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1 Introduction

ABSTRACT

The photocatalysts possess prime importance from sustainable environment
view point since they decompose detrimental substances. In this work, we
report a type II heterojunction of titanium dioxide/graphitic carbon nitride
(TiO,/g-C3Ny) photocatalysts for degradation of rhodamine B (RhB) dye under
UV-Visible light irradiation. The pristine TiO, and g-C3;N4 materials are pre-
pared by hydrothermal and thermolysis methods, respectively. The hetero-
junction photocatalysts, ie. TiO,/g-CsN; are synthesized with different
weight% (wt%) loadings of TiO, over g-C3;N, by hydrothermal method. The
physico-chemical properties of all photocatalysts are analysed by different
characterization techniques. Compared with the pristine phase of TiO, and
g-C3Ny, the heterojunction photocatalysts showed improved efficiency due to
effective charge transfer between TiO, with g-C3N, and enhanced visible light
harvesting. Owing to effective superlative light absorption and generation of the
large number of electron-hole pairs, suppression of recombination centres,
formation of active species (specially *O,"), etc., 5 wt% loaded TiO,/g-C5Ny4
photocatalyst demonstrated superior performance. Moreover, 5 wt% loaded
TiO,/g-C3N4 photocatalyst exhibited recyclability with high activity (92% after 4
cycles) and thus, we believe it possesses potential for use in industrial water
treatment.

industries is severely affecting human beings, vege-
tation and aquatic animals from past many years.
Hence, wastewater management is considered as the

Increasing industrialization brings out extensive
environmental contamination caused by pollution in
air, water, soil, etc. Amongst polluted water infil-
trating from several textile, chemical and other

world wide prime task for the mankind. All over the
world, around one million tons of coloured effluent
are estimated to be released from the dye industries
[1]. Decomposition of such pollutants into non-toxic
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by products is very essential via eco-friendly
treatment.

Photocatalytic degradation of organic pollutant is
a potential method and nowadays, it has received
attractive attention due to its high efficiency, low
toxicity, reliability and sustainability [2-5]. Therefore,
the design and development of such semiconductor
photocatalyst that can work efficiently under visible
light are of utmost importance at present. In the hunt,
a number of metal oxides [6], nitrides [7] and metal
chalcogenides [8] have been reported as photocata-
lysts for the treatment of organic pollutants present in
water [9, 10]. However, most of them are far from
practical usage because of their impotency to catch
visible light and less chemical and structural stability.

On the other hand, industrial water pollution cre-
ated several ecological and biological problems.
Modern wastewater purification approaches can give
rise to sustainable environmental solutions. For
instance, photocatalytic processes can be easily
applied for industrial effluents treatment and
wastewater can be reused.

Amongst different stable photocatalysts, TiO; is the
predominant photocatalyst because of different
advantages like non-toxicity, high chemical and
structural stability and less expensive and is thus
used for degradation of numerous pollutants. How-
ever, because of its high bandgap, its photocatalytic
performance is dependent only on UV radiation and
no absorption of visible light takes place leading to
underrated photocatalytic activity [11, 12]. To
encounter this problem, different strategies have been
employed such as doping, formation of heterojunc-
tion, and decoration with noble and non-noble
nanoparticles for improving the photocatalytic
activity. Amongst above-said strategies, heterojunc-
tion formation with TiO, is most believed route in
scientific community due to its efficacy for the spatial
separation of e~ — h* [13, 14]. Moreover, depending
on coupled material several types of TiO, hetero-
junction are preferred, such as type II heterojunction
(may be p—n or n—n) [15], surface heterojunction, and
direct Z-scheme heterojunction [16-18]. In recent
years, due to non-toxic, layered structure, non-metal
and inexpensive graphitic carbon nitride (g-C3Ny)
has emerged as a promising metal-free visible light
photocatalyst for hydrogen production from water.
This photocatalyst has many advantageous proper-
ties to form heterojunction with TiO,, such as
appropriate bandgap, excellent chemical stability,
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visible light absorption and high conductivity
[19-22].

In order to form heterojunctions, several synthesis
methods are being used. Amongst all, hydrothermal
synthesis provides many advantages, such as rela-
tively easy operating conditions, one-step synthesis,
ability to produce various morphologies and crystal
phases, eco-friendly nature, and mass productive. In
hydrothermal synthesis method, the consistent mor-
phology, phase and particle size of the nanomaterials
can be achieved by keeping all the synthesis param-
eters constant.

Considering individual TiO, or g-C3Ny species, its
heterojunction overcomes all difficulties faced by
individual material. It improves the photocatalytic
performance due to synergistic effects, such as
enhanced light harvesting, improved photostability,
and efficient photoexcited charge separation. In the
present work, our attention is to synthesize efficient
TiO,/g-C3N, heterojunction photocatalyst for rho-
damine B (RhB) dye degradation. We have prepared
pristine g-C3N, by thermolysis method. In our work,
controlled mass loading of TiO, over g-C3N,, i.e.
TiO,/g-C3Ns  heterojunctions was possible with
hydrothermal method. For the said purpose, various
weight% (wt%) of TiO, were taken with respect to
g-C3Ny, ie. 2.5, 5 and 7.5 wt% TiO,/g-C3N4 and
named as 2.5TG, 5TG, and 7.5TG, respectively. These
prepared samples were used to check further for
finding out better photocatalyst for RhB dye degra-
dation. The main purpose is to find out and under-

stand optimum loading of TiO, for better
photocatalytic performance towards RhB dye
degradation.

2 Materials and methods
2.1 Materials

All chemicals were of analytical grade and used
without further purification. Titanium tetraiso-
propoxide (TTIP) was procured from Spectrochem,
India. Iso-propyl alcohol (IPA) was obtained from
Thomas Baker, India. Melamine, RhB, dimethyl sul-
foxide (DMSOQ), ascorbic acid (AA), sodium chloride,
sodium hydroxide, hydrochloric acid and methanol
were purchased from Sigma-Aldrich, India. Double
distilled water (DDW) was wused for all the
experiments.
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2.2 Synthesis of photocatalysts

The g-C3N4 be the host material prepared by com-
monly used conventional one-step thermolysis tech-
nique [23, 24]. In a typical process, a certain amount
of melamine (4 g) was placed in a partially sealed
alumina crucible with a quartz covering. It was
directly heated in the tube furnace under ambient
atmosphere at temperature 500 °C with heating
rate ~ 3 °C/min for two hours. To have controlled
evaporation, the alumina crucible was partially
sealed. Afterwards, the powder was allowed to cool
naturally inside the tube furnace itself. The obtained
yellow fine powder was collected for further use.

In the heterojunction photocatalyst synthesis, TiO,
was loaded on g-C3N, using hydrothermal method.
Two separate solutions were prepared. In the first
beaker, an appropriate amount of g-C3N4 was added
in the mixture of TTIP (precursor for TiO,) and IPA
(solvent). The mixture of IPA and DDW with fixed
(1:1) volume ratio was taken in second beaker. Here,
the concentration of TTIP decides amount of TiO,
nanoparticles and the volume of water decides the
size of nanoparticles [25]. Solution from the second
beaker was added drop wise in the first beaker and
kept under constant vigorous stirring for 2 h. The
stirring time was kept constant for all experiments.
Furthermore, the solution was transferred in Teflon-
lined stainless steel autoclave and sealed it for heat-
ing in a hot air oven at 175 °C for 24 h. Afterwards,
autoclave cooled naturally to room temperature (this
process took 6 h). The mother liquor was separated
and precipitate was collected. To remove out the
impurities the precipitate washed several times using
DDW and ethanol. This yield was then dried in hot
air oven at 90 °C, till complete drying. The hetero-
junction photocatalysts such as, 2.5TG, 5TG, and
7.5TG were synthesized with 2.5, 5 and 7.5 wt% of
TiO, with respect to g-C3Ny4. Same procedure was
followed for TiO, synthesis without g-C3Ny4. It is
known any variation in synthesis parameters, such as
temperature, pH, reaction time, stirring rate, and
autoclave cooling time can lead to the variation in the
morphology and particle size. Thus, in order to have
consistent results, we tried our best to keep all syn-
thesis parameters constant, to get reproducible
results.
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2.3 Characterization

The crystallographic information of the photocata-
lysts was obtained by recording X-Ray diffraction
(XRD) patterns using Bruker D8 advance X-Ray
diffractometer with Cu Ko X-rays within 20 range of
20-80 degree (0.5 degree per minute). Similarly, dif-
fused reflectance spectra (DRS) of all samples were
recorded in a JASCO UV-Vis-NIR spectrophotome-
ter model V-670 within range of 300-650 nm (with
interval of 2 nm). The morphology and composition
of photocatalysts were confirmed using Field Emis-
sion Scanning Electron Microscopy (FESEM, JEOL,
JSM-7610 F plus) and energy-dispersive spectroscopy
(EDS) attached to FESEM. Photoluminescence (PL)
spectra were recorded at room temperature using
Fluorolog HORIBA JOBINYVON with excitation
wavelength of 325 nm.

2.4 Measurement of photocatalytic activity

The photocatalytic activity of photocatalysts were
evaluated by the degradation of RhB dye. 20 mg
photocatalyst was used to degrade 20 ml aqueous
solution of RhB having concentration 107> M. This
solution was stirred in the dark for 45 min to achieve
the adsorption-desorption equilibrium before light
irradiation. After that, light from the xenon lamp
having power 35 W (30,000 Ix) was illuminated on
the dye solution with the photocatalysts. The tem-
perature of the dye solution was maintained at room
temperature by keeping the beaker of the dye solu-
tion in the water bath. After each fixed time interval
2 ml solution was collected and centrifuged to
exclude trace impurities or photocatalyst. Finally, the
collected solutions were analysed by measuring
absorbance with the help of UV-Vis spectropho-
tometer. The minimization in the RhB absorption
peak intensity is the direct indication of the dye
degradation.

2.5 ROS and pH studies

To identify reactive oxygen species (ROS), 0.5 M
solution of the scavengers, namely IPA, DMSO,
ascorbic acid, and methanol were prepared. There-
after, separate four solutions were prepared by
addition of 1 ml scavenger solution into 20 ml RhB
dye solution. Before the photocatalytic experiment,
the solution was kept for stirring at 850 rpm for
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20 min. Afterwards, photocatalytic experiment was
carried out by dispersing the photocatalyst.

To understand how dye degradation activity
affects the pH of the dye solution, it is very important
to study the relation between pH and point of zero
charge (PZC). For pH study of dye solution, pH was
varied from 3 to 11 and the same photodegradation
experiment were repeated. Whereas, to identify PZC,
the pH of the experimental solution was varied from
acidic to basic condition (i.e. 2-10).

2.6 Photocurrent studies

The photocatalyst powder was grinded well. Then,
the photocatalysts powder was cylindrically pel-
letized (1 cm diameter and 1 mm in thickness) using
5 tone/(inch)* pressure. These pellets were used for
photocurrent experiment. Two Ag contacts (~ 1
mm?®) were made with separation ~ 5 mm. The
photocurrent measurements were performed by
focusing simulated light of xenon lamp using illu-
mination intensity of 200 mW/ cm? (AM 1.5) using
potentiostat (Metrohm Autolab PGSTAT302 N)
under the variation of applied potential from 0.0 to
0.5 V.

3 Results and discussion
3.1 Structural studies

The XRD patterns were used to identify the crystal
structure and phase of the photocatalysts. The XRD
pattern (Fig. 1a) of g-C3Ny is resembling with JCPDS
card no. 87-1526. Moreover, the preferential orienta-
tion along the (002) plane is the characteristic of
layered structure of g-C3Nj [24, 26]. On the other
hand, the XRD pattern of TiO, (Fig. 1b) showed
polycrystalline nature with orientation along the
planes (101), (004), (200), (105), (211), (204), and (116).
All peak positions confirm the anatase phase of TiO,
as it perfectly matches with JCPDS card no. 78-2486
[27].

The XRD patterns (Fig. 1c) of a series of TiO,/g-
C3Ny heterojunction photocatalysts with different
wt% of TiO, (2.5TG, 5TG, and 7.5TG) are well crys-
talline in nature and showing the presence of both
phases of g-CsN4 as well as TiO,. The intensity of
XRD peaks corresponding to TiO, (denoted by *) was
found to be increased with increase in wt% of TiO,
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concentration. The XRD results indicate that TiO,
coverage is increased with increase in TiO, loading in
the photocatalysts [28].

3.2 Morphological and compositional
studies

Morphology of the nanostructures is one of the major
feature which can decide the photocatalyst perfor-
mance [29, 30]. The FESEM images of all photocata-
lysts are shown in Fig. 2. The higher magnification
images of the respective photocatalysts are shown,
wherein corresponding lower-magnification images
are also shown as insets. The FESEM image as shown
in Fig. 2a indicates the pristine g-C3N4 has the lay-
ered or sheet-like structure with hundreds of nm in
sheet size as shown in the blue circle. Whereas, uni-
formly grown spherical nanoparticles of pristine TiO,
are less than 100 nm in size. Moreover, at few places,
agglomeration of individual TiO, nanoparticles was
also observed as shown in Fig. 2b [31]. FESEM ima-
ges (Fig. 2c—e) of 2.5TG, 5TG and 7.5TG heterojunc-
tion photocatalysts illustrate that in all the
photocatalysts the TiO, particles are uniformly loa-
ded onto g-C3N4 sheets. The blue circle drawn in
FESEM images of 2.5TG, 5TG and 7.5TG heterojunc-
tion photocatalysts clearly indicates the sheet-like
morphology of g-C3N4 loaded with spherical TiO,
nanoparticles. Further with increase in wt% of TiO,
loading on g-C3Nj sheets, more dense coverage of
TiO, was detected and overall particle size was found
to be increased. Figure 2f shows the elemental com-
position via EDS of 5TG composite and it clearly
confirms the existence of Ti, C, N and O elements.
Incidentally, EDS compositional analysis shows that
nitrogen is the dominating element which means
g-C3Ny acts as the base or host material [32].

3.3 Optical studies

The optical studies are mandatory for meticulous
understanding of bandgap, absorption edges and
heterojunction formation of the photocatalysts. The
DRS of pristine TiO, and g-C3N4 and their hetero-
junction photocatalysts are shown in Fig. 3a. The
absorption edges of pristine g-C3Ny and TiO, are
located at ~ 455 and ~ 405 nm, respectively. Fur-
ther, it is observed that the absorption edges of the
heterojunction photocatalysts lie in between the
absorption edges of TiO, and g-C3Ny in the regime of
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Fig. 1 XRD patterns of a g-C3Ny, b TiO,, ¢ 2.5TG, 5TG and 7.5TG (# and * indicate XRD peaks corresponding to g-C3N4 and TiO,)

photocatalysts

Fig. 2 FESEM images of a pristine g-CsN,, b pristine TiO,,
¢ 2.5TG, d 5TG and e 7.5TG photocatalyst. The inset of each
FESEM image is lower-magnification FESEM image of that

~ 440-448 nm. In comparison with pristine TiO,, red
shift occurs for all heterojunction photocatalysts
indicating higher absorption of visible light, which
may lead to higher visible radiation photocatalytic
activity. In Fig. 3b, the bandgap values were esti-
mated by Kubelka-Munk (KM) function (F(r)*hv)* vs.
photon energy (hv). To determine the bandgap of the
material, i.e. plot of (E(r)*hv)? vs. hv, the linear regime
was extrapolated and x-axis intercept was considered
as bandgap of the material [24]. Whilst the absorption
edge of TiO, is observed at ~ 405 nm and its

=100 nm

photocatalyst. The scale bar represents 100 nm; £ EDS of 5TG
heterojunction photocatalyst

bandgap found to be 3.06 eV, indicating it is
responsive mostly under UV light exposure [33]. The
bandgap of pristine g-C3Ny is 2.73 eV. However,
variation in the loading amount can bring difference
in the bandgap values. With increasing wt% of TiO,
loading in the heterojunction photocatalysts, the
bandgap energy increased from 2.77 to 2.87 eV
(2.5TG:2.77 eV, 5TG:2.82 eV and 7.5TG:2.87 eV), i.e.
in comparison with g-C3N, photocatalyst blue shift
occurs. The increment in the wt% of TiO, loading
over g-C3Ny enhanced the bandgap and results in
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Fig. 3 a DRS, b Plots of (F(r)*hv)* vs. photon energy and ¢ PL spectra of g-C3Ny, TiO,, 2.5T, 5TG and 7.5TG photocatalysts

variation in heterojunction properties due to modifi-
cation in electronic structure at the interface. The
results of the DRS and KM plots are matching well
suggesting more absorption of visible light, i.e. gen-
eration of photogenerated charge carriers for the
heterojunction =~ photocatalysts, under  visible
radiation.

PL is a versatile technique to monitor the rate of
recombination and charge separation of photoin-
duced charge carriers. Figure 3c represents the PL
spectra of g-C3N, and all heterojunction photocata-
lysts. Amongst all, the PL intensity of the pristine
g-C3Ny4 was found to be most intense signifying high
rate of charge recombination. With increasing TiO,
loading, the continuous decrement in peak intensity
was resulted for all heterojunction photocatalysts.
Previously, such a phenomenon was attributed to
suppression of the recombination rate of electron-
hole pairs and efficient charge transfer at the interface
of heterojunction photocatalysts [22]. Moreover, such
a scenario has been proved as necessary criterion to
achieve excellent photocatalytic activity. In a nutshell,
we successfully tailored the bandgap for suit-
able light absorption and reduced the charge
recombination rate by modifying the interface of the
heterojunction photocatalysts via appropriate charge
transfer processes.

3.4 Photocatalytic degradation
performance

To evaluate photocatalytic performance of prepared
heterojunction photocatalysts, cationic dye RhB was
used. The photocatalytic performance was tested at
different time intervals under 35 W xenon lamp
illumination using UV-Vis absorption spectroscopy.
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The known quantity of the photocatalyst (20 mg) was
added into the aqueous solution of the RhB dye (20
ml) and kept in the dark for the 45 min to adsorb the
dye over the photocatalyst and then the said solution
were kept under 35 W light source. We have per-
formed experiment of RhB dye degradation for 5 min
for all photocatalysts to determine superior photo-
catalyst amongst all as shown in Fig. 4a; the absorp-
tion spectra revealed that the peculiar absorption
peak of RhB solution is at ~ 554 nm. It is well known
that decrease in the absorption peak intensity of RhB
dye occur because of decolourisation of the solution
(i.e. dye degradation) due to photocatalytic activity.
For all (2.5TG, 5TG and 7.5TG) photocatalyst differ-
ent degrees of photodegradation was noted as shown
in supplementary information Fig. Sla—c. To calculate
the total time required for almost complete degra-
dation, experiments were performed three times and
average time was considered for data plotting. The
corresponding graph is represented in supplemen-
tary information Fig. S1d.

The photodegradation performance was found to
be improved in case of heterojunction photocatalysts
than the pristine g-C3N,4 and TiO, (Fig. 4a). Inciden-
tally, 5TG demonstrated outstanding photocatalytic
performance. Further studies were performed on the
best-performing photocatalyst, i.e. 5TG. As shown in
Fig. 4 (b), it is clearly observed that characteristics
absorption peak of RhB dye gradually shifts towards
500 nm from 554 nm with increment in time-speci-
fying dye degradation [28]. During this, the colour of
RhB dye solution gradually transforms from dark
pink to colourless. Additionally, the percentage
photodegradation (% D) of RhB was calculated using
following formula [12, 34].
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prepared different photocatalysts after 5 min,

% D = (Cy—C)/Co x 100 (1)

where C, represents the concentrations of RhB after
dark adsorption equilibrium and C represents the
concentrations of RhB after irradiation time ‘t’. The
comparison of percentage photodegradation (% D) of
RhB using g-C3Ny, TiO, and 5TG after 4 and 8 min
under light irradiation is presented in Fig S2(a),
whereas exact % D of RhB using 5TG photocatalyst at
interval of 2 min are represented in supplementary
information Fig S2(b).

Figure 4c gives the evidence for photodegradation
performance of 5TG composite to degrade RhB is
much higher as compared to pristine TiO, and g-
C3Ny4. The holistic study of the photocatalysis was
performed by calculating the rate constant (k) of 5TG
photocatalyst and compared with pristine TiO, and
g-C3Ny. The mathematical form of the pseudo-first-
order kinetic model is given as [35]

—In(C/Cy) = kt (2)

The plot of — In(C/Cy) verses time (Fig. S3) indi-
cating that the overall kinetics of degradation of RhB
accordingly with a first-order reaction. The degra-
dation rate constants achieved for 5TG, g-C3N4 and
TiO, photocatalyst were 0.75, 0.11 and 0.09 min~*,
respectively, as shown in supplementary information
Fig. S3. The photocatalyst 5TG shows better perfor-
mance than pristine g-C3N, and TiO,, as the rate
constant of 5TG composite is almost 7 times greater
than the rate constant of g-C3N4 and around 9 times
greater than rate constant of TiO,.

550

600 650 0
Wavelength (nm)

. 4 . 6
Time (min)

performance of RhB using g-C3Ny4, TiO, and 5TG photocatalysts
after 8 min. All the photodegradation measurements were
performed under 35 W xenon lamp irradiation

3.4.1 Effect of pH

It is well known that the pH of dye containing solu-
tion governs the electrostatic interaction between
photocatalyst and dye molecules. Therefore, the dye
degradation activity is significantly affected by the
pH of dye containing solution. On the other hand, it
is necessary to understand the relation between pH
and point of zero charge (PZC). Whenever the pH is
equal to PZC the surface of the photocatalyst
becomes neutral. However, variation in the pH value
(or its deviation from PZC) leads to interaction of the
dye molecules on the photocatalyst and finally the
photocatalyst achieves positive or negative charge
[36]. Whenever adsorption of dye molecules occurs
over photocatalyst due to electrostatic attraction
between them the radicals are generated, which
decides the overall degradation performance [12]. For
the said study, the pH of dye solution (initial pH was
around 4) was adjusted from 3 to 11 using 5 mM
NaOH or HCl aqueous solutions. Figure 5a illustrates
the effect of pH on the photodegradation of RhB dye
solution using 5TG photocatalyst. The rate of pho-
todegradation reaction was higher in acidic medium
and photocatalytic performance remained constant
for pH lower than 3. To divulge the reason behind
this, we carried out one more experiment for identi-
fication of PZC value of the said photocatalyst. NaCl
(40 ml, 0.01 M) aqueous solution was prepared in
five beakers. The pH values of five solutions were
adjusted to different values 2, 4, 6, 8 and 10 using
0.1 M NaOH or HCl aqueous solutions and consid-
ered as pH;. Then in each beaker 0.1 g 5TG photo-
catalyst was added and the solution was kept for

@ Springer



1651 Page 8 of 14

: J] Mater Sci: Mater Electron (2023) 34:1651
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stirring for one day. Finally, the pH values were
measured and denoted as pHy. To calculate the PZC
value, pH drift test (i.e. by plotting pH; vs. pH¢—pH; )
was utilized. The corresponding plot is shown in
Fig. 5b. The x-axis intercept is nothing but PZC and it
was 2.7 for 5TG photocatalyst [37]. Whenever, the pH
of the dye solution is greater than the PZC, it leads to
negatively charged 5TG photocatalyst surface leading
to the adsorption of the cationic RhB dye [38].

3.4.2 ROS trapping study

As explained above, adsorption of the dye over
photocatalyst results into generation of ROS. To
determine which ROS plays a vital role in degrada-
tion process of RhB dye, various radical trapping
experiments were performed on 5TG photocatalyst.
To trap and remove the radicals, these experiments
were carried out using series of radical scavengers
with addition of IPA, DMSQO, ascorbic acid and
methanol for quenching active species, such as
hydroxyl radicals ("\OH), electrons (e™), superoxide
radicals ("O,”) and holes (h*), respectively
[12, 39, 40]. The photodegradation activity of RhB is
different for various scavengers; however, % D was
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reduced for all scavengers as shown in Fig. 5c. The
obtained photocatalytic performance was considered
as 100% without use of any scavenger. In comparison
to that, reduction in percentage degradation was
found to be 94% (IPA), 93% (DMSQO), 31% (ascorbic
acid) and 95% (methanol). It is well known that
ascorbic acid possesses high affinity to react with
‘O, leading to suppress the *O,~ radicals. Similarly,
in case of 5TG photocatalyst, ascorbic acid demon-
strated highest suppression of the O, radicals. As a
result, we can conclude that *O,~ radicals are the
prominent reactive species, which play essential role
in the decomposition of RhB. Whilst, other ROS such
as electrons, "OH radicals and holes possess minor
contribution in the degradation activity.

3.4.3 Recyclability of photocatalyst

Aiming to actual practical application of any photo-
catalyst, its cyclic stability and reusability are the
most crucial parameters. Therefore, photocatalyst
should be clearly dispersible in the dye solution
during the degradation process and afterwards it
should be separated from the solution easily. After
the first use, the photocatalyst was washed with
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DDW (four times) and ethanol (one time) and fol-
lowed by its drying in air at 80 °C. Thereafter, reused
for the further photocatalytic experiment. Similarly,
the 5TG photocatalyst was used four times. Figure 5d
shows the outstanding efficiency of 5TG photocata-
lyst for photodegradation of RhB dye up to four
cycles. During repetitive use of the photocatalyst,
minute loss (2-3%) in the activity was found. The
major reason behind excellent photostability and
reusability of 5TG photocatalyst is the homogeneous
hybridization between g-C;N4 and TiO, [41]. More-
over, it can produce enough and appropriate number
of ROS, which enhances the degradation rate. Slight
decrease in the % D was observed due to loss of
photocatalyst after each cycle in the recovery process
[42]. Briefly it comes to the point, the said photocat-
alyst remain stable after 4 usable cycles and hence the
said photocatalyst can be wused in practical
photodegradation.

3.4.4 Photocatalytic mechanism

To reveal reasons behind the outstanding photocat-
alytic performance, locations of the band edge posi-
tions, i.e. valence band (VB) and conduction band
(CB) of each photocatalyst are demanded. Moreover,
the relative position of CB and VB of photocatalyst
can shed the light on the type of the heterojunction.
Therefore, we have calculated the respective band
edge positions of a semiconductor photocatalyst
using the following empirical equation [43, 44]:

EVB =X — Ee + 0.5Eg, (3)
Ecg = Eyp — Eg, 4)

where Eyp and Ecp are, respectively, for VB edge
potential and CB edge potential. y is the absolute
electronegativity of the semiconductor. The values of
¥, for TiO, and g-C3N, are 5.81 and 4.73 eV, respec-
tively. E. is the energy of free electrons on the
hydrogen scale and it is 4.5 eV vs. NHE [45]. As
mentioned above, the bandgap (E;) values of TiO,
and g-C3N, were estimated and found to be 3.06 and
2.73 eV, respectively. Accordingly, using Egs. 3 and
4, the values of Eyg of TiO; and g-C3N, were calcu-
lated to be 2.84 and 1.59 eV vs. NHE, respectively,
whereas Ecg values were — 0.22 and — 1.14 eV vs.
NHE, respectively. By considering calculated values,
the band structures of each photocatalyst is
schematically illustrated in Fig. 6. It is essential to
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note that the type II heterojunction formation takes
place for the said photocatalysts.

Figure 6 shows schematic photodegradation
mechanism involved in the present study. Upon light
absorption, g-C3;N, generates e~ — h™ pairs. It is

noteworthy that the CB potential of the g-C3;N, is
relatively more negative than the CB potential of
TiO,. Thus, electrons move to CB of TiO, via closed
interfacial regions between g-C3N4 and TiO,, i.e. TiO,
acts as sink for electrons. This heterojunction (type II)
helps for separation of photoinduced charges. The
reduction potential of O, is so placed that it is more
positive than the CB potentials of g-C3N4 and TiO,
leading to the transfer of the electrons to it. Further-
more, these electrons interact with O, (present in the
solution) resulting into generation of *O,” radical
species. On the other hand, since VB of the g-C3Ny is
more negative than the standard redox potential E°
(OH/OH™, 1.99 V) indicating less probability of the
oxidation of OH™ or H,O to form “OH due to pho-
toinduced h* in the VB of g-C3Ny. In such a way, this
active interface leads to separation of the photoin-
duced charges. Finally, reaction of RhB/RhB** with
*O," radical species and h* occur and degradation of
the dye takes place [46—48].

To support the above statements, the enhanced
photocatalytic activity of 5 wt% TiO, loaded /g-C3Ny4
heterojunction, charge transfer was studied by pho-
tocurrent measurement. Fig. S4 represents the -V
characteristics of all TiO,/g-C3N, heterojunctions.
Under light illumination, as compared to 7.5TG and
2.5TG, the maximum photocurrent was observed for

< g-G;N, 0
2
E-z.o 1 -
=-1.0 — -
= 1.0 022ev 302
Z 0 — RhB/RhB*
7]
Z 1.0 —
o L H,0 + CO,
520 - OH/OH
N
£30 4 /) 84.eV
RhB decomposed products

Fig. 6 Schematic representation of RhB photodegradation
mechanism due to STG photocatalyst
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Fig. 7 Schematic diagram of loading of TiO, on g-C3N, sheets in xXTG (x = 2.5, 5, 7.5 wt%) heterojunction photocatalysts

5TG. The increment in the photocurrent shows the
formation of active heterojunction due to transfer of
photocharges. In other words, due to light absorp-
tion, €= — h" pairs are originated and cross-over
across junctions.

We observed that the photocatalytic performance
of g-C3Ny and TiO, is underrated as compared to
another heterojunction photocatalysts. However, it is
intriguing to understand the rationale behind varia-
tion in the photocatalytic performance of the (2.5TG,
5TG and 7.5TG) heterojunction photocatalysts. The
overall photocatalytic performance is the synergetic
effect of several features, such as bandgap, interfacial
contact between photocatalysts, photoinduced charge
generation, recombination rate, type of heterojunc-
tion, and visible light absorption.

Let us try to understand the effect of above-said
features on photocatalytic performance of hetero-
junction photocatalysts, i.e. 2.5TG, 5TG and 7.5TG.
The loading of TiO, over g-C3N, plays a vital role
and possesses prime importance to decide the final
photocatalytic performance due to alteration in
interfacial region. The sheet-like structures of g-C3Ny
are higher in dimension as compared to TiO, parti-
cles as observed in the FESEM images. Besides that,
loading of TiO, over g-C3N4 form nanojunctions
through their interfacial regions. We have varied
three different wt% loadings of TiO, onto g-C3N4 and
for simplistic analysis we name them as lower

@ Springer

(2.5TG), optimum (5TG) and higher (7.5TG) loadings
as depicted in Fig. 7.

For lower loading, the interfacial region is very
less, since the g-C3Ny is sparsely covered with TiO,.
Additionally, with optimum loading, the g-C3Ny is
almost covered with TiO, leading to the perfect
interfacial region, whereas for higher loading surface
of g-C3Ny is abundantly covered by TiO,. The above-
said statements are supported by the optical
absorption studies since bandgap is found to be
shifted to higher values with increment in the wt%
loading of TiO,. The bandgaps of all heterojunction
photocatalyst remains in the region of 2.77 to 2.87 eV;
they respond very well under visible light radiation
in production of sufficient number of e~ — h™ pairs
[49, 50]. Lower loading provides inadequate nano-
junctions between g-C;N; and TiO, and lesser
bandgap. Moreover, optimum loading gives rise to
the favourable nanojunctions or perfect interfacial
regions so that charge generation and its transfer is
superior. Whereas, at higher loading, the overgrowth
of TiO; is possible which blocks the light interaction
with g-C3Ny, i.e. TiO; acts like barrier. Additionally,
as observed in PL spectra, the interfacial region of the
optimum loaded photocatalysts can demonstrate its
usefulness to charge separation, i.e. increases the life
time of separated electrons and holes. By contrast, for
lower and higher loading, greater charge separation
was observed due to disproportionate amount of



] Mater Sci: Mater Electron (2023) 34:1651

Page 11 of 14 1651

Table 1 Comparison of degradation rate constant, time and degree measured under different light source intensities, radicals involved with
respect to degradation of RhB dye and best-performing photocatalysts prepared from g-C;N4 and TiO, using different methods

Sr.  Preparation method Light source Degradation Degradation time and Radicals  References
No. rate constant degree of degradation
1 Solvothermal method Solar radiation 0.04973 min~' - - [51]
2 Hard template method 500 W 0.0335 min~" 100 min, 96.5% [52]
3 Co-precipitation method 100 W 0.17 min™" - Holesand [26]
‘OH
4 Biomimetic approach under 500 W Xe lamp 0.261 h™! 5h, 84% *0,” [28]
relative mild condition
5 Co-precipitation method 500 W - 20 min, 99% Holes [26]
and
‘OH
6 Hydrothermal method 350 W Xe arc lamp - 80 min, 95.2% *0,” and [53]
holes
7 Ball milling and microwave 300 W Xe lamp 0.0841 min~' 30 min, 89.44% ‘0,” [23]
8 Calcination method 350 W Xe arc lamp 0.0478 min ™" 80 min. *0O,” and [47]
holes
9 Solvothermal method 70,000 and 80,000 Ix  — 50 min, 100% - [51]
10 Molten salt method 300 W Xe lamp 0.047 min™! 60 min, 95% - [54]
11 Sol-gel and Spin-coating 300 W Xe lamp 0.00218 min~" 180 min. °0,” and [55]
method *OH
12 Hydrothermal method 30 W cold visible light 0.0356 min~'  — ‘0,” [56]
emitting diode
13 Dispersion method 300 W Xe lamp 0.00448 min~' 300 min, 76% *0,” and [57]
‘OH
14 Microwave hydrothermal 10 W LED lamp 0.0949 min~' 40 min, 97.6% ‘OH [33]
treatment
15 Hydrothermal treatment 300 W Xe lamp 0.189 min~' - ‘0,” [58]
16  Hydrothermal method 35 W Xe lamp 0.75 min~! 8 min, 100% *0,” This work
(30,000 1x)

g-CsNy and TiO,. In brief, the photocatalytic
enhancement in optimum (5TG) heterojunction pho-
tocatalyst is attributed to generation of desirable
photoinduced charges and improved charge separa-
tion via type II heterojunction, reactive active species
especially *O," radicals, etc.

Variation in light source intensity and wavelength,
concentration of dye solution and quantity of pho-
tocatalyst is found in previous reports on g-C3N4 and
TiO,  composites/heterojunction  photocatalysts.
Thus, comparison of the photocatalytic performance
on the same platform is a challenge. However, to get
rough idea, we have compared the photocatalytic
performance achieved in this work with literature in
Table 1. The degradation rate constant/efficiency
values achieved in our work are superior to the most
of previous proclaimed values.

4 Conclusion

In summary, a series of TiO,/g-C3Ny4 heterojunction
photocatalyst are successfully synthesized via
hydrothermal method. The prepared type II hetero-
junction photocatalyst showed excellent photodegra-
dation performance towards RhB dye under 35 W
xenon light with the good stability. Moreover, the
highest degradation rate was achieved for 5 wt%
loading of TiO, on g-C3Nj as 0.75 min~' and complete
degradation was occurred within 8 minutes. Quanti-
tatively speaking, the degradation rate of above
heterojunction photocatalyst is ~ 7 times and ~ 9
times greater than that of degradation rate of pristine
g-C3Ny and TiO,, respectively. The point of zero
charge (PZC) of the heterojunction photocatalyst is 2.7
and we observed highest degradation rate in acidic
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medium (pH = 3). It is observed that superoxide
radicals (*O,7) are the prominent reactive species for
the decomposition of RhB dye. Better light absorption,
improved charge separation and transfer occurred via
active interfacial regions between TiO, and g-C3;Ny
sheets leading to the outstanding photocatalytic per-
formance than previous reports. 5 wt% loaded TiO,/
g-C3Ny photocatalyst exhibited recyclability with
high activity (92% after 4 cycles) and thus, we believe
that its potential in industrial water treatment can
bring solutions to sustainable environment.
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