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1. Introduction

Synergistic enhancement of seawater hydrogen
generation via sulfur vacancy enriched and phases
engineered CQD loaded CdS photocatalysty

*abcde

Bishal Kumar Nahak® and Fan Gang Tseng

The use of photocatalytic water splitting, which involves generation of hydrogen (H,), is regarded as a
possible remedy to counteract the obstacles in the use of fossil fuels and to confront the issues of the
energy crisis and environmental contamination. Despite the advancements, there continues to be a
scarcity of research on stable and efficient photocatalysts suitable for use in seawater. The present
paper describes the process of creating a photocatalyst using a hydrothermal method which combines
carbon quantum dots and cadmium sulfide (CdS) nanoparticles. The developed photocatalyst showed
excellent photocatalytic H, generation (80450 pmol gt in 10 h) and dye degradation efficiency (97% in
60 min). Further, the H, generation of bare CdS and CQD@CdS was also tested under seawater
conditions where a longer lifetime of particle was observed up to 10 h. A comprehensive analysis was
conducted to evaluate the photodegradation mechanism of Rhodamine B dye utilizing the CQD@CdS
system. The results showed that the process kinetics can be depicted using a pseudo-second order
reaction. The remarkable catalytic activity and outstanding durability of the CQD@CdS can be ascribed
to the effective function of the CQDs, which augment the segregation of the photoinduced charge
carriers and averts the occurrence of photocorrosion in seawater. Moreover, the CQDs also supported a
higher specific surface area and phase transformation in CdS with a dominant hexagonal phase. All
these synergistic effects on the properties by the CQD@CdS, aided in creation of a highly efficient
photocatalyst that is suitable for applying to solar hydrogen generation.

to address energy concerns.”® Driven by natural photosynthesis
process, production of H, via solar water splitting has gained the

Hydrogen (H,) presently has an impressive position as one of
the most viable and net zero carbon energy sources. Therefore,
as the required global energy supply will continue to increase,
the energy transition should be accompanied by efficient
emerging technologies with worldwide availability." Converting
solar radiation into H, using a potent photocatalyst is regarded
as a glimpse into the future for providing a sustainable resource
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interest of researchers over the decades, dating all the way back to
1972, when TiO, was first used for the electrochemical splitting of
water in the presence of light.”'° Given the potential for convert-
ing the renewable solar irradiation and plentiful natural seawater
into chemical fuels, immense efforts have been made in devising
new efficient photocatalysts, particularly those capable of utilizing
visible light (420-700 nm)"*"™ which accounts for approximately
43% of the solar spectrum.®

Photocatalytic techniques are very effective, low-cost, and
environmentally beneficial for remediation of various organic
contaminants. Numerous semiconductors with and without
alterations have been extensively studied as potential photo-
catalysts for the mineralization of organic compounds such as
Ce0,, Fe,03, Sn0,, TiO,, Zn0.""'*>> However, the larger band
gap of these oxide semiconductors, means that the catalytic
activity is limited to the UV region. Another key challenge for
using oxide photocatalysts is that the quick charge carrier
recombination has to be dealt with ref. 24 and 25.

Chalcogenide semiconductors were regarded as promising
candidates for visible light responsive (VLR) hydrogen

© 2024 The Author(s). Published by the Royal Society of Chemistry
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generation due to their intrinsic merits which include its
favorable band gap, fast light response and excellent thermal
stability.>*>” Cadmium sulfide (CdS) is an ideal candidate for
use as a VLR photocatalyst due to its narrow band gap of 2.4 eV.
Because it has a small radius for the diffusion of photoinduced
electrons and holes, it enables a bare CdS semiconductor to
improve the solar light absorption and scattering capabilities,
leading to a decrease of charge carrier recombination.”® How-
ever, under continuous exposure to light, CdS has shown a low
resistance towards photo-corrosion. Various capping agents
have been utilized to increase the stability of these particles
in the nanodomain.?**" This class of substances can act as a
capping or passivating agent that decreases the energy required
for the formation of new nuclei on a pre-existing structure by
lowering the interfacial activation-energy.***® Among these
different passivating agents, poly(vinylpyrrolidone) (PVD)
gained much interest because of its water solubility, bio-
compatibility and because it is relatively harmless to the
environment.

Strategies for surface treatment have been utilized to mini-
mize the recombination of charge carriers and to lessen the
photocorrosion of CdS. The prevailing approach involves the
implementation of sacrificial reagents (SRs) such as formic
acid, lactic acid, $>7, SO;>7, that effectively scavenge the
photo-induced holes. Another way to enhance the photocataly-
tic performance, is by creating cationic/anionic vacancies®” and
using a co-catalyst such as TiO,,***° Zn0,***' MoS,,*>** Zns,**
Bi,WO4,** g-C;N,*° and precious metals.*” They may act as trap
centers or electron acceptors for the photogenerated electron
that help to reduce the recombination and boosts the CdS
photocatalytic performance. However, these materials necessi-
tate sophisticated, expensive processing equipment, use of
harmful chemicals and at the same time they are not eco-
friendly. Therefore, it is necessary to find an alternative co-
catalyst that is ecofriendly, easy to synthesize and able to
reduce charge carrier recombination.

Apart from these, some other alternatives have also been
reported such as band-gap engineering and creating sulfur
vacancies (SVs).?*> Band-gap engineering plays a crucial role in
achieving an appropriate phase, and facilitating the effective
separation of charge carriers. Yu et al., reported cubic-phase
CdS nanocrystals that were rich in sulfur, and which gave a
hydrogen production rate of 680 pumol g~* h™".*® Similarly,
Li et al., produced hexagonal CdS nanorods with an H, gen-
eration efficiency of 740 pmol g~' h™"." Some reports also
claim that using multiple crystal phases or phase junctions in
semiconductor crystals has been proven to enhance photo-
catalytic performance. Ai et al., synthesized a mixed phase
CdS nanostructure which had a suitable bonding width that
improved the H, yield up to 4893 umol g~ * h™'.°° Although the
significance of these phase junctions was explored to some
degree using the previously mentioned methods, they have not
been given due consideration. Thus, additional investigations
into the significance of phase junctions and the factors asso-
ciated with them are still needed. Recently, anion vacancies
have been one of the notable ways to create trap centers that
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capture the charge carriers. This has been quite common in
narrow band gap semiconductors such as CdS, CdSe, SnS,, and
ZnS. Conventionally, SVs are created by doping, etching, and
controlling the ratio of reactants in the synthesis process.
However, individually, none of these factors were successful
in increasing the H, generation efficiency to a great extent.
Herein, a strategic increase of SVs was made with the addition
of carbon quantum dots (CQDs) that helped in catalytic pro-
cess. The presence of a synergistic effect between the mixed
phase structure and SVs helped in lowering the photoinduced
charge carrier recombination and provided a higher hydrogen
evolution rate (HER).

The CQDs are a class of finely proportioned carbon-based
nanomaterials that bear a resemblance to graphite particles.
These carbonaceous materials are essential for facilitating the
interaction between adsorbed O, on the surface and photoin-
duced electrons, thus preventing charge carrier’s recombi-
nation.”** The CQDs with a large specific Brunauer-Emmett-
Teller (BET) area can be easily treated to anchor an array of
functional groups, including ~-COOH, -OH, and -C=0.>*"°
Furthermore, the CQDs possess exceptional properties such as
being excellent electron acceptors, having a unique electron
reservoir, and they are also low-cost, non-toxic, and highly
stable, making them a preferred cocatalyst in photocatalysis.>”°
Using graphene as a highly effective cocatalyst in CdS photo-
catalytic systems has been extensively studied. However, nano-
sized CQDs offer several advantages such as easy functionalization
and the ability to generate a large number of reducing sites that
enhance charge separation and give a greater H, evolution.”’
Although CQDs have low electrical conductivity, they are a cost-
effective alternative for forming heterojunctions with Cds. In
addition, CQDs offer a high surface area and a highly porous
morphology that can effectively adsorb various organic
pollutants.”® The functional groups present in CQDs can expertly
interrupt the recombination process of the charge carriers in
Cds.*®

Recently, various techniques have been developed to create a
near-coaxial heterojunction by uniformly attaching conjugated
carbon layers to the surface of CdS during the nucleation stage
of nanoparticles. Lei et al., have published a study on the use of
CdS nanoparticles combined with graphene quantum dots
(GQDs) to boost the photocatalytic production of H,. In their
study, the GQDs acted as electron acceptors which reduced the
charge recombination.® In a study by Guo et al.,®" a solvother-
mal method was utilized to create a photocatalyst consisting of
activated carbon fibers and CdS, derived from coal. The result-
ing material demonstrated an exceptional VLR photocatalytic
performance in degrading methylene blue dye. In all these
cases the enhancement of the H, evolution was claimed to
be due to the presence of CQDs, where the CQDs acts as an
electron acceptor that helps in reducing charge carrier recom-
bination. However, as far as is known its influence on the
change in phase transformation and creating sulfur-vacancies
has not so far been reported. Herein, CQD-based CdS nano-
particles have been fabricated using a facial hydrothermal
method. The main focus of this study is the design of a VLR
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photocatalyst with a high surface area and mixed phase structure
that increases H, evolution and stability of the pristine CdS.
Furthermore, various characterizations have been performed
to validate the properties of the sample. The developed photo-
catalyst was utilized for Rhodamine B (RhB) dye mineralization
and H, generation in normal water and seawater.

2. Experimental

2.1. Materials

All the chemicals were of analytical grade and used without
further purification. Cadmium acetate (Cd(CH3COO),), thiourea
((NH,),CS), sodium hydroxide (NaOH), glucose (C¢H;,06),
urea (CO(NH,),), methanol (MeOH) and triethylamine (TEA,
N(CH,CHj;);) were purchased from Sigma-Aldrich (USA). Deio-
nized (DI) water (resistivity: 18.5 MQ cm) was used for all the
analyses. The detailed characterization details given in ESI¥
(Text S1).

2.2. Synthesis of the carbon quantum dots

A hydrothermal method was used to synthesize CQDs, with
aqueous glucose as the reaction precursor. To begin with, 1 g of
glucose and 50 mL of DI water was prepared at room tempera-
ture. The resulting solution was subjected to hydrothermal
treatment at 200 °C for 12 h in a Teflon-lined stainless-steel
autoclave. Upon cooling, the dark colored liquid was refined
using a membrane with a pore diameter of 200 nm. It was then
washed three times with ethanol to eliminate impurities, and
centrifuged for 30 min at 10000 rpm to separate the carbon
containing liquid from a heavy black precipitate. The CQD
solution was used for further experiments. The detailed proce-
dure is shown in Scheme 1.

Nitrogen doped CQD (N-CQDs) was synthesized with urea as
the nitrogen source. Urea (0.5 g) was mixed with the initial
reagent and the process was carried out similar way.
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2.3. Synthesis of the CQD@CdS photocatalyst

Typically, cadmium and sulfur salts were mixed in 1:1 mole
ratio during the synthesis process. First, an aqueous solution of
salts was prepared using Cd(CH;COO), as the source of Cd**
ions and (NH,),CS for the S*>~ ions. CdS nanoparticles have
higher tendency to get agglomerated in nucleation stage, thus
an aqueous poly(vinylpyrrolidone) (PVP) solution have been
used as capping agent that helps CdS to remain in nanodo-
main. The PVP solution was mixed with the cadmium salt
solution under stirring condition, until it became transparent.
Next, the (NH,),CS solution was added dropwise to the previous
solution under stirring and at a temperature of 75 °C. Finally,
the pH of the solution was maintained at 11 using 2 N NaOH
solution. As a result, a yellow colored solution was formed,
which was transferred to a 100-mL Teflon-lined stainless-steel
container and planed in autoclave at a temperature of 140 °C
and left overnight. After the solution had cooled down to room
temperature, the yellow colored precipitate was washed three
times with DI water/ethanol to eliminate unwanted products.
The particles were dried at 60 °C for 12 h, during which time
the PVP@CdS formed (Scheme 1). Here, PVP@CdS has been
used because bare CdS did not contain CQD.

The CQD@CAS samples were prepared by mixing the pre-
viously prepared CQDs from the initial CdS synthesis. In order
to find optimal loading of CQD on CdS, different amounts
(1 mL, 2 mL and 3 mL) of CQDs were used. Throughout
the research 3 mL of CQD with CdS was used for different
characterization and experimental purposes, due to its high
performance (discussed in later sections). The rest of the
procedure followed was similar to that used for PVP@CdS.
Similarly, N-CQD@CdS was prepared using 3 mL of N-CQD at
the reagent stage.

2.4. Photocatalytic experiment

2.4.1. Hydrogen generation. The hydrogen generation of
the synthesized samples was performed using visible light
assisted water splitting. In the experiment, 0.25 g of the
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b
<
CNH
CQD

Glucose Urea - N-CQD
JH @N @C @0
H H
In presence of i, ’ .2
ce [ PVP X P ©
cds (cds L) ()
o g —mm--- ----- @@dS CdS, " CdS
c 52 cds (cds ® (J
Hydrothermal at ® ..
L. 180° C, 12 hrs L
Nucleation of smaller particles PVP@CdS CQD@CdS N-CQD@CdS

Cd?* and S* ions

_______________ >

Improved H, evolution

Scheme 1 This shows the synthesis process of carbon quantum dots (CQDs) and the CQD integrated cadmium sulfide photocatalyst.
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CQD@CdS photocatalyst powder was mixed with 10.0 mL of DI
water. To this mixture, MeOH and TEA were added in equal
parts. The TEA acts as sacrificial electron donor and MeOH is
used to reduce phase segregation between the TEA and water.
The prepared solution was moved into a glass reactor and
sealed with a serum plug. The solution was degassed by
bubbling Ar through it for 20 min and mixing it ultrasonically.
Next, under the stirring conditions the suspension was exposed
to light from a 350-W Xe lamp, placed at a distance of 10 cm to
attain a photon energy density of 1000 W m > and a cut-off
filter was used to emit wavelengths greater than 400 nm. The
evolved gas products were determined using a Shimadzu
GC-2014 gas chromatograph (GC) with a gas-tight syringe in
presence of Ar as carrier gas. The amount of H, generated was
determined by referring to a standard hydrogen gas with known
concentrations using a thermal conductivity detector. The
apparent quantum yield (AQY) of the generated hydrogen gas
was calculated using eqn (1):

No. of reacted electrons

AQY = —
Q No. of incident photons W
1
_ 2 x No. of evolved hydrogen molecules « 100
- No. of incident photons
2.4.2. Dye degradation. The RhB dye mineralization experi-

ments involved using the 350-W Xe lamp. The model pollutant
sample was prepared using 50 ppm of RhB, was mixed in 50 mL
of DI water followed by the addition of 0.25 g of the photo-
catalyst. The solution was then exposed to light from a 350-W
Xe lamp, placed at a distance of 10 cm to attain a photon energy
density of 1000 W m~> and the cut-off filter was used to emit
wavelengths greater than 400 nm. At regular intervals, 2 mL of
the solution was removed and then centrifuged, and the
concentration of the model dye was determined by measuring
the maximum absorption intensity. The ability the photocata-
lyst to degrade the dye was calculated using eqn (2):

Degradation efficiency (%) = (1 — C/Co) x 100  (2)

2.4.3. Seed germination. The sustainability of the photo-
catalyst was carried out using the treated RhB dye solution for
the phytotoxicity assessment. Mung beans (Vigna radiata) were
used to test the phytotoxicity of the untreated RhB (50 ppm)
and photocatalytic-treated RhB solution. After 60 min of the
photodegradation process, the photocatalytic-treated RhB
solution was collected. In addition, distilled water (DW) was
used as a control. Soil was put into a plastic dish containing
20 seeds of V. radiata, and the experiments were performed in
triplicate for every condition tested. The seeds were sown in the
soil and incubated at 25 °C, and then exposed to sunlight and
kept in outdoor conditions. The seeds were allowed to germi-
nate and grow for 6 d, and the seed germination was observed
continuously. The number of germinated seeds was counted
daily until the completion of the experiment. The germination

© 2024 The Author(s). Published by the Royal Society of Chemistry
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percentage (GP%) was calculated using eqn (3):

Number of seeds germinated
GP% = £

x 100 3
Total number of seeds G)

Next, length of the root and shoot after 6 d was measured by
using the standard centimeter scale. The effect of the DW,
untreated RhB solution, and treated RhB solution on the plant
parameters was determined.

3. Results and characterizations

3.1. Structural and optical properties

3.1.1. X-ray diffraction. The X-ray diffraction (XRD) patterns
of the synthesized photocatalysts were examined to determine
their phase, purity and crystallinity. The diffraction peaks at 20
values of 26.64, 43.94, 52.10 of PVP@CAS corresponded to the
planes: (111), (222) and (311), respectively, and these were
assigned to the cubic zinc blende phase of CdS (JCPDS-89-
0440). Similarly, the 26 values of the diffraction peaks at 27.21,
29, 34.96, 44.63, 52.54 of N-CQD@CdS corresponded to the
diffraction from the planes (100), (101), (102), (110) and (112),
respectively, and these were assigned to the hexagonal wurtzite
phase (JCPDS-80-0006). The peaks at 27.90, 31.63, 36.88, 44.78
(mixed phase of 2 planes), 47.3 and 52.38 of CQD@CAS corre-
sponded to the 20 values of the diffraction peaks from the planes
(101), (200), (102), (110), (220), (103) and (112), respectively, and
these were characteristic of a mixed structure of CdS. The
broadened diffraction pattern in all the samples were due to
its small crystallite size. It was observed that the synthesized
samples had a high crystallinity and did not contain any
impurities. There were additional peaks in the XRD patterns of
CQD@CdS and N-CQD@CdS which signified the presence of a
limited amount of CQD in the crystal structure of the CdS
photocatalyst. Similar observations were also reported by
Cheng et al.,>® and no distinct XRD peak was observed due to
addition of the carbon dots (CDs) in the CdS nanosheets, which
can be attributed to the low concentration of the CDs. Further
observations from XRD spectra showed that a phase transforma-
tion has occurred from the cubic zinc blende to the wurtzite
hexagonal with the addition of CQD/N-CQD. However, a mixed
phase structure was attained using pure CQD, whereas using
N-CQD gave a pure hexagonal phase of CdS.®””** This can be
attributed to presence of a large amount of electronegative N>~
and S*~ atoms in the N-CQD@CAS samples, whereas CQD@CAS
only has $>7. It was also found that the presence of less
electronegative atoms in a compound favored an hexagonal-
cubic mixed phase formation due to the decrease in its nuclea-
tion rate.*

To further verify the mixed phase structure of CQD@CdS,
selected area (electron) diffraction (SAED) patterns and d-spacing
analysis were done and their transmission electron microscopy
(TEM) images are shown in Fig. 1b and c. The SAED rings for the
respective lattice planes of the wurtzite phase (110, 101, 102, 112
and 004) and the zinc blende phase (200, 220) confirmed the
co-existence of both phases. Some noticeable distortions were
found on the phase junction region, and these were created due

Mater. Adv., 2024, 5,1284-1300 | 1287
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Fig. 1 Shows the diffraction pattern (a), absorbance spectra (d), Tauc plot (e) and photoluminescence spectra (f) of all the CdS samples, and the SAED (b)

and TEM lattice fringes (c) of the CQD@CdS samples.

to the lattice strain and the structural defects in these nano-
catalysts. The d-spacing for the hexagonal phase was found to be
3.17 A and the cubic phase was 3.36 A. The CQD doping on these
mixed phase structures was also confirmed and the d-spacing
was 2.1 A. Also, by varying the CQD and CdS ratio there was no
peak shift, whereas the intensity was decreased as shown in Fig.
S8 (ESIt). These results were found to be similar with those
reported in the literature Gogoi et al®® It was found that
hexagonal phase of CdS promoted high stability, low charge
recombination and increased the catalytic action.®® The dom-
inance of the hexagonal phase in any compound having a mixed
phase elevated the overall photocatalytic efficiency.

The average crystal size and microstrain stress were obtained as
structural parameters from the XRD data. To estimate the average
crystallite size of the CdS nanostructures, the Debye-Scherrer
formula was employed as shown in eqn (4):

D = kA/BCos 0 (4)

where £ is the crystal shape constant (0.94), 4 is the wavelength
of the X-ray, f is the full width at half maximum, and 0 =
Bragg’s diffraction angle. The microstrain stress was evaluated
by using eqn (5):

&= fi/Atan 6 (5)
The dislocation density was also calculated by using eqn (6):
A=1/D* (6)

Nanostructures often have surface defects, which are caused
by dislocations, vacancies and shear strain planes. These
defects can act as traps for the photoinduced charge carriers

1288 | Mater. Adv,, 2024, 5, 1284-1300

and adsorption sites. When the electrons transfer to these
adsorbed sites, it can prevent the recombination of photoex-
cited electron-hole pairs.”” Recent studies have shown that
increasing the number of surface defects can enhance the
charge separation and improve the catalytic activity.®® From
Fig. S7 (ESIt), it was observed that CQD@CdS and N-CQD@CdS
had a high average strain and dislocation density, and this can
be due to its mixed phase and the presence of SVs confirmed by
the X-ray photoelectron spectroscopy (XPS) and energy-
dispersive X-ray spectroscopy (EDAX) analyses. Thus, helping
the CQD@CdS to show better H, evolution and better dye
mineralization.

3.1.2. Fourier transform infrared spectroscopy. The FTIR
spectroscopy of CQD and N-CQD is shown in Fig. Sia (ESIf).
Typically, the CQDs are formed by the breakdown and con-
densation of large glucose molecules, that show a bending
vibration of -CH, at 765 cm™*. The peak at 1593 cm ™" in CQD is
from the C=C bond which occurs due to the skeletal vibrations
of the aromatic rings. The transmittance peaks at 2882 cm™ "
and 1385 cm ™' correspond to the stretching vibrations of C-H.
The stretching vibrations of the C—=O and -OH groups
were confirmed from the peaks at 996 cm ™, 1142 cm ™' and
3350 cm ', respectively.®® This confirmed that the synthesized
CQDs are water soluble and are highly hydrophilic.

The bond interaction between PVP and CQD with CdS was
studied and the results are shown in Fig. S1b (ESIt). The broad
band centered at 3280 cm ' was due to H-O-H bending
vibrations of the water molecule. The characteristic bands
located at 1654 cm ™%, 1409 cm ™ * and 2882 cm™* were ascribed
to the C=O0 stretching modes, and C-H bonding of the PVP
monomer. The presence of CQD on the CdS surface was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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confirmed by the bands at 1440 cm™ " and 1044 cm™ " that were
assigned to the C—C and C-N bonds, respectively. The occur-
rence of amine functional groups in the N-CQDs was confirmed
by a slight peak at a wavenumber of 3117 cm ™. The N-CQDs
were then coordinated to the surface of CdS by these -NH,
groups.®® A detailed description of the functional groups of
each sample are shown in Table S1 (ESI).

3.1.3. UV-Vis absorbance spectroscopy. Studying the opti-
cal absorption spectrum of a material has proven to be a
valuable method for determining different aspects of its band
structure. In this present study, the absorbance spectra of
PVP@CdS, CQD@CAS and N-CQD@CdS were determined in
the wavelength range of 350-600 nm as shown in Fig. S2¢ (ESIY)
and Fig. 1d. When the size of the semiconductor nanoparticles
made of Group II-VI elements was reduced, they underwent
significant changes in their optical properties, and this phe-
nomenon is known as the quantum confinement effect.”
The reason behind this effect was that the small size of the
nanoparticles confined the movement of the electrons and
holes, causing changes in their energy levels, which in turn
affected the wavelength of the light they absorbed or emitted.
Therefore, the optical properties of the semiconductor nano-
particles were strongly dependent on their size, shape, and
composition, and can provide valuable insights into their band
structures. Based on these findings, the absorbance spectra of
the CdS nanocomposites were thoroughly studied. Fig. S2a and
b (ESIt) shows the absorbance spectra of CQD and N-CQD. It
revealed two absorption band peaks in the 200-300 nm range.
The peak at 230 nm was associated with the n-n* transition of
the aromatic C=C bond with sp? hybridization, whereas the
peak at 300 nm was attributed to the n-m* transition of
the carbonyl or amine groups present on the surface.”"”> The
absorption spectrum in Fig. 1d demonstrates noticeable varia-
tions in the 550-600 nm wavelength range for the CQD loaded
CdS samples. The “blue-shift” of A from 4 = 574 nm (for
standard CdS samples) to 573 and 552 nm was observed in
CdS when the N-CQD and CQD were introduced, respectively.
This, established that the CQD@CdS and N-CQD@CdS parti-
cles had been successfully synthesized. The observed hypso-
chromic shifting in the synthesized CdS nanoparticles is
believed to be associated with a slight reduction in particle
size, which was consistent with the XRD results. This outcome
also indicated that the decrease of absorption maximum was in
the order of PVP@CdS > N-CQD®@CdS > CQD@CdS. Specifi-
cally, PVP@CdS exhibited the strongest absorption (Fig. S2c,
ESIT) in the visible light range at 574 nm. Whereas the
N-CQD@CdS showed an absorption maximum at 573 nm,
and the CQD@CdS showed a maximum at 552 nm as shown
in Fig. 1d. Further, the corresponding optical band gap for the
CdS samples were calculated and are shown in Table 1 and
their respective Tauc plots are shown in Fig. 1e. The PVP@CdS
possesses the smaller band gap of whereas the N-CQD@CdS
and CQD@CdS have wide band gaps. The presence of CQD did
not have a significant change in optical properties’ and this
was also confirmed from other results reported in the literature
that showed similar results to ours.*>”*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Shows the band gaps and sizes of the synthesized CdS samples

Sample name Band gap (eV) Absorption maxima (nm) Size (nm)
PVP@CdS 2.160 574 37
CQD@CdS 2.223 554 24
N-CQD@CdS  2.175 570 33

The average particle size (R) of the CdS nanoparticles was
estimated using the Brus eqn (7):

Eq = E + 1*/8R” [1/(me+) + 1/my+] — 1.8€°/eR )

where E, is the band gap of the synthesized QDs, E is the bulk
band gap of CdS (2.4 eV), R is the radius of the particle, m. is the
effective mass of the electron (for CdS, it is 0.19 m,), my, is
the effective mass of the hole (for CdS, it is 0.8 m,), ¢ is the
dielectric constant of the material, and % is Planck’s constant.
The band gap was calculated using eqn (8):

E, = 1240/4 (8)

where, E, is the band gap of CdS, and 4 is the wavelength of the
absorption maximum for CdS. The energy band gap (E;) and
average particle size values are shown in Table 1, and these
values were similar to the results obtained with TEM and XRD,
which are discussed in the previous sections.

3.1.4. Photoluminescence (PL). Fig. 1f shows the down-
converted PL spectrum of CQD@CdS. The spectral nature of the
CQD derived from the glucose was evident from the excitation
wavelength-dependent emission. The CdS samples were excited
at 340 nm and an emission peak was observed at 520 nm. The
gradual decrease in intensity for the CQD@CdAS was attributed
to the surface functional moieties and the degree of surface
oxidation. An increase in the number of surface energy traps
lead to a higher number of excitons being trapped, resulting in
a decrease in the recombination rate.”>’® This proved that the
CQD@CdS sample possessed lowest charge carrier diffusion
rate when compared to those of PVP@CdS and N-CQD@CdS.
The PL intensity of the peaks obtained for PVP@CdS and
N-CQD@CdS were very close to each other, which can be also
justified from nearly same H, generation performance of these
particles discussed in later sections.

3.2. Morphological properties

3.2.1. Scanning electron microscopy and transmission
electron microscopy. The morphologies of the prepared nano-
catalysts were studied using scanning electron microscopy
(SEM) and TEM image analysis. The SEM and TEM images of
CQD@CdS are shown in Fig. 2a and b, respectively. The
synthesized samples had a spherical like structure with an
average size of ~23 nm. The SEM images of PVP@CdS and
N-CQD®@CdS are shown in Fig. S3a, b (ESIt) and Fig. 1c and
Fig. S3d (ESIY), respectively. The TEM images of CQD@CdS and
N-CQD®@CdS revealed lattice fringes and this was assigned to
the hexagonal and cubic planes of CdS. The interlayer lattice
spacing (d) of CQD@CJS was found to be 3.36 A for the cubic
phase and 3.17 A for the hexagonal phase of CQD@CdS, and
this was consistent with other results available in the literature.””
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Fig. 2 This shows (a) SEM and (b) TEM images of CQD@CdS, (c) the SEM image of CQD. (d)-(g) elemental mapping, and the EDAX spectra of (h)

CQD@CdS and (i) N-CQD@CdS.

Further detailed analysis of the SAED rings is found in Section
3.1.1 X-ray diffraction. Because of the small size and amor-
phous nature of the CQDs, it was not able to observe them
clearly in the TEM image Fig. 2b.”® However, the individual
image of the CQD in Fig. 2c showed that their size was in the
order of ~3 nm and the particle size distribution is shown in
Fig. S3c (ESIT). No significant change in the morphology of the
CdS was observed with the introduction of the CQD surface.
However, with the introduction of the CQDs it reduced the
agglomeration of CdS. The presence of CQD on the CdS was
confirmed by the elemental mapping images of CQD@CdS and
N-CQD@CdS shown in Fig. 2d-g and Fig. S3e-i (ESIT), respectively.
It was observed that the percentage of sulfur was comparatively
low compared to that of cadmium in the synthesized samples, and
to verify this EDAX analysis was performed. Fig. 2h and i display
the EDAX of the CQD@CdS and N-CQD@CdS, respectively. The
elemental composition was C, Cd, O, and S in CQD@CdS, and C,
Cd, N, O and S in the N-CQD@CdS samples with a tolerable
impurity phase. The EDAX profile shows the presence of a small
amount of sulfur which corresponds with the elemental mapping
results. This could be due to the creation of sulfur vacancies, and
these act as trap sites that reduce the electron-hole recombination
providing a longer lifetime. A detailed explanation of this is given
in later sections.

3.2.2. BET surface area. The BET surface area and the
N, adsorption-desorption isotherms of samples are shown

1290 | Mater. Adv, 2024, 5,1284-1300

in Fig. 3a-c. These plots reveal, an increase in surface area
and the presence of type IV isotherms, indicating that the CQD
modifications alter the pore structure of the CdS. The presence
of these carbonaceous compounds on the surface of CdS,
enhanced the active surface area for adsorption, and was likely
be due to the decrease in agglomeration of the particles that is
evident in the SEM and TEM images. The total surface area
for CQD@CAS was 32 m”> g~ ', whereas for bare CdS it was
0.8 m> g, and this could be due to their larger particle size
(Fig. 3d) that reduced their surface area. Furthermore, addition
of nitrogen in CQDs, can occupy or block the active sites on
the carbon surfaces. These active sites are responsible for
gas adsorption in the BET. When these sites were occupied
with other elements, the available surface area for adsorption
decreased, leading to a reduction in the overall surface area of
the sample. The CdS is primarily composed of a mesoporous
structure whereas the CQD exhibited the presence of multi-
modal micropores and mesopores.”® This microporous and
mesoporous structural design which has a larger surface area
may have a significant impact on the adsorption and photo-
catalytic processes.

3.3. X-ray photoelectron spectroscopy (XPS)

The surface composition and oxidation states of the elements
in the synthesized samples were confirmed by XPS analysis and
the results are shown in Fig. 4. The full survey scans for the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The BET absorption—desorption isotherms (a)-(c), and the pore size distribution and surface area (d) of the CdS sample.

PVP@CdAS, CQD@CAS and N-CQD®@CdS spectra confirmed the
presence of the elemental components: C, Cd, N, and S (Fig. 54,
ESIT). The complete analysis of the high-resolution C 1s core
level spectrum revealed intricate details, featuring distinct
peaks indicative of various carbon functional groups. In parti-
cular, for PVP@CdS, the peaks centered at 284.39 eV, 286.09 eV,
287.95 eV (Fig. 4c) corresponded to -C-C/-C=C, -C-O, and
-C=O0, respectively. Similar functional groups were observed
for CQD@CdS (284.51 eV, 285.85 eV, 287.36 eV, Fig. 4f) and
N-CQD@CdS (284.38 eV, 285.36 eV, 287.01 eV, Fig. 4i). The full
survey spectrum highlights a comparatively small carbon peak
intensity in PVP@CdS, which confirmed the presence of CQD
in later samples. The Cd 3d spectra (Fig. 4a, d and g) distinctly
show the presence of two major peaks signifying the Cd**
oxidation states in the samples.®® Furthermore, the deconvolu-
tion of the S 2p spectrum revealed doublet peaks for each
sample: PVP@CdS (160.92 eV and 162.08 eV, Fig. 4b),
CQD®@CdS (160.49 eV and 161.68 eV, Fig. 4e) and N-CQD®@
CdS (160.49 eV and 161.61 eV, Fig. 4h) which were associated
with S 2p,,, and S 2pj3,, respectively.

The Cd 3d and S 2p spectra of CQD@CdS and N-CQD@CdS
showed a peak shift towards lower binding energies, when
compared to bare PVP@CdAS. This shift of energy levels indi-
cated an enhancement in the electron density on CdS, which

© 2024 The Author(s). Published by the Royal Society of Chemistry

suggested there was a significant chemical interaction between
the CQD and the CdS.®* The elemental analysis data are
summarized in Table S4 (ESIT). Interestingly, the atomic per-
centage of sulfur in CdS became smaller with the use of CQD,
when compared to that of bare PVP@CAS. This result indicated
that the CQD supports the SV, thereby increasing the cadmium
population. According to previous reports, the electron trap
sites were identified in between the energy bands of 0.63-
0.7 €V, ie., below the conduction band (CB) of the bulk CdS,
and these trap states in the crystal are assigned to SVs.
Furthermore, the change in the Cd peak also supported the
existence of a Cd surface with SVs®' and a decrease in the
electronegative S atoms because of the lower binding energy
shift occurred.®*> This confirmed the presence of CdS with a
deficiency in the S concentration that helped to increase the
photocatalytic action.

Further, to confirm the XPS results for the SVs, electron
paramagnetic resonance (EPR) analysis was performed as
shown in Fig. S9 (ESI). All the CdS samples showed resonance
signals at g = 0.19. The weak signal for N-CQD@CdS prepared
by a hydrothermal method involved low SVs. However, when
the CQD was used instead of N-CQD, the EPR response also
changed significantly. These results were also similar to the
XPS elemental results shown in Table S4 (ESIt). Also, the SVs

Mater. Adv,, 2024, 5,1284-1300 | 1291


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00741c

Open Access Article. Published on 19 December 2023. Downloaded on 12/5/2025 12:45:18 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Materials Advances Paper
(a) —o— Raw data PVP@CdS (b) Raw daa PVPGCES s2p (C) Cls c=c L
cd3d & Fitted P32 284.39 eV o
512 1oy 160.92 eV
0 Peak 1 Peak 2
a0aa3ev P9 iy
- b s Peak 2 ST
= N .
: [ -] F]
) l 1.\ cd3d,, I 3 s
[ o 411.06eV | @
g s £ g g
£ pie I3 g 5
= ° Y
= Z ° oAz R = = c=0
b 3 2 | 28795eV
400 402 404 406 408 410 412 414 158 159 160 161 162 163 164 283 284 285 286 287 288 289 290 291 292
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
(d) “o— Raw data CQD@CAS (e) 925 S2py,  —Rav i CQDECIS (f) Cils Raw daa CODECAS
Cd3d, R A Fitted c=C Peak 1
10411V 2 49 ¢ Peak | 284.51 eV Peak 2
[ Peak 2 Peak 3
° - -
:: | 1 cas,, & 2 S2py; Z
< T | 41087¢v P o = 161.68 ¢V =
z e s & &
i i [ 1 ‘2 )
g s 73 5 5 c-0
2 P e s 9 2 2
E s ) J 2 = E 287.36 eV
? L] Ld o
[ ° 9o q
—-J u
L L L L L L 1 1 1 1 1 1 1 1 1 1 1
400 402 404 406 408 410 412 414 159 160 161 162 163 164 165 282 284 286 288 290
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
(g) casa, %, —0— Raw data N-CQD@CdS (h) s2p 1;1:»« ddala N-CQD@CdS (i Cls ]lj::v:ma N-CQD@CdS
tte —— Fitte
40400V, T‘é S2py, Peak 1 Peak 1
4 R Peak 2 c=C Peak 2
= | o caza, & -~ : = 28438V Peak 3
2 o | 41074ev 90 2 =
& ¢ K £ &
5 s | ? L E: S2py Z c-0
B ° . ) -
2 I | T % g oy e 2 285.36 ¢V
o) [ o o | - ]
= 0‘ J1 | o = -
= I ° ° | — = -
— e ) s @ — Cc=0
° 3 ° "q 287.01 eV
A . A L . . ;i . A A . . ; : , i i
400 402 404 406 408 410 412 414 158 159 160 161 162 163 164 165 ) 7 786 788 2%
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Fig. 4 The XPS spectra of the PYP@QCdS, CQD@CdJS and N-CQD@CdJS samples with their respective (a), (d) and (g) Cd 3d, (b), (e) and (h) S 2p, and (c), (f)

and (i) C 1s elements.

can enhance the free charge carrier, expose more active sites,
and promote the mobility of the electrolyte ions, which was
favorable for electrochemical activity.

4. Photocatalytic performance

4.1. Rhodamine B dye degradation

The assessment of photocatalytic efficiency for the CQD@CdS
material was carried out using a comparative analysis with
N-CQD®@CdS, with RhB dye as the model target molecule.®® The
degradation of RhB under visible light illumination was studied
using a blank experiment, which showed minimal degradation.
To assess the degradation efficiency of the photocatalysts,
25 mg of each catalyst was used for a 50 mg L™ " concentration
of the RhB dye, and the decrease of the absorption peak was
monitored under visible light conditions. The results in Fig. 5c
indicate that the N-CQD@CdS achieved a degradation effi-
ciency of 52%, whereas the CQD@CAS resulted in 97% degra-
dation of RhB within 60 min. Fig. 5a and b illustrate the decline
in RhB dye concentration over time periods of 115 min and
60 min for N-CQD@CdS and CQD@CdS, respectively. The

1292 | Mater. Adv, 2024, 5,1284-1300

N-CQD@®@CdS reached its saturation point after half of the time
period, whereas the CQD@CdS continued to degrade the dye
because of the strong adsorption of toxic components on
catalyst surface causing the catalyst to be completely oxidized.**
To understand the kinetics and mechanism of the RhB dye
mineralization with optimized catalytic loading, Langmuir-
Hinshelwood and pseudo-second order kinetic models were
utilized. The Langmuir-Hinshelwood model, which is also
known as a pseudo-first order model is given by eqn (9):

In(C,/Co) = —Kappt

©)

where C, is the initial concentration, and C; is the final
concentration. The pseudo-second order kinetics were calcu-
lated using eqn (10):

(1/Ct) - (1/00) = Kappt (10)

The linear fit between In(1/C,) against ¢ is shown in Fig. 5d.
Further, many previous reports have been done, and these
show that with an increased amount of the pollutant, the
degradation efficiency decreased which was due to a smaller

© 2024 The Author(s). Published by the Royal Society of Chemistry
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number of active sites being available on the photocatalyst,
which limited the hydroxyl and superoxide anion radicals
generated.®?

A comparative analysis of the degradation of the RhB dye
using other reported materials is shown in Table S2 (ESIt).
Bhavsar et al., synthesized activated carbon loaded CdS nano-
flowers using a hydrothermal method that showed a degrada-
tion of 95% of RhB in 295 minutes.”® Similarly, Fan et al.,
reported a CdS heterostructure photocatalyst made by combin-
ing it with nonporous g-C;N, nanoparticles and their combined

© 2024 The Author(s). Published by the Royal Society of Chemistry

effort degraded the RhB by 88.2% in 90 min.** A unique
Y-shaped CQD embedded on CdS nanorods was reported by
Moniruzzaman et al., in which they successfully degraded 98%
of RhB dye in 45 min.* This higher efficiency was attributed to
the Y-shape of the CQD that helped to increase the visible light
absorption. In the research here, the CQD decorated the CdS
nanostructures with surface defects which were synthesized by
a hydrothermal process. Further, the dye degradation efficiency
was checked with RhB, and degradation of 97% was achieved in
60 min. This improvement was attributed to the larger surface
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area of CdS which facilitated the superior adsorption of the dye.
In addition, there was the presence of CQD with more active
sites with functional groups (-COOH, -OH, -NO,) that inter-
acted with the RhB molecules. This also increased the lifetime
of the electron-hole charge carriers and enhanced their separa-
tion (Fig. 1f). Overall, the synergistic effects of adsorption and
photocatalysis contributed to the improved degradation of RhB
by the CQD@CAS composites.>"**> The ameliorated disintegra-
tion of RhB molecules by CQD@CdS composites was the
collaborative outcome of adsorption and photocatalysis.

Further, a shift of absorbance was observed as the dye concen-
tration gradually decreased (Fig. 5a and b). Similar findings were
reported by Ahsaine et al.,*® who noted two possible photodegra-
dation pathways for RhB: the cleavage of the complete conjugated
chromophore and N-deethylation. If the degradation of RhB
involves the cleavage of a conjugated chromophore, the peak
intensity decreases while the peak position remains constant.
However, if it follows the N-deethylation photodegradation path-
way, the peak position gradually shifts to a lower wavelength (blue
shift). In our study, it was observed that photodegradation of RhB
follows a N-deethylation pathway, as shown by the main peak
position shifting from 554 nm to 498 nm. The possible mecha-
nism for this is shown in Fig. S10 (ESI}).

Further, the phytotoxicity experiments were carried out to
evaluate the potential use of the pre-treated aqueous solution in
the irrigation field, as well as the environmental impact of the
release of the degrading solution. In fact, this technique can
alleviate the burden of excessive underground water use, while
encouraging the use of treated water to irrigate golf courses, parks,
and gardens. Fig. 5e represents the phytotoxicity of untreated and
treated RhB and DI solutions using a seed germination assay. The
stubborn nature of RhB and DI was reflected in the fact that the
untreated solution strongly inhibited seed germination in mung
bean seeds (V. radiata) when compared to use of treated and
distilled water solutions over 72 h. It was observed, that the
pollutant molecule in the presence of a dye solution influenced
plant length and seed germination. In seed germination, the
percentage value when compared to control DI water (100%),
and the RhB solution shows 70% and 82.2% degradation,
respectively (Fig. 5f). These results clearly show that the toxicity
of the degraded dye solution was within an acceptable range.
Another significant length profiling study was also conducted
(Fig. 5g), and this study also showed that the degraded dye
solution was less toxic. These findings suggested that the
photocatalytic degradation of RhB and DI aqueous solutions
can reduce phytotoxicity. Hence, seed germination might be a
suitable for the reuse of treated water.

4.2. Hydrogen generation

The overall water splitting (OWS) hydrogen generation of the
developed photocatalyst were examined using a solar simulator
with visible light irradiation (4 > 420 nm). The photocatalysts
were suspended in a solvent mixture containing TEA, MeOH
together with DI water (1:1:10) and the evolved H, was
measured using a gas chromatography workstation. The TEA
acted as a sacrificial electron donor and the MeOH was used to
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reduce the phase segregation between TEA and water.?” Fig. 6a
illustrates the sustained H, production exhibited by all three
photocatalysts over a period of 10 h, with their performance in
the sequence of CQD@CdS > PVP@CdS-S > N-CQD@CdS.
Remarkably, the CQD@CAS composites manifested a superior
H, evolution (3928 pmol g~ * h™"), which was nearly four-fold
higher than that of the bare PVP@CdAS (965 pmol g~ * h™"). This
enhancement in H, generation rate performance was attributed
to the presence of CQD on the CdS surface as shown in Fig. 6b.
However, a conspicuous decline in efficiency was observed in
nitrogen doped CQD CdS samples, and a HER of 907 umol g " h™*
was recorded. This can be attributed to the nitrogen impeding the
active sites on the CQD surface, consequently diminishing its
effective surface area (Fig. 3d), and this resulted in higher elec-
tron-hole recombination (Fig. 1f).

Furthermore, the evaluation of the optimal loading of CQD
(1 mL, 2 mL and 3 mL) on the CdS surface is shown in Fig. 6c.
When 1 mL or 2 mL of CQD was used it showed a reduced H,
generation activity compared to when 3 mL of CQD was used.
Conversely, an increase in the amount CQD, again resulted in a
decrease in H, generation as it can lead to blocking of the CdS
surface. When the CQD amount was low, it was not able to
absorb sufficient visible light for CdS. Therefore, maintaining
an optimal amount of CQD is crucial to achieving the maxi-
mum enhancement in the photocatalytic performance. The
AQY of all the three developed photocatalysts was calculated
(eqn (1)), and the values were: PVP@CAS - 2.3%, N-CQD@CdS -
2.2% and CQD®@CAS - 20.98%. The observed high AQY of
CQD@CdS was due to the higher H, evolution rate compared
to other photocatalyst. These CQDs not only lower the over-
potential for H, generation in the CQD@CAS systems, but also
serve as a consistent and easily approachable electron acceptor.
Moreover, the CQD have a m-conjugated structure and oxyge-
nated functional groups in its surface, which can easily interact
with the CdS matrix.®® This interaction serves as an electronic
buffer, enabling the continuous supply of electrons to the
adjacent CdS semiconductor with appropriate band edge posi-
tioning, leading to H, generation from H".

Catalyst loading and reusability. To find the optimized
catalyst dosage, water splitting was carried out using 25 mg
and 50 mg of CQD@CdAS and the H, generation rates over 10 h
were 39287 pmol g~ ' and 80466 pmol g ', respectively,
(Fig. 6d). At higher concentrations of photocatalyst, the catalytic
system became turbid and this impeded the light irradiation.®’
The reusability of the photocatalyst developed was examined
using three consecutive cycles up to 20 h (Fig. S5, ESIT). Also,
photocurrent analysis (Fig. S6, ESIT) of the CQD@CdS showed
the long-term stability due to the CQD loading. It was observed
that the H, evolution remained almost constant for the first two
cycles but was reduced in the third cycle, and this was possibly
due to the oxidation of the radical scavenger during the redox
reaction. Moreover, to verify the stability of the CQD@CdS, we
measured the Cd** concentrations in the reaction solutions
using ICP-MS and the results for this are shown in Table S5
(ESIt). An obvious increase of Cd*" concentration was observed
for PVP@CdS. However, in CQD@CdS, the concentration of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The hydrogen generation rate with varying ratios of the amounts of CQD (c

Cd** was still low which supported its ability to hinder photo-
corrosion.

Seawater splitting. The CQD@CdS photocatalyst was further
used for water splitting from seawater. The seawater was
collected from Nanliao beach near Hsinchu City, Taiwan
(24.8483°N, 120.9303°E). Prior to the experimentation, basic
filtration was done using filter paper followed by 200-um filters
to separate the unwanted sand particles. The photocatalyst
(25 mg) was suspended in solvent containing TEA, MeOH and
purified seawater (1:1:10). A 1.5G solar simulator with a
cut-off filter of 2 > 420 nm was used as visible light source.
The H, evolution was monitored continuously every hour for
10 h (Fig. 7a) and the average H, generation rates are shown in
(Fig. 7b). Similar to the H, evolution activity in DI water, also
the trend here remained the same in the order of CQD@CdS >
PVP@CdS > N-CQD@CdS. However, a decrease in the H,
generation rate could be seen in seawater. This was due to
presence of additional salts and ions that reduced the charge
carrier mobility. However, the catalyst developed showed a
superior H, generation rate compared to others reported in
the literature. This shows that the use of CQD on the CdS
surface together with its mixed phase structure and presence of
SVs enhanced the stability of the photocatalyst.

To elucidate the governing effect of CQD and N-CQD on
photocatalytic H, generation of CdS electrical impedance

© 2024 The Author(s). Published by the Royal Society of Chemistry

), and the amounts of the CQD@CdS photocatalyst (d), used for reactions.

spectroscopy (EIS), Fig. 7c) and the Mott-Schottky (M-S,
Fig. 7d) energy level diagram was studied. The EIS spectra of
bare PVP@CdS, CQD@CS and N-CQD@CdS under light irra-
diation are shown in Fig. 7c. The arc radius in the EIS plot
represents the charge separation and transport resistance
between the water and the photoelectrode. The arc radius of
CQD@CdS was reduced when compared to those of N-CQD@
CdS and bare PVP@CAS, that confirms their better, faster
charge transport kinetics and which can be also seen in the
photocurrent results (Fig. S6, ESIf) and the PL observations
(Fig. 1f). The CQD@CdS shows the lowest resistance among all
the developed photocatalysts that support its superior hydro-
gen generation activity. As is already known, resistance and
conductivity are inversely proportional to each other, and the
lower resistance of CQD@CdS signifies the increase in electri-
cal conductivity which was due to the CQD electron acceptor on
its surface.

The M-S plots of all the CdS samples were determined in a
0.2 M aqueous solution of Na,SO, using eqn (11). From these
plots, the flat band potential was calculated as the intersection
point of the tangent line of the M-S curves and the x-axis
(Fig. 7d). The flat band potentials of the samples were esti-
mated to be —0.236 and 0.0621 vs. SCE for CQD@CdS and
N-CQD@®@CdS, respectively. For efficient photocatalysis, the CB
of CdS should more negative than its flat band potential, thus
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spectra (c) and Mott—Schottky plot (d) for all the CdS samples.

Table 2 Shows the band structure parameters such as E, Eg, Ecg and Evg
of the CdS samples

Sample Eq (eV) Eggp (eV) Ecg (eV) Eyg (eV)
CQDb@CdS 2.26 —0.236 0.004 2.264
N-CQD®@CdS 2.20 0.0621 0.2337 2.433

the final CB potential was converted to potential corresponding
to a normal hydrogen electrode (Enyg) using eqn (12) as shown
in Table 2 and Scheme 1. The obtained Esg values for
CQD®@CAS and N-CQD@CdS24 were 0.004 and 0.2337 vs.
NHE, respectively.

1/C* = 2 (Npeeeo) -(E — Epp — kTle)

(11)

where C is the capacitance of the space charge region, Ny, is the
charge carrier concentration, e is the electron charge, ¢ is
dielectric constant, ¢, is the vacuum permittivity, E is electrode
applied potential, Egp is the flat band potential, k is Boltzmann
constant and T is the absolute temperature.

Enng = Escp + 0.24 V (12)

Ecg = Evg — E;

1296 | Mater. Adv,, 2024, 5,1284-1300

5. Discussion

The photo-corrosion of CdS occurs mainly due to the oxidation
of the sulfide ions by photogenerated holes as shown in
eqn (14):

CdS + 2hyg" — Cd** +S (14)
Tang et al.,’® demonstrated the curbing of the CdS photo-
corrosion by applying an amorphous carbon layer. They also
examined photodegradation and noted that the fortification of
CdS in the presence of CQD, lead to an increase in the
photocatalytic efficacy. Similarly, Zhu et al., synthesized a stable
photocatalyst using carbon dots on CdS nanoparticles that
generated an H, rate of 2.55 umol g~ h™" in absence of a
SRs.”® Zero-dimensional carbon dots and a one-dimensional
CdS nanowire heterostructure were reported by Chen et al.,'®
which showed an H, activity of 1633 pumol g~ '. Zhu et al.,>®
revealed the shape dependent photocatalytic H, generation of
the CdS nanostructures with CDs loaded on it. The study
showed that the CDs/CdS nanosheets showed the highest H,
generation rate of 260 umol ¢~ * h™ . Previously carbon loaded
CdS nanostructures have been reported for use in H, genera-
tion however, the efficiency was still found to be low. In this
research, the CQD@CdAS showed superior H, generation rate of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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8046 umol g~' h™". This was due to CdS having mixed phase
structure with SVs that help in increasing the catalytic reaction.
Also, the CQD on the surface of CdS acts to capture electrons
from the CB of CdS and shields CdS from reactive species,
particularly OH radicals/intermediate species S~ to S .
In addition, holes were captured by SR which prevents the
photo-corrosion of CQD@CAS.’" A comparison has been shown
in Table S3 (ESIt).

Based on the previously mentioned findings, a feasible
mechanism for the water splitting action of the CQD@CdS
nanocatalysts using a visible light source is proposed in
Scheme 2. Upon exposure to light, on the surface of catalyst it
excites the electrons to move from the valence band (VB) to the
CB leaving holes in the VB of the mixed phase CdS. Usually,
these electron-hole pairs have a tendency to recombine with
each other. However, due to the phase junction created
between the cubic and hexagonal phases, which serves as an
energy transition area to minimize energy loss and generates an
internal electric field that separates the electrons and holes.
These distinct band structures of phases cause the electrons to
migrate from the hexagonal to the cubic phase (lower CB edge)
and the holes move towards the hexagonal phase (higher VB
edge).>® Here some of the electrons get trapped in defect states
(Sy) created due to SVs that reduce the probability of the
electrons and holes recombining.”> Because the CQDs are a
great source for electron acceptors,”* they attract electrons from
these trap states that reduce the H' ions to produce H, gas.
Furthermore, the holes in the VB reacts with TEA to form H,O
and CO,.

In some cases it has been observed that the CQDs loading
increases the absorption spectrum of the material thereby
increasing the catalytic efficiency.”> However, in the present
study there has been no significant change in absorbance
observed (Fig. 1d) with the introduction of CQD, and this
indicates the role of the CQD in catalytic system. Here, CQD
did not behave as a photosensitizer, instead it acted as a buffer
zone to store electrons, thus supporting the photoinduced charge
separation®® and giving an outstanding HER performance.>®

A sustainable way for the production of green H, was
evaluated in this work. The present renewable H, generation

© 2024 The Author(s). Published by the Royal Society of Chemistry

systems pricing is at least two-fold more expensive than H,
generated from fossil fuels. This research provides potential
insights that could decrease electrolyzer costs, replaces the
traditional Pt/Ir catalyst, and adopts a new generation of cost-
effective carbon-semiconductor catalysts for superior H, evo-
lution activity. Until today, most work with “renewable H,”
has focused on using clean water, however, we have success-
fully demonstrated utilization of seawater with minimum loss
in H, evolution rate. It is expected that further understanding
of the chemistry of these technologies may bring solutions to
address the concerns of water issues in H, production in near
future.

Conclusion

In summary, carbon quantum dots as an efficient cocatalyst
have been used with cadmium sulfide nanoparticles which
form an effective photocatalyst for hydrogen generation and
water treatment. The CQD coupled with CdS exhibited an
excellent hydrogen generation rate of 80450 umol g~' and
Rhodamine B dye degradation was 97% in 60 min. This was
due to synergistic effect of the mixed phase, sulfur vacancies
and the porous structure of CQD@CdS. The CQD not only
successfully separated the photoinduced charge carriers but it
also helped in increasing the lifetime of the CdS in seawater
conditions up to 30 hours. The apparent quantum yield of the
CQD@CdS photocatalyst developed was reported to be up to
20.07%. It is hoped that this research can provide a reliable
approach to devising cost-effective and high-performance
hybrid photocatalysts, that can effectively support for industrial
applications.
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