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The increasing demand for efficient photocatalysts in environmental remediation and renewable
energy has led to the exploration of advanced materials. This study focused on developing an
efficient TiO2/g-C3N4/Pt photocatalyst through in situ synthesis for enhanced photocatalytic
performance. Characterization techniques including XRD and FTIR confirmed the presence and
combination of TiO2 and g-CsN.. FESEM analysis revealed a well-dispersed distribution of Pt
nanoparticles on the surface of TiO2/g-C3sN4/Pt. The TiO2/g-CsN4/Pt photocatalyst demonstrated
excellent diffuse reflectance spectra (DRS) performance attributed to the surface plasmon
resonance (SPR) of Pt particles which extended its absorption range into the visible light
spectrum. Photoluminescence (PL) studies indicated a reduction in electron-hole recombination,
particularly in the in situsynthesized samples. In the photocatalytic experiment, results showed
that TiO2/g-C3N4/Pt (1%) of the in situ method displayed a higher photocatalytic activity than
TiO2 and g-CsN4 as individual photocatalysts for the degradation of reactive red 4 (RR4) dye
over 20 min. These findings indicate that the synthesis of Pt with TiO./g-CsN4 using the in situ
method has significantly improved the overall optical, chemical, and physical properties of the
photocatalyst.
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Photocatalysis has gained significant attention due
to its ability to enhance wastewater remediation.
Titanium dioxide (TiO2) is an excellent and widely
used semiconductor photocatalyst for photocatalytic
degradation of organic pollutants in wastewater [1].
TiO2 has unique characteristics such as photostability,
low toxicity, high photocatalytic activity, low cost,
and abundant availability. Despite its numerous unique
features, TiO; has a limitation in environmental
pollutant degradation due to the wide band gap energy
at 3.10 eV [2, 3]. The wide band gap energy can cause
limited solar spectrum utilization since photocatalytic
activity efficiency is excellent under UV light [4].
Hence, nonmetal and metal doping, cocatalyst loading,
coupling with visible light-responsive semiconductors,
and constructing heterojunctions have been developed
to address this problem.

Among them, coupling narrow band gap
semiconductors with wide band gap TiO; appears
to be a promising design to improve visible light
harvesting and photoinduced charge separation [5, 6].
Graphitic carbon nitride (g-CsN4) has received
significant attention as a visible light photocatalyst

due to its low band gap, chemical stability, and
excellent optical and electronic properties. This makes
g-CsNq a potential candidate to serve as a co-catalyst
with TiO,. However, due to the electron coupling
effect, the electron-hole pairs generated by g-CsN4
under light excitation are easily recombined, limiting
the catalytic activity and efficiency of the materials [7].

Precious metal particles such as noble metals,
which Pt is part of, have been synthesized and used
in organic detection and degradation fields because
of their unique physical-optical properties [8-10].
Based on the Dou et al. [11], it was found that the
construction of TiO,/g-C3N4 modified with Pt further
improves photocatalytic performance. To address
the weak visible light response of TiO2/g-CsNa,
the introduction of Pt to form the TiO2/g-C3Na4/Pt
composite has been proposed as an effective strategy.
This approach extends the photoresponse of TiO2/g-
CsNg4 into the visible light region through the SPR
effect of Pt. In the composite, the Pt can also serve as
a bridge for electron transfer. Several research has
been conducted on Pt modifications such as Pt-g-
CsN4/Bi;WOg [12], 3DOM-WO3/Pt [13], SnO,/Pt/In,03
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[14], CdS/(Pt/g-CsN.) [15], and Cu2ZnSnSa/Pt/g-C3N4
[16], all of which exhibited excellent photocatalytic
performance.

With the advantages of incorporating noble
metal nanoparticles, TiO2/g-C3N4/Pt is expected to
exhibit superior performance driven by improved
charge carrier separation and increased efficiency.
This study employed TiO, and g-CsN4 via the
hydrothermal method, facilitating the in situ synthesis
of TiO2/g-CsN4. Pt was subsequently introduced
into the composite by photodeposition, resulting
in enhanced electron-hole separation efficiency and
excellent photocatalytic activity under visible light.
Previous studies primarily employed the batchwise
method where Pt is incorporated separately after
the combination of TiO2 and g-CsNa4. However, the
batchwise method shows minimal enhancements due
to the low incorporation of Pt on the surface of the
combined photocatalyst. Hence, the introduction of
Pt in the TiO2/g-C3Na via in situ synthesis shows
improvements in the dispersion of Pt, as proven by
Li et al. [17]. Several characterization techniques
were used to study the morphology, surface chemical
composition, and optical properties of TiO2/g-CsN4/Pt
(1%), which is deemed the best composite in this
study. For comparison, TiOgz, g-C3Na4, TiO2/g-C3Na,
and TiO2/g-C3N4/Pt composite were all synthesized
using the same technique. Their photocatalytic
performances were evaluated by photocatalytically
degrading RR4 under visible light irradiation.

EXPERIMENTAL
Materials

The chemicals used in this study were of analytical
grade and used without further purification. Titanium
(IV) butoxide (CisH3s04Ti, 97%) was used as the
precursor for synthesizing TiO,. Urea sourced from
HmbG Chemicals was used in the preparation of g-
CsN4. Chloroplatinic acid (H2PtCls) was employed as
the Pt precursor for the deposition of Pt onto the
TiO2/g-C3N. composite. Reactive red 4 dye, commonly
known as Cibacron Brilliant Red, (color index: 18105,
chemical formula: C32H23CINgNasO14S4, molecular
weight: 995.23 g mol, A max: 517 nm) was chosen
as the model pollutant for photocatalytic degradation
studies.

Synthesis of TiO:

TiO, was prepared using titanium(IV) butoxide (TBOT)
as a precursor via the hydrothermal method. About
4.8 mL of distilled water was transferred into a 20 mL
Teflon-lined autoclave. Next, approximately 11.8 mL
of the TBOT precursor was added dropwise under ice
bath conditions with continuous stirring for 1 h. The
suspension was autoclaved at 180°C for 8 h. After
cooling at room temperature, the obtained white
suspension was washed thoroughly with distilled
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water several times and dried at 80°C for 1 h. The
sample was annealed at 550°C for 2 h.

Synthesis of g-C3sN4

Bulk g-C3sN4 was prepared using a simple calcination
method. About 15 g of urea was weighed and placed
in the silica boat of the tube furnace. Then, the urea
was calcined at 500°C for 30 min with a heating rate
of 5°C/min to obtain urea products. The obtained bulk
g-CsN4 was ground into powder at room temperature.

In Situ Synthesis of TiO2/g-C3Na

For the in situ preparation of TiO2/g-C3Na4, about 0.8 ¢
of as-prepared g-CsN4 was dispersed in 20 mL of
a white suspension containing 11.8 mL of TBOT
precursor and 4.2 mL of distilled water and then
stirred continuously for 1 h. The mixed solution
was maintained under ice bath conditions and then
transferred to a Teflon autoclave for a hydrothermal
process at 180°C for 8 h. After cooling to room
temperature, the obtained yellow-white suspension
was centrifuged at 60 rpm for 5 min and washed with
distilled water several times to remove any undesired
impurities. The product was dried at 80°C for 30 min.
The dried yellow-white sample was placed in a
crucible and ethanol was added to form a wet mixture,
which was then calcined at 500°C in a tube muffle
furnace for 2 h with a heating rate of 5°C/min. The
as-prepared sample was labeled TCN, where TCN
represents TiO2/g-C3sN4 synthesized using the in situ
method.

Synthesis of TiO2/g-CsN4/Pt

The prepared TiO2/g-CsN4 was platinized via
photodeposition method. The mixture solution
consisting of distilled water, isopropyl alcohol (IPA),
and chloroplatinic acid (H2PtClg) (0.5%, 1.0%, 1.5%,
2.0%) in a Schlenk tube was bubbled with nitrogen gas
for a few seconds. Then, 0.3 g of the prepared TCN
was added to the solution. The mixture was purged
with nitrogen and irradiated under a 250 W Xe lamp
for 1 h. After photodeposition, the sample was washed
thoroughly several times and dried at 110°C for 1 h.
This prepared sample was labeled as TCNP, where
TCNP refers to TiO2/g-C3Na4/Pt. Samples with different
Pt loadings were designated as TCNP-0.5%, TCNP-
1.0%, TCNP-1.5%, and TCNP-2.0%, respectively.

Characterization

Characterization of the unmodified and TiO2/g-CsN4/Pt
samples was evaluated using advanced instrumental
analyses. The crystal structure was analyzed by an
X-ray diffractometer (Bruker D8 Advance) using
Cu Ka radiation (A = 1.5406 A). Fourier infrared
spectroscopy-attenuated total reflectance (FTIR-ATR)
was performed on a PerkinElmer Spectrum 100
to analyze the chemical composition. The surface
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morphology of the materials was observed using a field
emission scanning electron microscope (FESEM) on a
LEO SUPRA 50 VP Field Emission SEM. The UV-
Visible spectra of the synthesized samples were
recorded in the range of 200-800 nm using a Shimadzu
UV-3600 UV-Visible-NIR spectrophotometer with
BaSO, used as a reference for diffuse reflectance. The
photoluminescence (PL) spectra were measured at an
excitation wavelength of 420 nm at room temperature.

Photocatalytic Degradation Performance of RR4
Dye

The photocatalytic performance of as-prepared samples
was evaluated through the degradation of RR4 dye
under a 55 W UV-Visible lamp with a UV intensity
of 3.77 W/m? and visible light intensity of 238 W/m?.
The lamp was positioned 10 cm in front of the solution
as illustrated in Figure 1, ensuring uniform and
constant light irradiation throughout the experiment.
The degradation process was conducted in a glass cell
containing 20 mL of 30 ppm RR4 solution and about
0.025 g of the photocatalyst. An aeration pump was
employed to prevent dye solution depletion and
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maintain a consistent concentration. The reactor was
continuously aerated with air supplied by the pump,
enhancing mass transfer and preventing localized
depletion. Initially, the system was kept in dark
conditions with an aeration source for 15 min to allow
the adsorption-desorption equilibrium of RR4 on the
photocatalyst surface. Following this, the suspension
was then exposed to simulated sunlight irradiation,
and 3 mL of the solution was collected at 5-minute
intervals over the total irradiation period of 20 minutes.
The collected samples were then analyzed using a
UV-Vis spectrophotometer at 517 nm with distilled
water serving as the blank. The concentration of RR4
dye was determined by measuring its characteristic
absorption peak at 517 nm. The percentage of dye
degradation efficiency (D%) was calculated using
Equation 1:

D% = AZ_OA x 100% (1)

Where, Ay is the initial absorbance of the RR4
solution and A is the absorbance of the RR4 solution
after visible light irradiation.

N

i

Fluorescent Lamp

—71

Figure 1. Experimental setup for the photodegradation process.
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RESULTS AND DISCUSSION
XRD Analysis

X-ray diffraction (XRD) patterns of prepared samples
for pure TiO2 g-C3N4, TCN, and TCNP-1% are
presented in Figure 2(a). The XRD patterns of TiO;
synthesized from the TBOT precursor via the
hydrothermal method showed dominant diffraction
peaks at 25.61, 38.23, 48.42, 54.26, 55.41, 63.06,
69.20, 70.58, and 75.35° assigned to (101), (004),
(200), (105), (211), (213), (116), (220), and (215)
crystal planes of anatase TiO, (JCPD No. 21-1272)
[7, 16]. As previously reported [6, 17], the g-CsNs4
sample exhibited two distinct diffraction peaks at
13.1° and 27.4°, respectively. The strong peak at 27.4°
corresponds to the (002) plane, indicating the presence
of interlayer stacking of aromatics structure. Meanwhile,
the low intensity peak at 13.1° is associated with the
(100) crystal plane of g-CsN4. When comparing the
XRD patterns of TCN and TCNP-1%, both exhibited
similar patterns to single TiO,. The XRD spectra of
TCN and TCNP-1% reveal characteristic diffraction
peaks of TiOy, confirming the co-existence of TiO;
in the composite. Meanwhile, the characteristic
diffraction peaks of g-C3N4 were not detected in both
TCN and TCNP-1% composites. Besides, no typical
diffraction peak of Pt was found in the XRD spectra
of the TCNP-1% composite. This could be ascribed to
the small loading of g-CsNg4and Pt in the as-prepared
composite.
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FTIR Analysis

FTIR was used to evaluate TiO;, g-CsNa, TCN,
and TCNP-1% with the findings presented in Figure
2(b). Pure g-C3N4 exhibited three characteristic
absorption bands around 3200 cm, 1200-1700 cm™,
and 800 cm™* The absorption band at 3200 cm™!
is linked to the N-H and O-H groups in the
materials. The absorption peaks in the 1200-1700
cm? region correspond to the stretching vibrations
of C-N heterocycles with specific peaks observed
at 1640, 1573, 1413, 1318, and 1240 cm™! attributed
to C-N and C=N bonds [20]. Meanwhile, the
weak g-CsN4 peaks at approximately 800 cm-* are
attributed to the typical plane bending mode of
the tri-s-azine ring. Due to the small amount of Pt
in the composite, there was no obvious difference
in the FTIR spectra between TCN and TCNP-1%,
showing the traces of Pt. In terms of TiO2, the
peak observed at 3328 cm™! is attributed to the
absorption of O—H stretching vibrations [21].
The characteristic peaks of both TiO, and g-
CsN4 were observed in the TCN and TCNP-1%
spectra, confirming the successful construction of
the TiO2/g-C3N4 composites. The presence of
absorption peaks was not as intense as the pure g-
CsNs peak due to the low amount of g-CsN4
loaded into the TiOz. This implies that the
intensity of the characteristic absorbance bands
of each component depends on its quantity within
the composite.
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Figure 2. (a) XRD patterns of as-prepared samples: TiO, g-C3N4, TCN and TCNP-1% and (b) FTIR spectra of
TiO,, g-C3N4, TCN, and TCNP-1% samples.
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FESEM Analysis

The morphological characteristics of TiO2, TCN,
and TCNP-1% were observed by field emission SEM
and are presented in Figure 3. As seen in Figure
3(a), the overall morphology of the TiO; indicates
a uniform spherical morphology with a particle size
about 500 nm. Upon the incorporation of g-C3Na
and Pt, the spherical structure on the surface of TiO»
became less distinct, as demonstrated in the FESEM
images of TCN and TCNP-1% (Figures 3(b) & (¢)).

500nm ! 500nm !

Enhanced Photocatalytic Performance of TiO2/
g-CsN4/Pt via In Situ Synthesis for Visible
Light-Driven

This implies that some g-CsN4 and Pt may be filled
with interspace of TiO, [22]. This result is further
supported by the EDX analysis (Figure 3(d)), where
the presence of Pt was observed and the peak of Pt
appears poorly intense due to the low Pt loading
introduced in the samples [23]. Element mapping
was applied to distinguish the elemental distribution
in the TCNP photocatalyst and the results can be
seen in Figures 3(e)-(f). It is clear that Pt, N, C, Ti,
and O are homogeneously distributed in the composite
at randomly selected areas.
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Figure 3. FESEM images of as-prepared samples of (a) pure TiO, (b) TCN, and (c) TCNP-1%,; (d) EDX
analysis; and (e)-(j) elemental mapping and elements in TCNP-1% composite.
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UV-Vis DRS Analysis

The optical absorption properties of the synthesized
photocatalyst were analyzed using UV-Vis DRS.
In Figure 4(a), pure TiO2, with a huge band gap
energy at 3.2 eV, was only active under UV light
with wavelengths less than 415 nm. In contrast,
pure g-CsN4 exhibited a broader visible light
absorption range compared to TiO,. After TiO;
was modified with g-CsN4, the TCN composite
showed a slight increase in its absorption range
toward the visible light region. Therefore, there
was less improvement in the absorption after coupling
with g-C3N4 due to the dominant composite of TiO;
in the ratio. Nevertheless, after the TCN composite
was doped with Pt, the light absorption intensity
of TCNP-1% is enhanced into the visible light
range with a broadened responsive wavelength
range of more than 480 nm. The results suggest that
incorporating Pt significantly enhances the optical
properties of the photocatalyst in the visible light
region, which can be attributed to the surface plasmon
resonance effect induced by Pt loading.

Furthermore, the band gap energy of the
synthesized samples can be determined by using
Tauc’s relation, using the following Equation (2):

ahv = B (hv — Eg)" (2)

Where, Eq is the band gap energy; B is the

absorption constant; and n=2 for indirect transitions
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and n=1/2 for direct transitions. The band gaps of
TiO2, g-C3N4, TCN, and TCNP-1% were 3.07, 2.81,
3.05, and 2.76 eV, respectively, which correspond
to their light absorption bands as shown in Figure
4(b). The narrow band gap enhances the visible
light absorption properties, allowing TCNP-1% to
exhibit superior photocatalytic performance.

PL Analysis

PL technique is a crucial characterization to
evaluate the migration, transfer, and recombination
of photogenerated hole/electron pairs in photocatalysts
[24]. Figure 5(a) presents the PL spectra of
pure TiO2, TCN, and TCNP-1% samples with
an excitation wavelength of 321 nm. Pure g-C3N4
exhibited a strong PL emission peak around
441 nm, which is attributed to its high recombination
rate of photoinduced holes and electrons. Typically,
a lower PL intensity suggests reduced recombination
of electron-hole pairs leading to enhanced
photocatalytic activity [25]. In comparison to the
TCN composite, the PL intensity of TCNP-1%
was significantly decreased, indicating that Pt
doping suppressed charge carrier recombination.
The Pt serves as an electron mediator between
TiO; and g-CsN4 in the TCNP-1% photocatalyst,
allowing effective separation and migration of
electron pairs in opposite directions. As a result,
this improved charge separation and contributes
to the higher photocatalytic activity of the
TCNP-1% sample.

—TiO, 3.07 eV
9-C3N,

—— TCN 3.05eV

—— TCNP-1% 2.76eV
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Figure 4. UV-Vis diffuse reflectance spectra (DRS) of as-prepared samples of TiO,, g-CsN4, TCN, and TCNP-
1% composites: (a) Absorption spectra and (b) Tauc-plot for band gap analysis.
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Figure 5. (a) PL spectra of pure TiO,, g-CsN4, TCN, TCNP-1% samples, (b) photodegradation performance of
RR4 by using different as-prepared samples under visible light irradiation, (c) the percentage of remaining dye in
the degradation process of the samples, (d) first-order kinetics fitting experimental data, and (e) histogram of k
values for as-prepared samples.

Photocatalytic Performance

The photocatalytic performance of the prepared
samples was evaluated for the degradation of RR4
dye under visible light irradiation. The samples
were subjected to an adsorption study as control
study to establish adsorption-desorption equilibrium
between the dye and the samples before light

irradiation. Among all the samples studied, TCNP-
1% exhibited a much higher photocatalytic activity,
as illustrated in Figures 5(b) & (c). It achieved
approximately 95.83% degradation of RR4 within
20 min under visible light irradiation. In comparison,
under the same conditions, the degradation rates
of TiO2, g-CsN4, TCN, TCNP-0.5%, TCNP-1.5%,
and TCNP-2.0% were 64.29, 46.24, 85.95, 83.57,
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86.08, and 89.59%, respectively. The higher
photodegradation efficiency of TCNP-1% can be
attributed to the fact that it possesses a stronger
visible light absorption, and a higher efficiency in
separation and transmission of photogenerated charge
carriers than all other samples. Nevertheless, when
Pt content in the TCNP photocatalyst was increased
beyond the optimum level (1%), a decline in the
photodegradation of RR4 was observed, owing to
the excess Pt nanoparticles covering the active
sites of the TCN photocatalyst. The decline in
photocatalytic efficiency with higher Pt content
emphasizes the necessity of optimizing Pt loading
in the TCNP composite. The photocatalytic degradation
kinetics was analyzed using first-order kinetics, as
shown in Figure 5(d), with the results plotted in the
histogram of Figure 5(e), following the expression
in Equation (3).

In(C, /C) = kapp t (3)

The variables t, Co, and C represent the reaction
time, the initial concentration of RR4 dye (mg/L),
and the RR4 dye concentration at time t (mg/L),
respectively. The term ki, denotes the pseudo-first-
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order rate constant (mint). Using this equation, the k
values for the TiO2, g-CsN4, TCN, TCNP-0.5%, TCNP-
1.0%, TCNP-1.5%, and TCNP-2.0% samples were
determined to be 0.0628, 0.0421, 0.0878, 0.1224,
0.1615, 0.1038, and 0.1104 min', respectively. Notably,
the TCNP-1% sample exhibited the highest k value
among all samples, which was over 2 times faster than
that of TCN, aligning with the photocatalytic activity
trends observed in the catalyst performance curves.

CONCLUSIONS

In summary, the photocatalyst of TiO2/g-CsN4/Pt was
successfully prepared by an in situ hydrothermal method,
which was confirmed by several characterizations.
The highest photocatalytic performance for the
photodegradation of RR4 dye was observed for
TCNP-1%, which was about 2.6, 3.8, and 2 times
larger than that of bare TiO2, g-C3N4, and TCN,
respectively. The enhanced photocatalytic efficiency
of TiO/g-C3N4/Pt is related to the effective separation
charge carriers and enhanced absorption of visible
light due to the effect of Pt acting as an electron
mediator and giving surface plasmon resonance
effect in the composites.

Table 1. Recent reports on the preparation of TiO./g-C3N4 photocatalysts incorporated with metal doping.

Synthesis Model . Reaction Removal
Photocatalyst Method Pollutant Optimum time (min) efficiency Ref
g-CsNu/AgiTio,  Hydrothermal RNB  g-CNJAQTIO, 110 <90%  [26]
(batchwise)
g-CaNJ/AQ-TIO; Simple RhB 296-AgTCN 105 92.7% [27]
hollowsphere impregnation
g—C3N4(Pd- NO3" g-C3N4(Pd- 0
Cu)/rGOITiO, Hydrothermal reduction Cu)/rGOITiO, 240 S7.78% [28]
PdO/g- . PdO/g- i 0
CaNA/TIOs Impregnation SMC CaNA/TIOs 85.6% [29]
Hybrid 1D Vapor and H, 2.22
TiO2/g-CsN4#/Au  photodeposition  evolution HBTCN-6 i mmol/g/h [30]
AuC-T 2
Au/g- . times >
CaNA/TiOs Photodeposition Rh6G AuC-T 60 unmodified [31]
TiO;
H. with .
. v 3%PUTIO/g- 325
Pt/TiO2/g-C3N4 Sol-gel sacrificial CaNa - mmol/g/h [32]

agent
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