cycles and the
result obtained is shown in Fig. 6b. First three cycles show
nearly consistent degradation rate of MB with more than
95% indicating that the TiO,/g-C;N, nanocomposite have a
good cycling stability within three cycles. However, a loss
of about 10% and 15% was observed in the fourth and fifth
cycles, respectively (Fig. 6b). The possible reasons might be
due to the mass loss of catalyzing species after application in
several cycles during washing and separation for recycling
of the photocatalyst (Faisal et al. 2021).

To study the role of *OH and *O, towards the photocat-
alytic degradation of MB dye, the scavengers were added
into the reaction system of the g-C;N,/TiO, nanocompos-
ite photocatalyst. As shown in Fig. 7a, the MB photodeg-
radation was decreased to 55.50% and 43.20% after 2 h

Table 2 Photodegradation

o " Photocatalyst
of MB under visible-light

MB photodegradation References

irradiation using synthesized
g-C3N,/TiO, nanocomposite
and other photocatalysts

g-C;N,/TiO,
CdSe-graphene/SiO,

100% after 120 min
100% after 180 min
63.18% after 120 min
96.0% after 250 min
79% after 150 min
55.45% after 240 min

This study

Nguyen et al. (2018)

Khataee et al. (2019)
Gawande and Thakare (2013)
Sridevi et al. (2019)

Hossain et al. (2018)

CdSe/NS graphene/Fe;0,
RGO/CdS
Fe/CdSe
Fe/TiO,/MWCNT
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Fig.6 a Energy bandgap of g-C;N,/TiO, and b repeatability test of g-C;N,/TiO, nanocomposite photocatalyst for MO degradation under visi-

ble-light irradiation
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Fig.7 a Degradation rate
without and with scavenger, b
mechanism of MB by *OH and

(a)

100%

*0, using g-C;N,/TiO, nano- 100
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Eo 40 =
o 5
=
20 §'
=
L
o
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irradiation with the presence of benzoquinone (BQ) and
isopropyl alcohol (IPA) scavengers, respectively. This is
because BQ acts as trapper of -O,, while IPA inhibits the
formation of *OH in the reaction system, thus reduces the
presence of ROS, and consequently, the photodegradation
rate. This findings suggesting that both reactive oxygen
species of -:OH and <O, play a significant role in the pho-
todegradation of MB dye. Moreover, with the presence of
both scavengers BQ and IPA in the reaction system, lesser
photodegradation was obtained (4.40%). The mechanism
of MB degradation by -OH and -O, using g-C;N,/TiO,
nanocomposite photocatalyst is shown in Fig. 7b.

Conclusion

2D/0D heterostructure g-C;N,/TiO, nanocomposite was
successfully synthesized using hydrothermal method.
FTIR analysis shows the presence of functional group of
g-C;N, and TiO2. The XRD pattern confirmed further the
existence of both materials in synthesized nanocomposite.
Layered-like structure (2D) of g-C;N, and agglomerated
TiO, particles (OD) were shown by SEM micrographs.
This unique properties contributes to the large surface area
and pore volume of g-C;N,/TiO, nanocomposite which
is important for generation of more «OH and «O,. These
radical plays an important role in degradation of MB as
100% degradation was obtained using g-C;N,/TiO, nano-
composite after 2-h reaction.
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