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Abstract

Hydrogen has emerged as a promising renewable energy source to replace fossil fuels, driving the need for
efficient and low-emission hydrogen production methods. Among these, photoelectrochemical (PEC) water
splitting using solar energy and semiconducting materials as photoanodes holds significant potential. This study
focuses on enhancing the performance of bismuth vanadate (BiVOs,), a highly promising photoanode material,
synthesized on fluorine-doped tin oxide (FTO) substrates via a hydrothermal method. This research aims to
improve the efficiency and stability of BiVO4 as a photoelectrochemical anode material by integrating sulfur-
nitrogen-doped carbon quantum dots (S,N-CQDs), derived from Egeria densa algae, to minimize charge
recombination and enhance light absorption as well as the efficiency of solar energy conversion to hydrogen. To
address the challenge of charge recombination, S,N-CQDs were integrated into BiVO4 using a spray-coating
method in varying volumes (0, 2.5, 5, 7.5, and 10 mL). The incorporation of S,N-CQDs significantly reduced
the band gap of BiVO4, with the most notable reduction at 7.5 mL (from 3.14 eV to 2.70 eV). This modification
resulted in enhanced PEC water splitting performance, with a maximum photocurrent density of 0.0698 mA/cm?
and a photoconversion efficiency of 0.0131%. Additionally, the optimized BiVO4/S,N-CQDs photoanode
exhibited a double-layer capacitance (Cdl) of 0.102 mF/cm?, indicating improved charge transport properties.
These results demonstrate that the integration of S,N-CQDs into BiVVO. not only enhances PEC efficiency but
also contributes to the development of cost-effective, sustainable solutions for solar-driven hydrogen production,
supporting the transition to a renewable energy future.
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1 Introduction

The international is presently going through an
environmental disaster exacerbated via way of means
of the developing international call for electricity.
Fossil fuels nevertheless account for 83% of the
worldwide electricity supply, which is regarded as
their combustion ends in giant carbon emissions,
thereby contributing notably to environmental
degradation and weather change [1]. Hydrogen holds
significant potential for large-scale energy storage due
to its high energy density of around 143 MJ/kg and its
ability to be used with fuel cells for backup power
generation. One of its key blessings is its use in zero
CO; emissions, permitting extra hydrogen to be saved
for destiny use as the gas inside the hydrogen
economy. Furthermore, as compared to different
principal electricity garage technologies, along with
lithium-ion batteries, hydrogen gives extra favorable
cradle-to-grave characteristics, as it's far non-toxic, in
contrast to the acidic chemistry of lithium-ion batteries
presently in use [2]. Several technologies have been
explored to decorate renewable electricity garages,
consisting of pumped hydroelectric  energy,
compressed air electricity garages, lithium-ion
batteries, and hydrogen. Hydrogen, in particular, may
be produced through numerous methods, consisting of
thermo-chemical, electrochemical, photochemical,
photocatalytic, and photo-electrochemical processes

[3].

Photoelectrochemical (PEC) water splitting is
considered a promising, eco-friendly, and sustainable
method. It correctly converts sun electricity into
chemical electricity, allowing the transformation of
water into precious products, with hydrogen being one
of the key outputs [4]. PEC reactions are endothermic
and need a Gibbs free energy of AG9s% =237 kJ/mol,
which corresponds to a potential of AE® = 1.23 V per
electron  transferred. To effectively utilize
semiconductors and light energy in the PEC process,
the semiconductor material must be capable of
absorbing photons with an energy of at least 1.23 eV
(equivalent to wavelengths of 2000 nm or shorter) and
converting this energy into the production of hydrogen
and oxygen [5].

The main process in PEC cells involves three key
stages: 1) the generation of charge carriers, which
occurs when light is absorbed by the photoanode
(semiconductor material) with energy greater than its
band gap, resulting in the creation of electrons and
holes; 2) the separation and transfer of these charges
to the semiconductor-electrolyte interface; and 3) the

oxygen evolution reaction (OER), which takes place
at the holes on the semiconductor surface, and the
hydrogen evolution reaction (HER), where electrons
travel to the cathode surface via a conductive wire,
reducing protons to produce hydrogen gas [6].
Photoanodes are typically made from
semiconductor materials, like BiVO. (Bismuth
Vanadate), an n-type semiconductor with a band gap
of approximately 2.4 eV. BiVOa. is considered a
promising candidate for PEC water-splitting
applications due to its non-toxic nature, affordability,
stability, and ability to absorb visible light [7].
However, there are still some challenges to overcome.
To address problems such as poor electron transport
and slow oxidation kinetics, various strategies have
been applied to enhance the PEC performance of
BiVO. as a photoanode. These strategies involve
creating heterostructure catalysts like WO3/BiVOa and
Sn02/BiVOsa, as well as doping BiVO4 with transition
metals such as W and Mo, which have been shown to
improve electron transport and, in turn, increase the
efficiency of PEC water splitting [8]. Recently, carbon
quantum dots (CQDs) have emerged as promising
materials for enhancing the performance of
semiconductors in photoelectrochemical (PEC) water
splitting applications due to their high UV light
absorption, wide visible light absorption range, and
efficient charge carrier transport properties. They also
act as co-catalysts, improving the oxygen evolution
reaction (OER) and boosting overall PEC system
performance. BiVOs, despite its good light absorption

ability, suffers from high electron-hole pair
recombination rates, limiting charge transfer
efficiency. The incorporation of SN-CQD

significantly mitigates this limitation by creating
electronic defects, leading to increased photocurrent
density and enhanced PEC efficiency [9]. The addition
of heteroatoms such as nitrogen (N), sulfur (S),
oxygen (O), and phosphorus (P) through doping or co-
doping can greatly enhance the fluorescence intensity
and luminescent properties of carbon quantum dots
(CQDs). This improvement in the optical properties of
CQDs is attributed to the similar atomic size and
electronegativity between carbon and the dopant ions,
which foster better electronic interactions and enhance
their fluorescence characteristics [10]-[12].

BiVO, exists in four distinct crystal forms or
polymorphs:  monoclinic  scheelite, tetragonal
scheelite, tetragonal zircon, and orthorhombic. The
natural form of BiVO., known as pucherite, has an
orthorhombic  crystal  structure.  While  the
orthorhombic phase is most found in nature, it presents
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difficulties for laboratory synthesis. Consequently,
BiVO, synthesized in the lab typically adopts either
the scheelite or zircon structures, rather than the
naturally occurring pucherite form [13].

Egeria densa is an aquatic plant that can adapt to
low CO. conditions by developing special
mechanisms to increase photosynthetic efficiency, in
other words, it can help reduce CO, concentration in
the atmosphere [14], [15]. It features irregularly
branched stems, typically 1 to 3 mm in diameter, and
can grow over 3 meters long. The plant has leaves and
branches that develop along 0 to 15 internodes, with
lengths ranging from 2.5 mm to 24 mm. Its leaves
generally measure 1 to 3 cm in length and can reach
widths of up to 5 mm. The flowers, which can grow
up to 3 cm above the water, are white and range in size
from 18 to 25 mm [16]. Egeria densa has a high
carbon content, consisting of 26.2% cellulose, 18.1%
hemicellulose, 7.1% lignin, and 22.6% protein, along
with three monosaccharides: 26.7% glucose, 5.9%
galactose, and 5.1% xylose. Given its substantial
carbon and carbohydrate composition, Egeria densa
holds significant potential for various applications,
and the utility of carbon quantum dots (CQDs) [17].
The use of Egeria densa as a precursor for the
synthesis of CQDs has not been previously reported
[18]. However, Egeria densa is used for the
production of solid biofuels, such as carbon and pellets
[19], so this study seeks to explore its potential in such
applications.

2 Materials and Methods
2.1 Materials

The synthesis of S-N, CQDs involves materials: Algae
Egeria densa, distilled water as a solvent and
chemicals for the formation of S and N compounds in
the form of Na,SOs, and NH4OH. The manufacture of
BiVO4 on FTO (fluorine-doped tin oxide) substrate
involves the following chemical materials
Bi(NO3)3.5H0, NH4VOs, HNOs, NaOH,
Pretreatment of Egeria densa was carried out by
washing the algae using running water to remove
impurities and contaminants. Afterward, the algae was
dried using paper towels until it was free of excess
moisture, pulverized into powder, and then dissolved
in a suitable solvent before being put into an autoclave
for the hydrothermal process.

2.2 Synthesis of BiVOs

The synthesis of bismuth vanadate (BiVVOa) starts with
the preparation of a fluorine-doped tin oxide (FTO)
substrate, cut to a size of 1.5 x 1 cm. Two solvent
solutions are then prepared: a 2M sodium hydroxide
solution and a 2M nitric acid solution, which help
dissolve ammonium metavanadate and bismuth (I11)
nitrate. To make the precursor solution, 11,648 mg of
ammonium metavanadate is dissolved in 8 mL of 2M
sodium hydroxide, while 48,507 mg of bismuth (l111)
nitrate is dissolved in 8 mL of 2M nitric acid. The two
solutions are mixed thoroughly, and concentrated
nitric acid (65%) is added gradually until the pH
reaches 0.9. The resulting homogeneous solution is
then transferred to an autoclave containing the FTO
substrate, which is placed in an oven set at 180°C for
3 h. After this stage, the sample is annealed at 450°C
for 2 h.

BiVOs has two main phases, namely tetragonal
(metastable) and monoclinic (stable). The monoclinic
phase, which is more photocatalytically active at PEC
performance, is usually more dominant at low pH. pH
0.9 creates conditions that favor controlled growth, so
the resulting particles are more uniform in size and
distribution which is useful for improving charge
transfer efficiency across the material [20].

2.3 Synthesis of S,N-CQDs from Egeria densa

The process begins by washing the algae under a
continuous water flow to remove dirt and impurities.
Afterward, the algae are dried with tissue paper to
eliminate excess moisture. Next, 3 grams of algae are
carefully weighed and ground using a mortar and
pestle. The resulting paste is then dissolved in a
solution containing 50 mL of 5 mmol Na,SO. and 50
mL of 5 mmol NH4OH. This mixture is transferred to
a Teflon-lined autoclave and heated in an oven at 250
°C for 3 h. Following this, the S,N-CQDs are filtered
through filter paper and centrifuged to remove any
remaining particles. The final step involves
performing UV light testing to evaluate the
luminescent properties of the S,N-CQDs.

2.4 Combination of BiVOs with S,N-CQDs

BiVO, and S,N-CQDs samples were prepared using
the required equipment, including a mini compressor,
airbrush spray, and hot plate. The first step was to
clean the hot plate with acetone to prevent any
contamination. Next, the BiVO, sample was placed on
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the hot plate and heated to 100 °C during the coating
process. The airbrush technique, assisted by the mini
compressor, was used to spray solutions of S,N-CQDs
in different volumes (2.5 mL, 5 mL, 7 mL, 7.5 mL,
and 10 mL) onto the BiVO4 surface from a distance of
20 cm. After spraying, the BiVO, sample was
annealed at 100 °C for one hour to allow the S,N-
CQDs crystals to adhere to its surface. This process
was repeated with varying volumes of S,N-CQDs
solution to ensure consistent results. The procedure
was performed for each variation to obtain reliable and
reproducible outcomes. The use of spray coating is a
relatively simple and scalable method for the
application of thin films on large substrates such as
BiVO4 and allows for a more even and consistent
coating distribution [21], [22].

2.5 Characterization of BiVO4/S,N-CQDs

The synthesized S,N-CQDs samples  were
characterized using UV-Vis spectroscopy (Jasco V-
750) to examine their absorbance spectra and light
absorption at specific wavelengths. High-Resolution
Transmission Electron Microscopy (HR-TEM, 200 kV,
Tecnai G2 20 S-Twin, FEI) was employed to assess
the particle size distribution of the S,N-CQDs. For the
BiVO4/S,N-CQDs samples, UV-DRS was used to
evaluate the light absorption range and the band gap
energy. Field Emission Scanning Electron
Microscopy (FE-SEM, Hitachi SU-3500) was utilized
to study the surface morphology, shape, and size of the
samples. X-ray Diffraction (XRD) analysis,
performed with a Bruker D8 Advance X’Pert3 Powder
and Empyrean systems using Cu Ka radiation (A =
1.54 A), was used to examine the crystal structure.
Raman spectroscopy was applied to investigate the
molecular structure and atomic vibrational modes of
the samples. Photoluminescence (PL) measurements
were conducted to assess charge recombination
behavior and detect any defects in the samples.

2.6 Photoelectrochemical water splitting test of
BiVO./S,N-CQDs

The photoelectrochemical water splitting test was
performed to assess the material’s ability to split water
into hydrogen and oxygen using light energy. The tests
were conducted with a 0.1 M Na;SO4 electrolyte
solution in a three-electrode configuration. The
BiVO4/S,N-CQDs thin film acted as the working
electrode (WE), platinum (Pt) was used as the counter
electrode (CE), and Ag/AgCl served as the reference

electrode (RE). A solar simulator provided the light
source, with an intensity set to 100 mW/cmz. Current
density was measured under various conditions,
including dark, bright, and with ultraviolet and
infrared filters. Linear sweep voltammetry (LSV) was
employed to collect data over a voltage range of 0.6
V to 1.5V, with a minimum current threshold of 1 mA,
using a PalmSens 4 potentiostat.

3 Results and Discussion
3.1 Visual observation analysis

Figure 1(a) shows BiVO, deposited on an FTO
substrate through a straightforward hydrothermal
process conducted at 180 °C for 4 h and 30 min,
followed by annealing at 450 °C for 2 h. The
appearance of a yellow layer on the transparent
substrate confirms the successful growth of BiVOa..
S,N-CQDs were applied to the BiVO4 surface using a
spray technique from a distance of 20 cm, with the
substrate placed on a hotplate. Different volumes of
S,N-CQDs, namely 2.5 mL, 5mL, 7.5mL, and 10 mL,
were used. After spraying, the surface developed a
brownish-yellow color. The resulting films are shown
in Figure 1(b). The color change from yellow to
brownish on BiVO4 after the addition of S,N-CQDs
can be attributed to the modification of the optical and
electronic properties of the material due to the
interaction between BiVOs and S,N-CQDs, which
increases the light absorption and broadens the
absorption spectrum to a longer wavelength region as
supported by scientific literature [23].

Figure 2 illustrates the synthesis of S,N-CQDs
from Egeria densa algae through a hydrothermal
method at 250 °C for 3 h. The luminescent properties
of the S,N-CQDs were evaluated under both visible
and UV light. The S,N-CQDs emitted a cyan
luminescence, which is attributed to the excitation of
electrons upon UV light absorption. These excited
electrons transition from the valence band to the
conduction band, and upon returning to the valence
band, they release energy, resulting in luminescence [24].

The photoluminescence (PL) test is related to the
transition from the excited state to the ground state. In
Figure 3, the S,N-CQDs sample PL test was carried
out using a 450 nm filter to determine the maximum
emission wavelength produced by S,N-CQDs. The
result of the photoluminescence test (Figure 3) shows
that the emission curve is in the green color range of
495-570 nm with the acquisition of an emission peak
at 532 nm, so it can be concluded that the synthesized
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S,N-CQDs produce cyan luminescence (Figure 2(b))
when S,N-CQDs are irradiated under UV light [25], [26].

Figure 1: (a) BiVOs, (b) BiVOs and BiVO4/S,N-
CQDs.

(a) (b)

Figure 2: S,N-CQDs under irradiation of (a) visible
light and (b) UV light.

70004 =5 N-CQDs

200 400 600 800 1000 1200
Wavelenght (nm)

Figure 3: Photoluminesence spectrum of S,N-CQDs.
3.2 Band gap analysis

Figure 4(a) shows the UV-Vis absorption spectra of
S,N-CQDs synthesized using the hydrothermal
method. The absorption peak observed between 216—
258 nm is associated with the carbon core,
characteristic of aromatic benzenoid rings, primarily
arising from the m-* electronic transitions in C=C
bonds. Another peak, found in the 300-350 nm range,
is attributed to n-z* transitions involving C-N, C=S,

and C=0 bonds. The relatively low intensity of the n-
n* absorption suggests a lower concentration of
functional groups and reduced electron transitions in
the S,N-CQDs. These findings are consistent with
previous UV-Vis studies [27], [28].

Figure 4(b) illustrates the impact of
incorporating S,N-CQDs on the light absorption
characteristics of BiVOs. The BiVO4/S,N-CQDs
composite exhibits increased absorption in the visible
spectrum, in contrast to pure BiVOs, which shows
limited absorption in this range. This enhancement in
light absorption is likely to improve the efficiency of
the photoelectrochemical water splitting process, as
reflected by the shift in the band gap.

———§,N-CQDs

Absorbance (a.u.)
oo

o

0.54

0.0 T T T T T
200 300 400 500 600 700 800

Wavelenght (nm)
(a)

= BiVO, pure

= BiVO, 2.5 mL S ,N-CQDs
= BiVO, 5 mL S,N-CQDs
= BiVO, 7.5 mL S,N-CQDs
~——BiVO, 10 mL S,N-CQDs

Absorbance (a.u.)
= E NN
o o

o o
: 1

o
o

=4
o

200 300 400 500 600 700 800
Wavelength (nm)
(b)
Figure 4: (a) UV-Vis spectrum of S,N-CQDs, (b)
BiVO, and BiVO4/S,N-CQDs.

Figure 5 displays the energy band gaps of the
BiVO./S,N-CQDs samples, calculated from the UV-
Vis absorption data. The band gap energies were
estimated through analysis using a Tauc plot. The UV-
Vis wavelength and absorbance data were transformed
into an energy curve following the Tauc method to
determine the band gaps. Each sample's band gap
calculation was conducted using the Tauc equation, as
represented in Equation (1).

(ahv)™ = A(hv — Ej) 1)
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Where a is the absorbance coefficient, h is the Plack
costant, v is the frequency, A is the absorbance data,
Eg is the band gap energy and n is a power value that
depends on the type of material used.

4 45
e BIVO, pure
40 40

[——Biv0, 25 mL S,N-CQDs

s 35
30 ~30
%25 %25
£.0 =20
15 15 00
10 10

Energy (ev) Energy (ev)

(@) (b)

=—BVO, 7.5 mL S,N-CQDs

" |——Biv0, 5 mL S N-CQDs
0
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Energy (ev)

(© (d)

Energy (ev)
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‘A30
z25
320
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1 2 3 4 5 L] 7
Energy (ev)

(e)
Figure 5: Tauc Plot of (a) BiVO,, (b) BiVO4 2.5 mL
S,N-CQDs, (c) BiVO, 5mL S,N-CQDs, (d) BiVO4 7.5
mL S,N-CQDs, (e) BiVO4 10 mL S,N-CQDs.

Figure 5 show the Tauc equation results,
providing the estimated band gaps for the BiVO,
samples. The pure BiVO,4 sample has a band gap of
3.14 eV, while the samples modified with 2.5 mL, 5
mL, 7.5 mL, and 10 mL of S,N-CQDs show band gaps
of 3.09 eV, 3.03 eV, 270 eV, and 2.85 eV,
respectively. The addition of S,N-CQDs to BiVO,
effectively reduces the band gap, which enhances its
absorption of visible light and boosts its
photoelectrochemical performance. BiVOs can
crystallize into three primary forms: monoclinic
scheelite (BiVO4 m-s), tetragonal zircon (BiVO;, t-2),
and tetragonal scheelite (BiVO;, t-s), with band gaps
of2.4eV,2.34¢eV, and 2.90 eV, respectively [29]. The
band gap of pure BiVOy in this study is higher than
those reported in previous research [8], [30].

3.3 Crystallinity

The BiVO4/S,N-CQDs crystals grown on the FTO
substrate were analyzed using XRD, as shown in
Figure 6. The XRD data, processed with HighScore
Plus software, reveal diffraction peaks at (040), (220),
and (042) in the samples. Notably, the addition of S,N-
CQDs improves the BiVO, sample, especially at the
(002) diffraction peak. This observation is consistent
with previous research suggesting that N-CQDs
produce a broad, low-intensity peak at (002) with a
carbon diffraction index [31].

~BiVO, 10 mL S,N-CQDs
~—BiVO, 7.5 mL S,N-CQDs
~—BiVO, 5§ mL S,N-CQDs
~—BiVO, 2.5 mL S,N-CQDs
. g g g _ ——BiVO, pure
= =T o~
s X ﬂ " . T, g #* S,N-CQDs
> I sV TV U W N N DR O e
£ n
g ,..._AAJJ_L i "
£ .-—-jdLbLL_L
| A . P
___.kJ\..LA._L A A\
AJI §\ A ~ A
T T T T T
20 30 40 50 60 70 80
20 (degree)

Figure 6: XRD of BiVO, and BiVO4/S,N-CQDs.

From the XRD characterization data, the crystal
size can be estimated using the Debye Scherrer
method [32] as shown in Equation (2).

KA
b= Bcos(0) (2)

where A= X-ray wavelength, 0= diffraction angle, K=
is a constant or crystal form factor, and = nilai full
width at half maximum (FWHM). Thus the value of
crystal size D and strain (Table 1) can be calculated
through the Williamson-Hall method, with the
following Equation (3):

Bcos(0) = 1% + 4esin(60) 3)
Table 1: Crystal sizes and strains.
Sample Crystal Size Strain
(nm)
BiVO, pure 26.482 0.041
BiVO, 2.5 mL S,N-CQDs 20.161 2.698
BiVO, 5 mL S,N-CQDs 28.769 0.038
BiVO, 7.5 mL S,N-CQDs 25.733 0.043
BiVO, 10 mL S,N-CQDs 32.205 5.929 x10™*
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3.4 Morphology

The HRTEM image of the S,N-CQDs material shown
in Figure 7(a) demonstrates that the synthesized
nanoparticles exhibit a uniform spherical shape and
are uniformly distributed. The HRTEM analysis
indicates that the average particle diameter is
approximately 4.5 nm, which aligns with findings
from previous studies on the properties of S,N-CQDs
[26], [33], [34].

(@)

22
DBins
201 = Gaussian Fit B"Counts"
18 4 Model Gaussian
¥ = y0 + Allw*sqri(pi/(4*
164 Equation iz * exol-4"Ini21'(x
Plot Counts
14 4 ¥0 3+1,64075
3\ XC 0,45 = 0,02652
S 12 A 3,650,849
=] w 0,14096 + 0,04246
g 10 4 Reduced Chi- 20,99667
s R-Square (CO 0,68497
84 [Adj. R-Square | 0,54995
6
4
24
0
0,2 04 06 08 1.0 1,2 14
Lenght (nm)

Figure 7: (a) HRTEM image of S,N-CQDs sample,
(b) particle size distribution of S,N-CQDs.

Figure 8(a) and (b) show the formation of the
BiVO4 nanosheet structure on the FTO substrate, as
observed from a top perspective and cross-section.
The microplates have a minimum size ranging from
0.010 um to a maximum size of 0.185 um, and the film
thickness, measured from the cross-section, is 0.649
um. FESEM analysis showed an uneven distribution
of the BiVO,s material, with noticeable particle
agglomeration. Particle size analysis, performed using
ImageJ software and processed into histogram data, is
shown in Figure 8(c), with a mean value size of
0.01575 pm with a standard error of 0.00126.
Compared to previous studies reporting BiVO4 on
FTO substrates with a size of 22-25 nm [34], the

current results show smaller particles. Nonetheless,
the FESEM images confirm the presence of similar
nanosheet structures [20].

25

Jeins
= Gaussian Fit B"Counts”
Vodsl
20 T Equation ‘I-
ot
0
- xe G015752 6.00120
8151 : b
] Radured Ch-gar LA
g L —
\C 104
5
0+
0,005 0010 0015 0020 0025 0,030
Lenght (pm)
(©

Figure 8: FESEM characterization results of (a)
BiVO, image with 10,000 times magnification from a
top view, (b) BiVO. image from a cross-sectional
view, (c) particle size distribution of BiVOa.

3.5 Optical property

The measurement was conducted to investigate charge
recombination dynamics and identify defects in the
sample. Figure 9 displays the photoluminescence (PL)
results for BiVO, samples with varying volumes of
S,N-CQDs (2.5 mL, 5 mL, 7.5 mL, and 10 mL) under
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325 nm excitation. Overall, the inclusion of S,N-
CQDs in the BiVO4 samples appears to enhance
charge recombination, possibly due to an increase in
crystal defects [35].

500
= BiVO, 10 ml S,N-CQD
= BiVO, 2.5 ml SN-CQD
400 {——BivO, pure
s = BiVO, 7.5 ml S,N-CQDs
‘:;: 3004 BIV04 5mil S,N-CQD
2
2
200
=
100 4
0

300 4(')0 5(')0 660 7('JO 8(')0
Wavelength (nm)

Figure 9: Photoluminescence spectra of BiVO,4 and

BiVO4/S,N-CQDs.

3.6 Surface analysis

Figure 10 shows the Raman spectroscopy results,
which were used to examine the molecular structure
and atomic vibrational modes of each sample. The
spectra confirm the presence of monoclinic scheelite
BiVOs. The most prominent peak, located at 829 cm™,
corresponds to the asymmetric stretching of the VO
tetrahedra. Peaks at 369 cm™ and 331 cm™ are
associated with the bending vibrations of the VOs
tetrahedra, while the peak at 219 cm™ corresponds to
crystal lattice vibrations (external mode). These
results are consistent with previously reported data for
monoclinic scheelite BiVO. [36], [37].

3.7 Analysis of PEC water splitting performance

The BiVO4/S,N-CQDs samples were subjected to
electrochemical testing in a 0.5 M Na.SOa solution,
using an Ag/AgCl reference electrode and a platinum
(Pt) counter electrode. This test aimed to evaluate their
catalytic performance for the hydrogen evolution
reaction (HER). The external voltage was varied
between —0.6 V and 1.5 V under both illuminated and
dark conditions, with a solar simulator used as the light
source.

3.7.1 Linear sweep voltammetry (LSV)

The initial parameter assessed is Linear Sweep
Voltammetry (LSV), with the results shown in Figure
11. The onset potential, which indicates the voltage
needed for the catalyst to achieve a specific current
density, is determined from the LSV curve. Under
dark conditions, the LSV measurements reveal a low
current density (J_ph), indicating the lack of charge
carriers that are usually generated by light. However,
under illumination, the current density increases in
direct proportion to the applied external bias.

w——BiVO, pure
= BiVO, 2.5 mL S,N-CQDs
= BiVO, 5 mL S,N-CQDs

- BiVO, 7.5 mL S,N-CQDs
———BiVO, 10 mL S,N-CQDs

@
&
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Figure 10: Raman spectra of BiVO. and BiVO./S,N-
CQDs.
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Figure 11: Linear Sweep Voltammetry (LSV) of
BiVO,4 and BiVO./S,N-CQDs V vs Ag/RHE.

Asillustrated in Figure 11, the addition of 7.5 mL
of S,N-CQDs significantly enhances
photoelectrochemical activity, resulting in a current
density of 0.0698 mA/cm? at 1.23 V vs. RHE under
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100 mW/cm? illumination. In contrast, BiVO4 without
S,N-CQDs exhibits a current density of approximately
0.0174 mA/cmz2, With 2.5 mL, 5 mL, and 10 mL of
S,N-CQDs, the current densities increase to 0.0295
mA/cm?, 0.0409 mA/cm?, and 0.0593 mA/cm?
respectively. These results indicate that the addition of
7.5 mL of S,N-CQDs enhances the visible light
absorption of BiVOs, thereby improving its
photoelectrochemical performance. However, a
subsequent test showed a decrease in current density,
likely due to the dissolution of the BiVO4+/S,N-CQDs
composite in the Na.SO4 solution.

Previous research shows that pure BiVOa
achieves a current density of 0.035 mA/cmz2 at 1.23 V
vs. RHE in a pH 1 solution [35]. With the addition of
CQDs, this value increases to 0.47 mA/cm? at the same
voltage [38]. A further improvement is seen when
CQDs are combined with CdIn.Ss and BiVOs,
resulting in a current density of 4.84 mA/cm? at 1.23
V vs. RHE [9]. These differences in performance are
attributed to variations in the BiVOs preparation
methods, the incorporation of S,N-CQDs, and the
experimental conditions used in each study.

3.7.2  Applied bias photon-to-current efficiency (ABPE)

Figure 12 shows the Applied Bias Photon-to-Current
Efficiency (ABPE) plot, where the ABPE value is
derived from the LSV data. A higher ABPE value
indicates a more efficient conversion of light energy
into electrical current. The ABPE is calculated using
Equation (4).

_ Jprx(1,23V-Vp)
ABPE = —

x 100% (4)

Where Vb is E (V vs. RHE) and P is the light intensity
used, which in this experiment is 100 mW c¢cm2.

The results show that the ABPE of BiVO4 with
7.5 mL of S,N-CQDs is relatively high, indicating
good efficiency and superior performance compared
to the other samples. The ABPE for BiVO.4 with 7.5
mL of S,N-CQDs is 0.0131%, followed by 0.0127%,
0.0091%, and 0.0052% for BiVO4 with 10 mL, 5 mL,
and 2.5 mL of S,N-CQDs, respectively. The pure
BiVO. sample exhibits the lowest ABPE at 0.0047%.

Previous research has shown an ABPE of 0.02%
for pure BiVOs at pH 1 [20]. The addition of CQDs

boosted the ABPE to 0.21% [39], and further
enhancement was observed with the
CQDs/CdIn2S4/BiVO4 composite, which achieved an
ABPE of 1.13% [9]. The ABPE values in this study
are relatively lower than those reported in the
literature, with the highest value being 0.21%. These
differences can be attributed to variations in the
synthesis methods employed.
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Figure 12: ABPE results of BiVO4 and BiVO4/S,N-CQDs.
3.7.3 Chronoamperometry (CA)

Figure 13 illustrates the chronoamperometric behavior
of BiVOa, both with and without the incorporation of
S,N-CQDs. Chronoamperometry is a technique used
to monitor the current over time under a constant
applied potential, providing valuable insights into the
durability and stability of the BiVO4/S,N-CQDs
material during the photoelectrochemical (PEC) water
splitting process. The CA test was performed using an
on/off cycle with 60-second intervals for a total of 420
s. The resulting data indicates the material's stability;
a steady current or minimal fluctuations suggest good
stability. The chronoamperometric results reveal that
BiVOs with 7.5 mL of S,N-CQDs exhibited the
highest stability and current, followed by pure BiVOa
(0 mL of S,N-CQDs), 5 mL, and 10 mL of S,N-CQDs.
The lowest stability was observed in the sample with
2.5 mL of S,N-CQDs. Modification of BiVOs with
CQDs significantly improved the efficiency of charge
separation and electron transfer, which in turn
contributed to the enhancement of its photocatalytic
activity [23].
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Figure 13: Chronoamperometry  results  of
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3.7.4 Cyclic voltammetry (CV)
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Figure 14: CV results (@) BiVO4/S,N-CQDs 0 mL
S,N-CQDs, (b) BiVO./S,N-CQDs 2.5 mL S,N-CQDs,
(c) BiVO4/S,N-CQDs 5 mL S,N-CQDs, (d) BiVO4/
S,N-CQDs 7.5 mL S,N-CQDs, (e) BiVO4/ S,N-CQDs
10 mL S,N-CQDs.
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CV is a commonly used electrochemical technique to
investigate reduction and oxidation processes in
materials, as well as to examine chemical reactions
driven by electron transfer. During CV, the potential
is varied between two preset values, and the current
flowing through the circuit is recorded. For this study,
a potential range of 0.15-0.2 V was applied, with scan
rates of 15, 30, 45, and 60 mV/s, using Na>SOs as the
electrolyte.

Figure 14 displays the CV results for the
samples. It is clear that the largest CV curve area
corresponds to the BiVO4 sample with 2.5 mL of S,N-
CQDs, followed by BiVOs with 7.5 mL, 5 mL, and 10
mL of S,N-CQDs. The smallest curve area is observed
for pure BiVOa. To further validate these results, the
CV data will be analyzed using ESCA.

3.7.5 Electrochemical active surface area (ESCA)

ECSA represents the part of the sample that interacts
directly with the electrolyte solution. To confirm the
findings from the CV measurements, data analysis is
performed to evaluate the ECSA. The ECSA value is
calculated from the double-layer capacitance (Cdl)
obtained from CV cycles at various scan rates, along
with the specific capacitance (Cs), using Equation (5).

ESCA = % (5)

S

In this context, Cs represents the ideal
capacitance of the surface, where a higher scan rate
leads to a smaller diffusion layer, thereby increasing
the current [40]. To further verify this, the CV data is
analyzed to determine the ECSA. The Cdl value is
extracted from the CV cycles at each scan rate and
then analyzed using linear regression. Figure 15
presents a comparison of the ECSA values for each
sample. The ECSA values for BiVO4 without S,N-
CQDs and with 2.5, 5, 7.5, and 10 mL of S,N-CQDs
are 0.011 mF/cm?, 0.148 mF/cm2, 0.101 mF/cm?,
0.102 mF/cmz?, and 0.012 mF/cm?, respectively. A
higher Cdl value indicates a larger active surface area,
so the BiVOa4 sample with 2.5 mL of S,N-CQDs has
the highest number of active sites among the samples.
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4 Conclusions

BiVOs, synthesized through the hydrothermal method,
exhibits a nanosheet structure with an average
microplate size of 0.01575 pum and a film thickness of
0.649 pm when viewed cross-sectionally. The S,N-
CQDs, also produced via hydrothermal synthesis,
have a spherical shape with an average size of 4.5 nm.
The use of natural precursors for S,N-CQDs (such as
Egeria densa) provides advantages in terms of
sustainability and cost.

In the LSV test for photocurrent density, the
incorporation of S,N-CQD into BiVOas led to a marked
increase in current density, with the most significant
increase observed when 7.5 mL of SN-CQD was
added, resulting in a current density of 0.0698 mA/cm?
and an ABPE value of 0.0131%, when compared to
pure BiVO. which had a value of 0.0174 mA/cm? with
an ABPE of 0.0047%. The higher current density
indicates more efficient electron transfer from the
valence band to the conduction band, enhancing
hydrogen production.

The chronoamperometry data revealed that the
material exhibited the highest stability with the
addition of 7.5 mL of S,N-CQDs. Furthermore, the
presence of S,N-CQDs induced morphological
changes in BiVOs,, including thinner nanosheets and
increased spacing between them. The addition of S,N-
CQDs showed an increase in photoelectrochemical
efficiency, material stability, and light absorption
capability confirmed through UV-Vis testing and band
gap reduction from 3.14 eV to 2.70 eV.

This study highlights the novel integration of
S,N-CQDs derived from Egeria densa into BiVOa
photoanodes, offering a sustainable and cost-effective
approach to enhance PEC performance. The reduction
in band gap and improved electron transfer efficiency
represent significant advancements in solar-driven
hydrogen production technology. Further
development can focus on optimizing the composition
of S,N-CQDs and refining the synthesis methods to
achieve even greater efficiency and stability.
Additionally, exploring the integration of BiVO./S,N-
CQDs into more complex and scalable
photoelectrochemical systems could accelerate its
potential for industrial applications.
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