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Abstract

Ternary heterojunction g-C5N,/BiVO,/GQDs (CBG) composite photocatalysts were successfully made by high-temperature solid-
state method. The prepared CBG photocatalyst was used to degrade the methylene blue (MB) solution under the simulation of visible
light irradiation. The analysis of photocatalytic activity was carried out in the parameters of mass variation of composite components,
pH of MB solution, and kinetic rate measurement. The results showed that the adsorption-photocatalysis synergy effect occurred at
its best in CBG-20 samples with pH 9 in MB solution with a degradation kinetic rate following the pseudo-first order within 150 min of
removal time as the optimum condition that could degrade MB by 94.81%. The result showed that the photocatalytic activity of the
ternary composite was higher than that of pristine g-C5N,, BiVO,, or the binary composite of g-C3N,/BiVO,. Trapping experiments
results support the direct dual Z-scheme which shows that -O,™ is the most significant radical for the photocatalytic degradation of
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1. INTRODUCTION

Currently, environmental pollution, especially liquid waste, is
one of the major issues that create concern. As much as 50,000
tons of textile waste is estimated to be disposed of annually
with 10-30% of the unbound dye mixture from the dyeing and
printing process (Dihom et al., 2022). With the increase in
environmental pollution, semiconductor-based heterogeneous
photocatalysis has attracted the world’s attention due to its
application in environmental remediation (Riapanitra et al.,
2022). There are three steps of photocatalytic reactions with
the use of light as a driving force, namely the generation of
a charge when exposed to light followed by the separation of
the charge from the mass to surfacing the catalyst. The step
ends with the consumption of the charge in the surface redox
reaction. Efficiency improvements can be based on being easily
applied to these three steps.

BiVOy, is an n-type semiconductor, has garnered consider-
able attention as a promising waste degradation photocatalyst
owing to its non-toxic characteristics, narrow band gap of 2.4,
and higher utilization of sunlight (Mansha et al., 2023). How-
ever, the photocatalytic performance of pure BiVO, requires
enhancement, as its narrow band gap leads to recombination of
the photo-generated charge carriers, which reduces its overall

photocatalytic efficiency. The synthesis of BiVO, heterojunc-
tion composites with other carbon-based materials, such as
g-C3N, can be synthesized to overcome the shortcomings of
BiVO,. Compared to conventional heterojunctions, direct Z-
scheme heterojunctions offer a highly promising approach, as
they enhance the separation of photo-excited charge carriers
and preserve e” and h* in a potent redox capability. The mate-
rial g-C3N, has excellent physicochemical properties, such as
good chemical stability, rapid separation as a carrier of photo-
generative charges, and attractive electronic structure (Riapani-
tra et al., 2024). However, most heterostructure photocatalysts
that have been specialized in binary heterojunctions including
BiVO,/g-C3N, have limitations in the visible light response
region and low redox capabilities in binary systems that can be
a stumbling block in the application of such photocatalysts (Su
etal.,, 2021). Lietal. (2023) successfully degraded Rhodamine
B by 90.4% using Z-scheme g-CsN,/BiVO, photocatalyst, but
in a relatively long time (5 hours).

The use of a ternary direct dual z-scheme heterojunction
with GQDs can overcome those problems. Graphene Quan-
tum Dots (GQDs) materials show promising potential to cor-
roborate this because GQDs have excellent photostability and
high specific surface area. GQDs exhibit tunable band gaps
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ranging from 0 to 6 eV. These properties make GQDs highly
suitable for integration with other photocatalysts in the con-
struction of heterojunction systems such as CuWO,/GQDs.
Based on these merits, GQDs is frequently utilized to com-
pound with other catalysts to construct heterojunctions such as
CuWO,/GQDs (Sarwar et al., 2023), GQDs/BiOBr (Liu et al.,
2024), GQDs/g-CgN,/ZIF-67 (Zhao et al., 2024). GQDs
have the potential to increase the photocatalytic activity of
BiVO,/g—C3N, by forming a more redox capabilities and ex-
tending visible light absorption range (Cheng et al., 2022).

Combining two semiconductors together follow what it
called a Z-scheme heterojunction. The operational framework
of Z-scheme heterojunction is categorized into single (binary)
and dual (ternary) framework. Compared to binary Z-scheme
photocatalysts, dual ternary Z-scheme heterojunction exhibits
higher charge separation, eminent redox capacity, and high
charge carrier concentration (Kumar et al., 2022; Yu et al.,
2022,

In this study, g-CgNy, BiVO,, and GQDs were developed
to create a heterojunction direct dual Z-scheme composite of g-
C3N4/BiVO,/GQDs which has not been previously accounted
in other report and was implemented to enhance the removal
of MB in aqueous solutions. Nanosheets g-CgN,, nano-sized
BiVO,, and GQDs with particle sizes of 6-10 nm were pre-
pared in advance by ordinary calcination, coprecipitation, and
hydrothermal methods respectively which were then mixed to

synthesize g-CgN,/BiVO,/GQDs composites.

2. EXPERIMENTAL SECTION

2.1 Materials

The materials used include bismuth (III) nitrate pentahydrate

(Bi(NOg) 3.5H50), ammonium metavanadate (NH,VOg), ni-

tric acid (HNOyg), sodium hydroxide (NaOH), sodium nitrate

(NaNO3), hydrochloric acid (HCI), methylene blue, ethanol,

methanol, isopropyl alcohol, ammonium oxalate, benzoquinone,
graphite powder, and melamine. No purification step was

performed. All chemicals were high purity manufactured by

Merck.

2.2 Methods

2.2.1 Synthesis of BiVOy,

The BiVO4 photocatalyst was prepared using a modified co-
precipitation method of El-Yazeed et al. (2021). A precursor
of 1 millimole of Bi(NOjg)3.5H9O in 8 mL of 2 M HNOg
(Solution A) and 0.001 mol NH;VOg in 8 mL of 2 M NaOH
(Solution B) were prepared. Solution B was slowly brought to
Solution A with stirring for 1 hour, and the pH was set to 4
with HCI. After stirring in the dark, yellow precipitates formed,
were centrifuged, washed with aqua DM and ethanol, dried at
70°C for 4 hours, and calcined at 400°C for 2 hours, yielding
pure BiVO, powder.

2.2.2 Synthesis of g-CgNy
The synthesis of g-CgN, was modified from research Zhao
et al. (2021) that began with the calcination process of 5 g of

© 2025 The Authors.

Science and Technology Indonesia, 10 (2025) 777-788

melamine in a sealed alumina container and then heated. After
reaching a temperature of 550°C, the sample was left for 4
hours. After natural cooling to ambient temperature, the faint
yellowish g-CgN, solids were ground into a powder.

2.2.83 Synthesis of Graphene Quantum Dots (GQDs)
GQDs were synthesized by a simple top-down hydrothermal
method modified from Liu et al. (2021). One gram of graphite
was included to 80 mL of 65% HNOg and magnetically stirred
for 12 hours at 80°C. The resulting product was diluted in
200 mL of water, centrifuged, and then brought to 0.0125 M
NaOH using a sonicator to set the pH to 11. The mixture was
then brought to a Teflon lined autoclave to be heated at 180°C.
for 12 hours. Afterward, GQDs were passed through a 0.22
um membrane and the solution was dialyzed using a 1000 Da
molecular weight dialysis bag.

Table 1. Volume Variations of The Synthesized GQDs

. g-CsN,  BiVO, GQDs  Compos-
Material ©) (B) G) e
0.001 0.0006 0 mL CBG-0
mol mol
0.001 0.0006 1 mL CBG-1
mol mol
Variations 6 501 0,0006 CBG-
Concentra- 10 mL
. mol mol 10
tions
0.001 0.0006 90 mL CBG-
mol mol 20
0.001 0.0006 CBG-
mol mol 30 mL 30

2.2.4 Synthesis of g-C3N,;/BiVO,/GQDs

The results of the synthesis of BiVO,, g-CgN,, and GQDs
were added in certain proportions (as shown in Table 1). Syn-
thesis begins with g-C3N4 added to 10 mL of methanol and
further sonicated for 1 hour for exfoliation. After that, the
BiVO, and GQDs were fed into the g-CgN, suspension which
was magnetically stirred until the evaporation of the solvent
was completed. The suspension obtained was dried at a tem-
perature of 80°C for 12 hours and calcined in a furnace at
a temperature of 400°C for 4 hours then ternary composite
was obtained. A similar method was performed for the man-
ufacture of g-CgN,/BiVO, binary composite controls. This
method is a modified result of research Yu et al. (2022).

2.2.5 Photocatalysis Studies

The determination of the volume of GQDs at the photocatalyst,
pH, and optimal reaction time for MB degradation began with
the addition of 0.1 g of g-C3N,/BiVO,/GQDs with variations
in Table 1 into a beaker glass containing 50 mL of 10 ppm MB
solution. The solution was tested under visible light exposure
using a blue LED light, with the lamp positioned 20 cm from
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Figure 1. XRD Patterns of BiVO,, g—CgN,, and CBG-20 (a); Peak Diffraction in The Range Between 27° to 38° (b)

the solution. Before irradiation, the test was carried out under
dark conditions and ambient temperature, the solution is stirred
for 30 minutes to form an adsorption-desorption equilibrium
before exposure to visible light.

.
e
i um

Figure 2. SEM Results of BiVO, (a) and g-C3N, (b)

After the initiation of the photocatalytic reaction, 5 mL
of suspension was taken every 30 minutes for a total reaction
time of 210 minutes. Once the most effective photocatalyst
ratio was identified, experiments at pH 3, 5, 7, 9, and 11 were
conducted. To determine the MB degradation mechanism,

© 2025 The Authors.

benzoquinone (-Oy” trap), isopropyl alcohol (-:OH trap), and
ammonium oxalate (hole trap) were added separately under
optimal conditions. The species with the lowest degradation %
indicated the most significant contributor to photocatalysis.

2.2.6 Determination of Point of Zero Charge (PZC) of g-
C3N4/BiVO,4/GQDs Materials

The PZC composite g-C3N,/BiVO,/GQDs was ascertained
by the pH drift method. A 0.1 M NaNOj solution served as the
background electrolyte. 0.1 g of the composite (with optimal
GQDs volume) was added to 50 mL of NaNOg, set to pH 2-10
with 0.1 M HNOg and NaOH. The mixture was shaken for
24 hours at ambient temperature, and the concluding pH was
plotted against the initial pH. The PZC was identified where
the curve intersected the initial pH line. This method is based
on Kalaycioglu et al. (2028).

2.2.7 Characterization

The phase crystallinity of the samples was analyzed by an X-
ray diffractometer (Shimadzu XRD-7000, Shimadzu, Japan).
SEM and TEM analyses were performed with a JEOL JSM-
6510LA (JEOL Co. Ltd. Japan) and Hitachi HT 7700 (Hi-
tachi), respectively. The Energy Dispersive X-Ray Spectroscopy
(EDX) was carried out for the material surface analysis. A
UV=Vis spectrophotometer (UV-1800, Shimadzu, Japan). UV-
Vis DRS (Hitachi U-3010, Hitachi, Japan) used to measure
the band gap energy of materials. The BET specific surface
area was analyzed using Quantachrome Nova 1200e surface
analyzer.

3. RESULTS AND DISCUSSION

3.1 XRD Analysis

The diffractograms of BiVOy, g-CsN,, and CBG-20 are rep-
resented by Figure la. The synthesized BiVO, matches the
orthorhombic phase (a = 5.567 A,b =15.459 A, and c = 5.518
A) possessed by JCPDS No. 96-200-0736. The significant
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diffraction peaks are located at 19.16°, 23.84°, 26.32°, 28.8°,
32.4°, 34.96°, 40.38°, 46.16°, 48.2°, 55.14°, 58.92°, and
77.72° which correspond to the crystal phases (120), (111),
(140), (131), (200), (060), (042), (251), (062), (133), (191), and
(193), respectively. Meanwhile, the hexagonal phase is owned
by g-C8N4 with lattice parameters (a = b = 10.2160 Aand c =
5.9710 A). The g-C4N, XRD pattern shows an intensive peak
at 26.84° possessed by the crystal plane (002) and a weak peak
at 12.96° (100) resulting from the interlayer structural packing
unit and structural rearrangement within the tri-s-triazine unit
plane of the graphite system (Bankole et al., 2021).

Based on the results of XRD analysis, the average crystallite
size of the synthesized material can be determined using the
Debye-Scherrer equation. The g-CgNy, BiVO,, and CBG-20
samples had average crystallite sizes of 2.76 + 0.816; 7.4 +
0.1414; and 6.62 + 0.214, respectively. The CBG-20 com-
posite has 2 peaks that are identical to the peaks of g-CgNy,
which are at 11.9° and 26.02°. There was a shift in the peak
of diffraction in the crystal planes (131), (200), and (060) of
BiVO, after the formation of the CBG-20 ternary composite
as evidenced in Figure 1b. All three shifts lead to lower angles
caused by the bonding of metal ions on BiVO, with g-CgNy
and GQDs resulting in an increase in lattice spacing. BiVO4
adjusts the layer spacing on g-CgNy, indicating the close con-
tact between BiVO,, g-C3Ny, and GQDs. In addition, GQDs
change the loading mode of BiVO, on g-CsN, because GQDs
are anchored on BiVOy attached to g-CgN, in the Direct Dual
7.-scheme. Meanwhile, the peak of diffraction of GQDs cannot

© 2025 The Authors.

Figure 3. Mapping of CBG-20 Elements (a-c); SEM Image of CBG-20 (d)

be observed due to the small amount of GQDs and its amor-
phous nature (Feng et al., 2020). The occurence of g-CgN, and
GQDs does not alter the orthorhombic structure of BiVOy.

Table 2. EDX Analysis on g-CgNy

Elements Weight (%) Atomic (%)
C 40.24 44.61
N 54.59 51.90
O 3.87 3.22
Cu 0.87 0.18
7n 0.44 0.09

3.2 SEM and TEM Analysis

Figure 2a shows BiVO, has the shape of nanospheres parti-
cles with smooth, uniform, and well-crystallized surfaces. As
reported by Kamble et al. (2023) the BiVO4 nanoparticles,
they change from olive-like structures at lower pH levels to
nanospheres when the pH increases from 2.05 to 4.02. The
average size of BiVO, particles through SEM measurement
results was 127.4 nm. The g-CgN, sample obtained consists
of a layered structure with varying sheet thicknesses shown
in Figure 2b. The sheets in the form of nanosheets can be
the place where BiVOy, is attached to the composites being
synthesized. The lateral size of the synthesized g-CgNy is 2-6
pm. Yu et al. (2022) stated that g-CgN, nanosheets have a
typical flexible 2D structure with a lateral size of 6-8 yum. Fig-

Page 780 of 788



Arieveali et. al.

ure 3d shows that the BiVO, particles are well and uniformly
distributed on the surface of the g-C3N,. The close interface
contact between BiVO, and g-CgN can accelerate the transfer
of photo-excitation carriers. GQDs cannot be identified by
SEM.

Table 3. EDX Analysis on CBG-20

Elements Weight (%) Atomic (%)
C 20.99 42.50
N 19.42 338.73
O 9.95 15.18
Na 0.61 0.65
Al 0.18 0.17
A" 4.15 1.98
Cu 2.18 0.84
Sh 0.72 0.14
Bi 41.79 4.86

EDX analysis was for the g-CgN, material with the results
represented in Table 2. C and N content dominate in the
composition of g-CgNy,. Element N is the most dominant
compared to C with percentages of 54.59% and 40.24% re-
spectively. The presence of O is caused by the adsorption of
oxygen from the air in the precursor during the synthesis of

g-CgNy (Bankole et al., 2021).

Figure 4. Picture of TEM CBG-20

The composition of the elements was investigated by per-
forming EDX analysis of the prepared ternary composites.
Mapping of Bi, V, and O elements is homogeneously dispersed
on the CBG-20 ternary composite as evidenced by Figure 3a-d.
Table 3 validates the presence of G and N in CBG-20. The
percentage of element weight in ternary composites is C by
20.99%, N by 19.42%, Bi by 41.79%, V by 4.15%, and O by
9.95%. This is in line with research Nagar and Basu (2021) that
reports that Bi and C elements dominate in the synthesized

© 2025 The Authors.
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g-C3N4/Ag/B1VO4

BiVO, particles showing insertion into the structure of
g-C3N, and the close interface contact between BiVO, and
g-C3N, with the morphology of nanosheets is evidenced in
Figure 4. After the ternary composite is formed, a few GQDs
particles cover the surface of the attached BiVO, as. Based on
measurements through TEM analysis, GQDs have an average
particle size of 7.4 nm. Liu et al. (2021) revealed that the
particle size of GQDs is 6-10 nm. The formation of this
interesting morphological structure by the CBG-20 ternary
composite can facilitate the photoresponse performance of

BiVO, and facilitate the movement and migration of electron-
hole pairs (Fakhrul et al., 2020).
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Figure 5. Linear Fit BET Plot of Surface Area for g-CgN, and
CBG-20

3.3 BET Surface Area Analysis

The specific surface area of g-CgN, and CBG-20 ternary com-
posites was analyzed by the multipoint Brunauer-Emmett-
Teller (BET) method. The surface area plots of g-CgN, and
CBG-20 samples shown in Figure 5 show typical linear charac-
teristics with a correlation coeflicient of r < 0.999. The surface
area of CBG-20 composite (20.883 m?/g) is higher than that
of BiVO, (0.8051 m2/g) reported by Sharifi et al. (2021), but
lower than that of g-CgN, (45.614 m?/g). The high surface
area of CBG-20 ternary composites compared to BiVOy, is due
to the contribution of g-CgN, which has a broad surface area
related to the nanosheet structure of the material. CBG-20
have a lower surface area than g-C3N, because when BiVO, is
composited with g-CgN, and GQDs in the calcination process,
the interaction between these materials can result in denser
particle aggregations and structures that reduce the overall sur-
face area (Ramirez et al., 2021). This is in line with the study
Nagar and Basu (2021) that reported that the surface area of
g-C3N, of 87.6 m?/g is higher than the surface area of 47.5
m?/g owned by the g-C4N,/Ag/BiVO, ternary composite.
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Figure 6. Absorbance Spectra of BiVOy, g-C3N,, and CBG-20 (a); Band Gap Energies of g-CgNy, BiVO,, and CBG-20 (b)
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3.4 Optical Properties
The absorption threshold of g-C3N, as shown in Figure 6Ga
appears at 460 nm, which is in accordance with previous report
by Wu et al. (2021). BiVO, has an absorption threshold of
about 497 nm which falls within the apparent light absorption
range, as reported by Li et al. (2021) the orthorhombic BiVO,
absorption threshold (0-BiVO,) value. The CBG-20 ternary
composite undergoes redshift with an absorption threshold of
508 nm indicating that the visible light absorption range of
BiVO, and g-C3N, is improved after being composited with
GQDs. This proves that CBG-20 can be maximally excited to
produce more e” - h* photo-excitation (Ma et al., 2021).
Figure 6b shows that the Eg values of g-CgNy, BiVO,, and
CBG-20 are 2.74 €V, 2.52 €V, and 2.47 €V, respectively. A
report by Chaudhuri et al. (2018) revealed that 0-BiVO, has
an Eg of 2.55 eV. The value of Eg g-C3N, has been confirmed
based on a study Yu et al. (2022) that reported Eg g-C3N4
of 2.73 eV. Ibarbia et al. (2020) reported that the Eg GQDs

© 2025 The Authors.

value was 2.68 eV. The formation of CBG-20 can decrease the
bandgap energy because the doping of GQDs on the strongly
bonded BiVO, to the g-C3N, sheet produces a new energy
level of intermediate nature above the valence band formed due
to impurities resulting in a reduced bandgap energy (Tahir et al.,
2020). The synergistic effect of doping GQDs on CBG-20
also suppress charge recombination with formation of oxygen
vacancy to further optimize the charge transfer.

The calculation of the potential values of the conduction
band (CB) and valence band (VB) in g-CsN, and BiVO, can
be calculated using Equations 1 and 2 as follows (Bankole et al.,
2021):

Ecp=X—E°-0.5E, 1)

2)

EVB = ECB + Eg
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Table 4. Reported Studies on MB Removal Using Photocatalytic Heterojunction Materials

Removal
Photocatalysts Light source  Time (min) percentage References
%)

Co0O/ZnO UV 180 67.5 (Rini et al., 2023)
ZnO/Bentonite Uv 180 ~71 (Zulkarnain et al., 2024)
BiVO,/NiFe O, Sunlight 180 80 (Remlalfaka et al., 2021)

Ag/Zn0O/GO Visible 180 85 (Thi et al., 2019)
TiOg/Fes04/GO Visible 90 76 (Nadimi et al., 2019)
Z1F-8/N-CQDs/Z1F-67 Visible 180 94 (Elmorsy et al., 2023)
WOg4/BiVO,/Graphene Visible 120 63 (Liaqat et al., 2024)
g-C3N,/WO3/rGO Visible 180 76 (Waheed et al., 2023)
g-C3N,/CdS/BiVO, Visible 120 94.5 (Ranjith et al., 2023)
g-CgN,/BiVO,/GQDs Visible 150 94 This work

where Ecp, Epp, Eg Ef, and X are CB potential, VB po-
tential, band gap, free electron energy at the hydrogen scale,
and electronegativity of the semiconductor, respectively. The
X values of g-CgN, and BiVO, are 4.67 €V and 6.16 €V, re-
spectively. The calculated CB and VB potentials of BiVO, are
-1.20 eV and 1.54 eV, respectively, while those of BiVO, are
0.4 eV and 2.92 eV, respectively. The potential values of CB
and VB in g-CgN, and BiVO, are applied to the analysis of the
working mechanism of g-C3N,/BiVO,/GQDs in methylene
blue photodegradation.

3.5 PZC Analysis

The PZC value obtained is 6.1. When the pH of the methylene
blue solution is lower than PZC, the surface of CBG-20 will
be positively charged, in opposite, it will be negatively charged
when the pH of the methylene blue solution is more than PZC
(Jabbar et al., 2023). MB is a cationic dye so that a strong
electrostatic attraction occurs between MB molecules and nega-
tively charged CBG-20 in an alkaline environment. Therefore,

© 2025 The Authors.

the best photocatalytic activity occurs in MB solutions that have
an alkaline pH, i.e. pH 9. This is shown in Figure 8a.

3.6 Photocatalytic Activity
3.6.1 Optimum Volume for GQDs on g-C3N4/BiVO,/-
GQDs

Figure 7a presents the relationship between dimensionless con-
centration changes and the degradation time of BiVO,, g-C3Ny,
CBG-0, CBG-1, CBG-10, CBG-20, and CBG-30 samples.
After 210 minutes of visible light exposure, g-CgN, showed the
lowest degradation efliciency of 56.83%, and the MB removal
percent by BiVO4, CBG-0, CBG-1, CBG-10, CBG-20, and
CBG-30 reached 65.49%, 88.86%, 91.95%, 92.88%, 95.65%,
and 89.66%, respectively. The CBG-0 binary heterojunction
composite has a higher degradation percent than BiVO, and g-
CsNy, while the ternary heterojunction photocatalyst CBG-20
has the highest degradation percent. The highest degradation
indicates that the loading of GQDs significantly enhances the
photocatalytic activity of CBG-0 binary composites. CBG-20
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structure provides more redox activity at the surfaces compared
to binary heterojunction systems and extends the spectral ab-
sorption range in the presence of GQDs (Zhao et al., 2021).
This result shows that the optimal loading of GQDs is 20 mL
results in smooth interface contacts for efficient charge transfer
(Kumar et al., 2018). The order of degradation results from
the best is as follows: CBG-20 > CBG-10 > CBG-1 > CBG-30
> CBG-0 > BiVO4 > g-C3N4.

The effect of GQDs amount on the photocatalytic activity
of ternary composites reveals that with the increase in GQDs
content in ternary composites, the MB degradation activity
increase. However, this is not the case with CBG-30 because
excessive GQDs on the surface of BiVO, and g-CgN, can
reduce the absorption power limiting its photocatalytic perfor-
mance (Hatefi et al., 2020).

The high adsorption activity (first 30 minutes in dark) in
the CBG-0 binary composite shown in Figure 7a. The high ad-
sorption activity reaches 81.49%, owned by the CBG-0 binary
composite. This is because of g-CgN, exfoliation triggered by
the sonication process during composite synthesis which can
peel g-C3N, nanosheets into individual g-CgN, with BiVO,
can be well distributed on the surface of the nanosheets in-
creasing the surface area and providing more active sites for
adsorption (Jin et al., 2020). The CBG-1 ternary composite
has the highest adsorption activity, reaching 84.29%. This re-
sult shows that the result of MB degradation in this study is
a synergistic effect of the photocatalytic degradation and ad-
sorption process. Figure 7b confirms that the high adsorption
power is possessed by binary and ternary composites. CBG-20
ternary composite has the highest adsorption percentage of
90.60%. However, adsorption for 210 minutes on CBG-20
was not as high as the adsorption-photocatalysis synergy result
which reached 95.65%. Based on these two interesting things,
it can be concluded that the presence of GQDs does not play a
function in increasing the adsorption power of CBG-20 ternary
composites but acts in increasing the photocatalytic ability of

© 2025 The Authors.

CBG-20 because it forms a heterostructure that creates photo-

generation carriers with strong redox capabilities (Zhong et al.,
2023).

3.6.2 Optimum pH for MB Degradation
Figure 8a shows the optimum pH degradation that occurs in
an MB solution with a pH of 9. This is in line with the PZC
CBG-20 value obtained in this study, which is 6.1. A strong
electrostatic pull will occur between the positively charged MB
molecule and the negatively charged CBG-20 in an alkaline en-
vironment (pH 9 and 11). Meanwhile, the lowest photodegra-
dation performance was detected under acidic conditions (pH
3) due to electrostatic repulsion between MB and CBG-20
molecules. The formation rate of -:OH in the alkaline con-
ditions of pH 9 and 11 is high because there are abundant
OH- ions which cause the formation of -OH radicals from the
oxidation reaction by h* with OH" which makes it easier for
CBG-20 to degrade the MB molecule (Shubha et al., 2021).
The performance of CBG-20 in degrading MB dye at pH
parameters can also be explained based on the pKa value. MB
has a pKa of 3.8 so at pH values higher than 8.8, the dominant
methylene blue species in solution is cationic (Sen, 2023). This
result supports obtained the PZC CBG-20 value, which is 6.1.
If the pH of MB solution is higher than the pKa MB and PZC
values of CBG-20, then when the pH of the methylene blue
solution is more than PZC, the surface of CBG-20 will be
negatively charged and cationic will dominate the methylene
blue solution that supports the adsorption of MB.

3.6.3 Identification of Degradation Time

Based on the results of the analysis, Figure 8b shows that the
longer the irradiation time, the more the percentage of MB
degradation increases with the optimal degradation activity
time at 150 min. The optimal time was chosen because after
reaching 180 min, the degradation process did not increase
significantly and tended to be stable. This happens because

Page 784 of 788



Arieveali et. al.

Science and Technology Indonesia, 10 (2025) 777-788

+1.99 eV (-OH/OH)

A
qb d[} Arrow down direct
4 i .0.°
L \7’4‘ 4 dual Z-scheme 2
o}'.
eee
1.53 eV
= %
> 2 Sk :
2 g -0.046 eV (0,/-0;)
Bl L Eecccccmcase oo . o o o o oo o o o o o o o o o o o - -
a=
Z
4 Nl e L
‘T_5 :-; 1.10 eV ;
= h*h*h*
&
[=]
o

292 eV

VB
P h*h*h*
CO + H 0

+2.27 eV (-OH/H,0)

EEEEsssssnnp |[EF {S—

BiVO,

GQDs

Figure 10. Direct Dual Z-scheme Mechanism on Methylene Blue Photodegradation

the concentration of MB remaining is getting smaller so that
the chance of MB molecules interacting with active radicals,
such as -OH or -Og~ also decreases, which is exacerbated by the
increasing number of intermediates that form over time. In-
termediates can compete with MB to react with active radicals,
thus slowing the rate of MB degradation (Akbari et al., 2020).
Based on these results, the selected BiVO,-based ternary com-
posites were compared among various reported investigations
on MB degradation which are summarized in Table 4. The
enhancement of g-CgN,/BiVO,/GQDs ternary nanocompos-
ite for MB decolorization compared to binary composites can
be explained by the improved separation and transfer of the
charge carriers.

3.6.4 Photocatalytic Degradation Kinetic Rates of g-CgN4/-
BiVO,/GQDs
The photocatalytic degradation kinetics of all samples can be
implemented by the pseudo first order (PFO) reaction equation
In(Ct/Co) = -kt. Figure 9a shows the kinetic data confirmed
that the photodegradation of MB follows the pseudo-first-order
(PFO) Langmuir-Hinshelwood model. The plot of In(Ct/Co)
vs irradiation time yields a linear relationship showing excellent
simulation (R2>0.9) on PFO. This model is used to explain the
reaction kinetics of heterogeneous catalytic reactions, involving
solid photocatalysts present in aqueous solution where the re-
action takes place on the surface of the solid catalyst (Bahrudin,
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2022).

The degradation efliciency and rate constant values demon-
strate that the ternary CBG-20 composite exhibits significantly
superior photocatalytic activity compared to other photocata-
lysts. The rate constant values of CBG-20 are 4.8; 5.57; 1.92;
1.61; 1.48; and 1.84 times higher than those of BiVO,, g-
CsNy, CBG-0, CBG-1, CBG-10, and CBG-30, respectively.
This indicates that the the ternary CBG-20 composite is signif-
icantly improved result compared to the single photocatalyst
and the binary composite.

3.6.5 Photocatalytic Degradation Mechanism

The degradation efliciency of the CBG-20 photocatalyst is in-
hibited after the addition of AO, BQ), and IPA as scavengers
shown by Figure 9b. The scavengers that most inhibit MB
degradation are BQ by decreasing degradation activity by -
40.44% which indicates that the -Og4™ radical is the dominant
active radical species in photocatalytic degradation reactions.
This happens because the added scavengers can capture the
Oy~ species produced by the photocatalyst so that the number
of Oy that play a role in degrading MB molecules is decreas-
ing. In addition, -OH and h* also play an equally important
role in the MB fading reaction. After adding AO and IPA,
the degradation efficiency of MB was reduced to 10.29% and
32.98% respectively. The capture of h* can inhibit the forma-
tion of -OH, the degradation efficiency of the addition of AO
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is slightly higher than that of the addition of IPA which shows
h* directly oxidizes a small amount of MB (Wang et al., 2022).
This implies that the decomposition of MB is the result of the
synergistic action of several reactive species with -Oqy~ as the
dominant reactive species followed by -OH.

The mechanisms of electron and hole charge transfer have
been proposed to follow the direct dual Z-scheme mechanism
in Figure 10. Migration of photogeneration carriers can result
in e being trapped in CB g-C3sN, and GQDs and then h* being
trapped in VB BiVO,. Therefore, the photogenerated e in
CB g-C3Ny (-1.20 eV) and GQDs (1.6 €V) can reduce Oq to
Oy and photogenerated h* species in VB BiVO, (2.92 €V)
can react with HyO and OH™ molecules to form -OH. The
concentration of -Og~ produced is higher than that of -OH
because -Oq” is produced by CB g-CgN, and GQDs, whereas
-OH is produced only by VB BiVO,. The results and analysis
correspond with the results of the radical trapping experiment,
namely BQ as the most dominant -Oq~ catcher. Therefore,
it can be determined that the photocatalytic reaction in the
g-C3N,/BiVO,/GQDs ternary photocatalyst follows the direct
dual Z-scheme transfer mechanism which can improve the
efficiency of separation and transfer of the generated photogen-
erated charge carrier while maintaining redox capabilities for
highly efficient MB degradation.

4. CONCLUSIONS
The g-C3N,/BiVO,/GQDs ternary composites were success-

fully synthesized. The synthesis involved calcination of melamine

to create hexagonal g-CgN, phase, the coprecipitation method
for orthorhombic BiVO, phase, and the hydrothermal method
for GQDs. The narrow band gap (2.47 €V) in the CBG-20
composite compared to the individual components showed
increased light absorption and photocatalytic efficiency. The
ternary composite CBG-20 showed outstanding photocatalytic
activity and structural stability compared to BiVO, and g-CgN,.
The optimal condition for degradation is pH 9 for 150 minutes.
The results of the scavenger test confirmed that -Og” species
play the most important photocatalytic role. The process pho-
tocatalytic operates via a direct dual g-CsN,/BiVO,/GQDs
mechanism, offering the benefits of enhanced catalytic activity
and excellent stability. As a result, it holds great promise for
applications in water pollutant treatment.
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