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Abstract

To achieve efficient photocatalytic H, generation from water using earth-abundant and cost-effective materials, a simple synthesis method for
carbon-doped CdS particles wrapped with graphene (C-doped CdS@G) is reported. The doping effect and the application of graphene as co-
catalyst for CdS is studied for photocatalytic H, generation. The most active sample consists of CdS and graphene (CdS-0.15G) exhibits
promising photocatalytic activity, producing 3.12 mmol g~' h™! of H, under simulated solar light which is ~4.6 times superior than pure CdS
nanoparticles giving an apparent quantum efficiency (AQY) of 11.7%. The enhanced photocatalytic activity for H, generation is associated to the
narrowing of the bandgap, enhanced light absorption, fast interfacial charge transfer, and higher carrier density (Np) in C-doped CdS@G
samples. This is achieved by C doping in CdS nanoparticles and the formation of a graphene shell over the C-doped CdS nanoparticles. After
stability test, the spent catalysts sample was also characterized to investigate the nanostructure.
© 2020, Institute of Process Engineering, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi Communi-

cations Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

To overcome the current environmental issues and energy
crisis, renewable and inexhaustible solar energy can be uti-
lized to meet the increasing energy demands [I]. Photo-
catalytic H, generation from water is considered as a “holy
grail” which can harness the solar energy and store this energy
in the form of H, and O, [2]. From the perspective of pho-
tocatalytic H, generation from water, cadmium sulfide (CdS)
is considered as an interesting candidate having a narrow
bandgap of ~2.4 eV. It can absorb broader solar spectrum and
contains suitable band edge positions that fulfill the thermo-
dynamic requirements for water splitting. Despite having
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captivating characteristics, high photo-excited charge recom-
bination and self-photocorrosion due to unconsumed holes
(h™) in the valence band of CdS, restricts its practical appli-
cations at current stage [3]. To overcome the mentioned bot-
tlenecks, different approaches including noble metal loading
as co-catalysts on CdS, heterojunction formation, and doping
of CdS with different elements have been investigated [4].
Still, a significant amount of work is needed to further improve
the activity and stability of CdS to generate higher amount of
photocatalytic H, from water.

Graphene, a 2-D material having sp>-hybridized carbon,
exhibits high charge mobility and thus is considered as a
promising co-catalyst for photocatalytic applications [5]. The
presence of graphene as co-catalyst decreases the charge
recombination and increases charge separation which in turn
gives improved photocatalytic efficiency for H, generation
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without using noble metals [6]. Han et al. have recently
described that the oxygen-containing groups on carbon
quantum dots played an important role in degrading organic
pollutant efficiently employing light [7]. Zeng et al. has re-
ported enhanced apparent quantum efficiency of 10.4% shown
by CdS with the use of reduced graphene oxide as co-catalyst
which extracts the electrons from the photoexcited CdS [8]. Li
et al. has synthesized visible light active CdS-graphene sheets
by a solvothermal method and applied it in photocatalytic H,
generation using Pt as co-catalysts. The enhanced photo-
catalytic H, generation is caused by the improved charge
separation by the use of two co-catalysts, i.e. graphene and Pt
[6]. These reports suggest that graphene with oxygen-
containing groups can act as a co-catalyst for CdS-based
photocatalysts for H, generation, but there is still a need to
further boost activity and stability by applying graphene and
CdS as a nanocomposite without using noble metals.

Doping is a compelling approach to manipulate the pho-
toelectrochemical properties of the semiconductors. The
incorporation of a dopant in CdS enhances the charge sepa-
ration and also narrows down the bandgap of CdS to allow
enhanced light absorption properties which in turn contributes
to improving photocatalytic activity [9]. Furthermore, the
dopant can introduce structural defects and new trapped states
in CdS which are favorable for trapping e~ and h™ resulting in
spatial charge separation [10,11]. Shi et al. explained that the
dopant in the CdS improves the photocatalytic activity due to
less recombination and electron trapping by the dopant defects
[12,13]. Numerous studies have described the effect of metal
dopants [14—17] and non-metal dopants on the photocatalytic
activity of CdS including P [13] and Se [18]. Also, carbon has
been accepted as an effective dopant for various semi-
conductor materials to achieve an enhanced photocatalytic
activity in e.g. TiO, [19], ZnO [20], ZrO, [21] and CdS [22].
Orlianges et al. have explained the effect of C-doping in CdS
films which results in improved photoelectrochemical prop-
erties [23]. Ying et al. have also described the enhanced
photocatalytic activity of C-doped CdS towards the degrada-
tion of RhB under solar simulated light due to higher carrier
density and efficient charge separation [22]. The strategy of C-
doping in CdS may have a positive effect on photocatalytic H,
generation and should be further investigated.

The development of core-shell structures of C-doped CdS
nanoparticles with graphene (C-doped CdS@G) may be a
promising approach to attain increased activity and stability
for light-induced H, evolution. The combined effect of doping
and heterojunction formation between C-doped CdS and gra-
phene by forming core-shell structure can be simultaneously
manipulated to achieve elevated H, generation. By forming
the core-shell nanostructure of graphene and C-doped CdS,
photogenerated e~ and h™ from the C-doped CdS can transfer
towards graphene as the work function of graphene is less
negative (—0.08 V vs. SHE) [24] than CdS, resulting in
increased charge separation efficiency. An analogous obser-
vation was also reported by Bin et al. to avail improved
photocatalytic activity towards the generation of H, by
applying carbon-coated Cu*-doped CdS nanocomposites [25].
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Furthermore, the shell of graphene over C-doped CdS nano-
particles not only extract the charge carrier from the C-doped
CdS but can also shield CdS from mechanical tension and
photo-corrosion by efficiently neutralizing the photogenerated
charge.

Motivated to investigate C-doping in CdS and wrapping of
C-doped CdS with graphene (C-doped CdS@G) for photo-
catalytic H, generation, we report a simple method for the
synthesis of C-doped CdS@G nanoparticles. First, the pure
CdS nanoparticles and graphene quantum dots (GQD) are
synthesized by a hydrothermal method and pyrolysis of citric
acid, respectively. After that, core-shell structures of CdS@G
were synthesized by adding varying quantity of GQD in CdS
nanoparticles to optimize the graphene layer thickness.
Finally, the C-doped CdS@G samples are formed by heat-
treating the CdS@G sample at 400 °C in N, gas as shown
in the synthesis scheme Fig. 1. The as-synthesized photo-
catalysts samples are extensively investigated by various
characterization techniques along with electrochemical mea-
surements. The activity of the catalysts is investigated by
measuring their ability to generate H, from tap water or
distilled tap water under simulated solar light.

2. Experimental part
2.1. Materials and reagents

For the synthesis of CdS nanoparticles, cadmium acetate
dihydrate (98%) and thiourea (ACS. > 99%) were purchased
from Sigma-Aldrich and Alfa Aesar respectively. The citric
acid (CA, ACS. > 99.5%) and sodium hydroxide (>99%)
were ordered from Sigma-Aldrich and Millipore respectively,
for the synthesis of GQD. Sodium sulfide nonahydrate
(Na,S-9H,0O, ACS. 98%) and anhydrous sodium sulfite
(Na,SO3, 98%) used as hole scavengers in photocatalytic H,
generation tests were procured from Alfa Aesar. Deionized
(DI) water was utilized throughout the synthesis procedure.

2.2. Synthesis of pure CdS nanoparticles

The previously reported hydrothermal method [26] was
applied for the synthesis of pure CdS nanoparticles. Briefly, a
uniform solution of 5.26 g of thiourea and 1.8 g of cadmium
acetate dihydrate was made in 60 ml of DI water. The resultant
solution, after stirring for 10 min, was filled into a hydro-
thermal autoclave (volume = 90 mL) and kept this reactor at
180 °C for 18 h in a box furnace. After the completion of
hydrothermal reaction, autoclave was allowed to cooldown
naturally and CdS nanoparticles of orange color were ob-
tained. After washing the CdS nanoparticles several times with
DI water followed by drying at 80 °C for 12 h, pure CdS
nanoparticles were collected.

2.3. Synthesis of pure graphene quantum dots (GQD)

A previously reported method by carbonization of citric
acid (CA) [24,27] is used to synthesize the GQD. In short,
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Fig. 1. Schematic illustration of the synthesis procedure of C-doped CdS@G samples.

citric acid (2 g) is melted at 180 °C in a glass vial until orange
color of liquified citric acid appeared. The obtained liquid
citric acid was added to 20 mL of aqueous NaOH solution (1g
L") under intense stirring. After cooling down, a suspension
of GQD with ~100 mg mL ™" concentration was obtained and
comprehensive characterization has already been reported in
previous research papers [24,27-29].

2.4. Synthesis of carbon-doped CdS@ graphene samples
(C-doped CdS@G)

For the synthesis of C-doped CdS@G samples, 300 mg of
CdS nanoparticles, a varying amount of GQD solution (mL),
and 2 mL of DI water were placed in a test tube and sonicated
for 30 min to make a uniform mixture. After sonication, the
suspension was dried overnight at 80 °C in an electric oven.
The dried mixture of CdS and GQD was then ground and
placed in a glass reactor and was heat treated at 400 °C for 1 h
under N, atmosphere. After cooling down followed by
washing with DI water various times and drying at 80 °C for
12 h, C-doped CdS@G samples were collected. To examine
the thickness of G shell over CdS core and doping of carbon in
CdS for photocatalytic H, evaluation from water splitting, x
mL of GQD (x = 0.05, 0.1, 0.15, 0.2 mL) was added in
300 mg of CdS and 2 mL DI water to obtain the CdS-0.05G,
CdS-0.1G, CdS-0.15G, and CdS-0.2G samples, respectively.
The content of graphene loading on CdS was measured by
coating the 0.05, 0.1, 0.15, 0.2 ml pure GQD on glass slides.
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After drying the GQD coated glass slides, the amount of
graphene was 4.81, 9.70, 14.55 and 19.5 mg.

2.5. Characterization techniques

Powder X-ray diffraction (XRD) was applied to investigate
the crystal structure of all the samples using X-ray diffrac-
tometer (D8 A25 DaVinci, Bruker) with Cu Ko radiation
(A= 154 A) in 20 = 10-80° range. The crystallite domain
sizes of CdS are calculated applying the Scherrer equation
[30] on the (100) diffraction peak. For Ramana analysis,
micro-Raman spectrometer (InVia Reflex Spectrometer Sys-
tem, Renishaw) having a laser of 532 nm wavelength was
used. The morphological analysis was done using field emis-
sion scanning electron microscopy (SEM), (FEI APREO)
coupled with an EDX detector (Oxford) and transmission
electron microscopy (Jeol JEM 2100 — LaB6) operating at
200 kV. The optical behavior of the as-synthesized photo-
catalysts was measured by an UV-vis spectrophotometer
(NanoDrop UV-vis spectrophotometer, Thermo Fischer) in
cuvette arrangement. For absorbance spectra measurements,
powder samples were dispersed in ethanol (0.5 mg mL~"). The
specific surface area of all samples was measured by a
Micromeritics TriStar I 3020 by obtaining the N, sorption
isotherms at —196 °C. Specific surface area and average pore
width of all the samples were estimated by applying the
Brunauer—-Emmett-Teller (BET) and Barret-Joyner-Halenda
(BJH) equations, respectively, on the N, adsorption and
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desorption isotherms. The surface analysis along with the
estimation of valence states of the elements present in the
samples was studied using X-ray photoelectron spectroscopy
(XPS) (Axis Ultra DLD XP spectrometer, Kratos Analytical)
equipped with Al Ko radiation (1486.6 eV). The spectra were
recorded using a pass energy of 10 eV. All the data were fitted
by CASA XPS software and all peaks were calibrated against
the C 1s peak at 284.8 eV.

2.6. Photoelectrochemical measurements

Photoelectrochemical measurements were performed in a
standard three-electrode cell using a Princeton Versa STAT
potentiostat analyzer (Princeton Applied Research) under
illumination with a 150 W Xenon solar simulator (SCIEN-
CETECH SS150) and a SCIENCETECH FRSS air mass (AM)
1.5 global (G) filter. A uniform mixture of as-synthesized
photocatalysts was made by sonicating in ethanol
(1 mg mL™") and a uniform layer of properly dispersed cat-
alysts was coated on 1 cm? area of fluorine-doped tin oxide
(FTO) by the doctor’s blade technique. The three-electrode
cell is constructed such that the photocatalyst-coated FTO,
Pt wire and Ag/AgCl acted as the working electrode, counter
electrode and reference electrode, respectively. The electrodes
were dipped in 0.1 M Na,S as electrolyte solution (pH = 13).
The chopped photocurrent was measured in dark and light
with 20 s interval by without applying any bias. The electro-
chemical impedance spectroscopy (EIS) is used at 0 V (vs. Ag/
AgCl), with AC amplitude of 20 mV in a frequency range of
0.1 mHz-0.2 MHz in dark and light to obtain the Nyquist
plots. To locate the valence band potential and carrier density
of all the synthesized samples, Mott-Schottky plots were ob-
tained by measuring electrochemical impedance with a fre-
quency of 100-20000 Hz and voltage window of —1.5to 1 V.
The obtained potential (vs. Ag/AgCl) was converted to RHE
(NHE, pH = 0) using the Eq. (1) [31] and the carrier density in
the semiconductor was calculated by applying Eq. (2) as given
below:

Erbe ZEZg/AgC,+0.059pH+EAg/AgCl (1)
E,/aeci(Saturated KCI) = 40.197 V at 20°C

1 2 KT
= V-V ——— 2
C? ee.A%N, ( L ) (2)

here A and C is the area and capacitance of the electrode,
respectively. € and ¢, represents the dielectric constant of CdS
(8.9), and permittivity of free space, respectively. Np is the
carrier density, e is the electronic charge, T is the absolute
temperature, K is the Boltzmann’s constant, V is the applied
bias and Vy, represents the flat bandgap of the semiconductor
material. The slope of the linear plot of the 1/C? and V gives
the Np, and Vj, can be estimated from the intercept on the V
axis [32].
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2.7. Photocatalytic H, generation setup

Tests for photocatalytic H, generation from water were
carried out in a side irradiated quartz reactor as previously
reported [26] and shown in Fig. S1. Typically, 40 mg of
photocatalysts were mixed in 600 ml of tap water or deionized
water (DI) solution containing 0.125 M Na,S and 0.175 M
Na,SO; which act as sacrificial agents. The photoreactor
containing the reactants was sealed, and to remove any dis-
solved oxygen Ar gas was flown (100 mL min~") through the
reactor for half an hour in the dark. After degassing, the
photoreactor was illuminated with simulated solar light from
150 W Xeon solar simulator (SCIENCETECH SS150) atl sun
conditions, with flowing Ar gas. The photogenerated H, was
estimated from effluent gases of the reactor after every 15 min
using an on-line micro-Gas chromatography unit (Agilent
Technologies 3000) equipped with Thermal Conductivity
Detector (TCD). The average photogenerated H, was
measured by testing the same sample three times at the same
conditions. The apparent quantum efficiency (AQE) was
calculated applying Eq. (3) [29], and the detailed calculations
steps are shown in the Supplementary data (S1).

Number of reacted electrons < 100

AQE= (3)
Total number of photons absorbed

The stability of the optimized sample CdS-0.15G was
evaluated for photocatalytic H, generation for 20 consecutive
hours (h) under the identical conditions as reported for regular
H, generation tests.

3. Results and discussion
3.1. Material synthesis approach

The as-synthesized CdS nanoparticles have a positive sur-
face charge due to the non-stoichiometric Cd and S atomic
ratio on the surface of the nanoparticles [33,34]. The surface
of graphene quantum dots (GQD) is negatively charged due to
the presence of -COOH and C=O0O groups [35]. During the
sonication of CdS nanoparticles and GQD in DI water, the
GQD particles are attracted to the surface of CdS particles by
electrostatic interaction [35-37]. A continuous layer of gra-
phene (G) is formed around the surface of the CdS nano-
particles to form graphene-wrapped CdS particles (CdS@G)
by stacking of GQD utilizing -7t interactions, oxygen-
containing groups and dipole—dipole attractions [38,39].
Heat treatment of dried CdS@G samples at 400 °C in N, at-
mosphere causes doping of carbon from the graphene shell to
the CdS particles to form C-doped CdS@G nanostructures.

3.2. Morphological analysis

The morphology of pure CdS nanoparticles and optimized
C-doped CdS@G sample (CdS-0.15G) was investigated by
field emission scanning electron microscopy (FE-SEM) and
transmission electron microscopy (TEM) as shown in Fig. 2.
Pure CdS particles ~70 nm in size and conical in shape can be
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Fig. 2. SEM images of pure CdS nanoparticles (a), CdS-0.15G (b), EDX elemental image of CdS-0.15G (c), Cd (d), S (e), C (f) and TEM images of C-doped
CdS @G, i.e., CdS-0.15G sample (g) and enlarged images of (g) showing single particles of C-doped CdS@G (h).

seen in the FE-SEM image Fig. 2a. Fig. 2b shows the SEM
image of CdS-0.15G sample having similar morphology as
pure CdS nanoparticles. To investigate the presence of carbon
content in the CdS-0.15G sample, EDX elemental mapping
was performed and shown in Fig. 2c. Fig. 2d,e show the
uniform presence of Cd and S in the CdS-0.15G sample and
the presence of C on the surface of CdS particles forming the
core-shell structure as confirmed by Fig. 2f. Furthermore, a
TEM image of CdS-0.15G forming a core-shell structure of C-
doped CdS nanoparticles and graphene can be seen in Fig. 2¢g
in which C-doped CdS particles are wrapped with a uniform
layer of graphene. Fig. 2h shows an enlarged image of a single
particle of C-doped CdS of Fig. 2g which is covered with a
graphene layer with a thickness of ~4 nm, confirming the
formation of a core-shell structure of C-doped CdS and
graphene.

3.3. Crystallite structure

X-ray diffraction (XRD) patterns of pure CdS nanoparticles
and various samples of C-doped CdS @G are shown in Fig. 3(a).
All samples exhibited sharp and narrow diffraction peaks of
pure CdS nanoparticles associated with the wurtzite structure,
matching the JCPDS card no. 80-0006 [26,40]. Furthermore,
graphene peaks in C-doped CdS@G samples cannot be
observed due to the low graphitic content [24]. Fig. 3b shows the
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extended X-ray diffractograms of pure CdS nanoparticles and
the C-doped CdS @G samples. A shift in the (100), (002), (101)
peaks toward lower 26 angles in C-doped CdS@G samples
compared to pure CdS was observed, possibly due to lattice
expansion caused by the C-doping during heat treatment of the
samples during synthesis. As the content of graphene increases
by adding 0.05 mL-0.15 mL GQD solution in the C-doped
CdS@G samples (CdS-0.05G, CdS-0.1G, and CdS-0.15G), an
increase in the 20 shift towards lower angles is observed. With
further increase in the graphene content in CdS-0.2G, the 26
shift towards lower angles disappeared. The crystallite domain
sizes of CdS in all the samples are estimated to be in the range of
35-40 nm (Table S1).

To further investigate the presence of graphene in C-doped
CdS@G samples, Raman spectroscopy is used as shown in
Fig. 3b,d. Raman analysis of pure CdS nanoparticles shows
that the characteristic Raman peaks around 300 cm™' are
attributed to the longitudinal optical mode (LO-1) resulting
from Cd-S bond vibration from Al mode and a peak around
600 cm ™' exhibits the first overtone of the Al mode (LO-2)
[41]. Raman spectra of C-doped CdS@G samples exhibit the
D (1353 cm™ ') and G bands (1593 cm™") not present in pure
CdS nanoparticles, which supports the presence of graphene in
the C-doped CdS@G samples [42,43]. Fig. 3d shows an
enlarged view of Fig. 3c to further investigate the graphene in
C-doped CdS@G samples from the intensity of the D band
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Fig. 3. XRD pattern of pure CdS nanoparticles and C-doped CdS @G samples (a), enlarged view of the XRD pattern (b), Raman spectra of pure CdS nanoparticles
and C-doped CdS@G samples (c) and enlarged view of the Raman spectra in the region of the D and G band (d).
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0.32-0.58 (as shown in Table S1) which suggests that there is

a large proportion of graphenic carbon (sp> carbon network) Textural properties including specific surface area and pore
and defective carbon, confirming the presence of high-quality size distribution of the samples were analyzed by N,
graphene [44,45] in the C-doped CdS@G samples. adsorption—desorption isotherms as shown in Fig. 4a and
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Fig. 4. BET adsorption/desorption isotherms for pure CdS nanoparticles and C-doped CdS@G samples (a), Uv-vis absorption spectra (b) and optical bandgap

calculations (c) of pure CdS and C-doped CdS@G samples.
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Fig. S2. The shape of all the isotherms is revealing type IV
according to the IUPAC classification Fig. 4a [46]. At lower
relative pressures, monolayer adsorption is first observed
which later continues with the multilayer adsorption shown by
a steep rise, followed by capillary condensation taking place in
the mesopores of the materials at higher relative pressures
[46]. The isotherms show H3 hysteresis loop indicating the
presence of slit-like pores [46]. The pure CdS nanoparticles
have a surface area of 19 m? g~' while all the C-doped
CdS@G samples showed slightly lower surface areas, as
shown in Table S2. Aggregation of the particles during heat
treatments and the slight increase in the particle size by the C-
shell on CdS might be the reasons for the decrease in surface
area. The BJH pore size distribution of all samples is shown in
Fig. S2 and average pore width values are tabulated in Table
S2 in which all the samples have pore sizes in the meso-
porous range with diameters centered around 40 nm [47].

3.5. Optical properties

To investigate the optical behavior of pure CdS nano-
particles and C-doped CdS@G samples, UV-vis absorption
spectra are measured and presented in Fig. 4b. Pure CdS
nanoparticles show an absorption onset at ca. 500 nm which is
due to the intrinsic bandgap transition of electrons from the
valence band to the conduction band [48]. The UV-vis ab-
sorption spectra of C-doped CdS@G samples exhibited
enhanced absorption in the visible and UV regions, and the
absorption onset is slightly red-shifted suggesting a decrease
in the bandgap compared to pure CdS. This increase in ab-
sorption and reduction in bandgap may have a positive effect
on the photocatalytic H, generation. The bandgap of pure CdS
nanoparticles and C-doped CdS@G samples are shown in
Fig. 4c which is calculated using the Tauc’s relationship ob-
tained by plotting the (othv)" with respect to the bandgap en-
ergy E, = hv (where h is Planck’s constant, « is the absorption
coefficient, v is the frequency and n = 2 for the direct bandgap
nature of CdS) [49,50]. Pure CdS exhibits bandgap energy of
2.32 eV which is close to the reported values of hexagonal
CdS. The gradual bandgap narrowing is observed in the C-
doped CdS@G samples as the amount of GQD increase in the
samples (Table S3), due to the doping of carbon in the CdS
matrix, and the interaction of graphene and CdS [51], up to the
optimized sample, i.e., CdS-0.15G. With further increase in
graphene content in the CdS-0.2G sample, the bandgap nar-
rowing is reduced.

3.6. Surface analysis

The chemical states of the pure CdS and CdS-0.15G sam-
ples along with the effect of carbon doping and interaction of
graphene with the CdS nanoparticles were further investigated
by XPS. For pure CdS, see Fig. 5a, Cd is in the 42 oxidation
state with the Cd 3ds, and Cd 3ds3,, components at 405.1 eV
and 411.9 eV, respectively [26,52]. A minor contribution at the
high binding energy side of the Cd*" component is attributed
to the terminal surface Cd atoms [53]. The corresponding XPS

467

Green Energy & Environment 5 (2020) 461472

spectra of the S 2p region is shown in Fig. 5b. The S 2p;/, and
S 2py» peaks at binding energies 161.5 eV and 162.7 eV,
respectively, are consistent with S*~ in pure CdS [26,54]. In
addition, a minor contribution at higher binding energy is
detected, associated with the presence of sulfate groups [55].
For the CdS-0.15 sample, the Cd 3d and S 2p spectra exhibit
similar features as pure CdS. However, the peaks are shifted
0.4 eV towards lower binding energies. As the electronega-
tivity of C (2.55) is less than S (2.58), a shift towards lower
binding energies is expected compared to pure CdS [56].
Furthermore, the intensities of Cd 3d and S 2p peaks are
slightly lower in the CdS-0.15G sample as compared to the
spectra of pure CdS, caused by graphene covering the CdS
nanoparticles. Fig. 5¢ shows the raw and deconvoluted XPS
spectra of the C 1s region, showing a main component at
284.8 eV, associated with sp>/sp> hybridized carbon (C—-C/C=
C) present in the graphene. The other three deconvoluted
peaks appearing around 286.3 eV, 288.3 eV, and 289.3 eV
indicate the presence of hydroxyl, carbonyl, and carboxyl
groups on the surface [28].

3.7. Photocatalytic H, generation

The photocatalytic activity of all the synthesized samples is
investigated for H, generation by water splitting under simu-
lated solar light with air mass 1.5 global (AM 1.5G) conditions
in the presence of 0.125 M Na,S and 0.175 M Na,SO; acting
as hole scavengers. Fig. 6a shows the rate of H, generation
from water using pure CdS nanoparticles or C-doped CdS@G
samples. During the photocatalytic H, generation tests, pure
CdS nanoparticles yield 0.67 mmol g~ ' h™' of hydrogen and
the amount of generated H, increases with increasing GQD
content in C-doped CdS@G samples. Sample CdS-0.15G
gives the highest yield of photocatalytic H, generation by
producing 3.12 mmol g~ ' h™', which is ~4.6 times superior to
pure CdS nanoparticles. With a further increase in the loading
of graphene on CdS nanoparticles, a decrease in the photo-
catalytic H, generation is observed which is due to lower
absorption of light by the CdS in the CdS-0.2G sample evident
from the UV-vis spectra. Table S2 shows the calculated
apparent quantum efficiency (AQE) of all the samples and the
most active sample exhibited AQE of 11.7% which is highly
promising compared to reported values utilizing similar
carbon-based CdS samples (Table S4).

The control tests in the dark of CdS-0.15G samples did
not show any photocatalytic hydrogen generation, verifying
that the generated H, is a result of a photocatalytic reac-
tion. The tap water used in photocatalytic H, generation
tests may contain impurities possibly affecting the photo-
catalytic activity. To investigate the role of impurities,
present in tap water, control tests with pure CdS nano-
particles in DI water and tap water were performed sepa-
rately under the same conditions. A similar photocatalytic
H, generation by using DI water and tap water was ob-
tained as showed in Fig. S3, suggesting that the impurities
present in tap water have a negligible effect on the pho-
tocatalytic H, generation. Thus, the use of tap water for



M. Zubair, EM.M. Vanhaecke, I1.-H. Svenum et al.

Green Energy & Environment 5 (2020) 461472

Pure CdS
——CdS-0.15G

(a) 240-{Pure cds cdad |(D)
220
200
180+
160
140
120+
100+
80+
60
40

Intensity (cps)
Intensity (a.u.)

Sulfates

S 2p

2p3/2

204

0 (] LI
1204 Cds-0.15G 1

174 172 170 168 166 164 162 160 158
Binding energy (eV)

C C1s
100+ ( ) C-C/C=C
@ 80-
o
2 5
2 60 s
L 2
= [

40+ §

IS COOH _C=0
20+ C-OH
0 . — . . .l

T T T T T T T T
416 414 412 410 408 406 404 402 294 292 290

288 286 284 282 280

Binding energy (eV) Binding energy (eV)
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Fig. 6. Rate of H, generation from water using pure CdS nanoparticles and C-doped CdS@G samples (a) and stability test employing CdS-0.15G sample (b) using

simulated solar illumination with AM 1.5 G conditions.

photocatalytic H, generation is more favorable in terms of  generation by CdS-0.15G is due to the combined effect of
practical use than DI water. Further control tests were also the C-doping and the use of graphene as co-catalyst.
conducted to confirm that the enhanced photocatalytic H, Fig. S4 shows the amount of photocatalytic H, generated
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by the CdS-0.15G sample and a CdS-0.15G sample not
subjected to heat treatment during the synthesis process.
CdS-0.15G (without heat treatment) is without C-doping
and this sample generated slightly higher H, than pure
CdS nanoparticles due to the presence of graphene as co-
catalyst, but considerably less than the CdS-0.15G sample.
The enhanced photocatalytic H, generation obtained from
CdS-0.15 is due to a combined effect of C-doping and
action of graphene as co-catalyst.

The stability of the most active sample (CdS-0.15G) is
tested by performing the photocatalytic H, generation
continuously for 20 h in the same setup as shown in Fig. 6b.
The sample exhibited a relatively stable behavior for photo-
catalytic hydrogen generation, losing 15% activity after 20 h.
The stable behavior of the photocatalysts sample is attributed
to the presence of graphene shell over CdS nanoparticles
which makes the efficient hole transfer from CdS. These holes
are then neutralized by the hole scavenger in the reaction
mixture which protects the CdS from photo-corrosion.
Furthermore, the graphene shell over CdS protects it from
mechanical degradation as well.

Green Energy & Environment 5 (2020) 461472

3.8. The reaction mechanism for photocatalytic H,
generation

To investigate the charge transfer mechanism and semi-
conductor behavior along with the carrier density (Np), tran-
sient photocurrent density and electrochemical impedance were
measured. Fig. 7a shows the transient photocurrent density of
pure CdS nanoparticles and C-doped CdS@G samples
measured in 0.1 M Na,S solution during on/off illumination.
Photocurrent density increases as the graphene layer thickness
increase over CdS by increasing the GQDs content up to
445 pA cm 2 by the CdS-0.15G sample under illumination
which indicates that efficient charge transfer occurs from the
CdS to the graphene layer leading to higher photocatalytic
activity [24]. Further increase in the GQD content results in the
formation of a thicker graphene layer which hinders light ab-
sorption in CdS. As a result, less generation of electrons (e™)
and holes (h™) was detected, and hence a decrease in photo-
current density for the CdS-0.2G sample was observed. Fig. 7b
shows that the CdS-0.15G sample has the smallest radius of
semi-circle in light than the pure CdS nanoparticle and all the
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Fig. 7. Chopped photocurrent response of pure CdS and C-doped CdS@G samples (a), Nyquist plots of pure CdS and CdS-0.15G samples in dark and light (b),

Mott-Schottky plots of pure CdS nanoparticles (c) and CdS-0.15G (d).
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samples in the dark as well (Fig. S5). This indicates that charge
carriers experience less overall charge transfer resistance to
flow from CdS towards the graphene layer, resulting in
improved charge separation efficiency. Fig. 7c,d and Fig. S6
present the Mott-Schottky plots of pure CdS nanoparticles
and C-doped CdS @G samples which are used to determine the
carrier density (Np) and flat bandgap of the semiconductors. All
the samples exhibited a positive slope of Mott-Schottky plots
which shows the n-type behavior of the photocatalysts and in
the n-type semiconductors, a flat bandgap potential represents
the conduction band potential [31]. The conduction band po-
tential of pure CdS nanoparticles and C-doped CdS@G sam-
ples were also estimated by the Mott-Schottky plots as shown
in Table S3. Pure CdS exhibited a conduction band potential
(E.) of —0.43 V (vs. RHE) which is close to the reported values
for CdS [31]. The doping of carbon and wrapping of the CdS
nanoparticles with graphene results in a change in E. towards
less negative values. The most active sample, i.e. CdS-0.15G,
shows a conduction band potential around —0.32 V(vs. RHE)
and with an increase in the graphene content in CdS the value
of the conduction band potential is shifting closer to the redox
potential of H*/H,. The values of the valence band potential
(E,) of all the samples are calculated by using the bandgap
values from UV-vis analysis and E. values tabulated in Table
S3. All the samples have similar valence band potentials
which confirm that the doping of carbon in the CdS nano-
particles results in lowering the conduction band potential and
therefore narrowing the bandgap. To find the Np, in the samples,
the slope of the linear part of the Mott-Schottky plots is esti-
mated as shown in Fig. S7 and Eq. (2) is used. It is observed
that with the doping of carbon and wrapping of CdS nano-
particles with graphene, the slope of Mott—Schottky is
decreased which increased N, (Table S3). The increased carrier
density is beneficial for efficient charge transfer [57,58] which
is one of the reasons for obtaining efficient photocatalytic H,
generation by the optimized sample (CdS-0.15G). Overall, the
enhanced photocatalytic activity of the CdS-0.15G sample is
attributed to the enhanced light absorption properties, narrow-
ing of the bandgap, suitable conduction and valence band po-
tential, and relatively larger Np values compared to the other
samples.
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A 9-‘!-4? v Wlomey Sl
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il poli ko e e et o
= 0 e HyH,0 = :}";ﬁ s h;
dqd | wool | L
w € s,2.50,.2 e \yp@ Graphene
2 h* h* h*/p+ h* h* h sS4 u
- 1.89 eV 1.92ev  SOs* 5%
ol $2, 50,2

Fig. 8. Proposed illustration of the photocatalytic H, generation mechanism
from water using pure CdS nanoparticles and the C-doped CdS@G sample.
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Based on the experimental findings, we suggest a possible
reaction mechanism for photocatalytic H, generation as
illustrated in Fig. 8. The conduction band potentials of pure
CdS and C-doped CdS@G samples are more negative than the
work function of graphene quantum dots (¢gop) which lies at
—0.08 V vs. RHE [59] while the redox potential for H/H, has
a value of 0 V. In pure CdS nanoparticles, the photocatalytic
reaction takes place in the usual manner; under illumination,
the e~ and h™ are generated in the conduction band and
valence band. These e~ and h™ take part in the redox reaction
to generate H, by reducing the H' ions in water, while h™ is
neutralized by the hole scavengers as shown in Fig. 7. In the
CdS-0.15G sample, the doped carbon during the synthesis
process creates the defect level under the conduction band of
CdS which results in narrowing of the bandgap, which in turn
increases the solar spectrum absorption. When the reaction
mixture is illuminated with the solar simulator, the e~ and h™
are generated in the conduction band and valence band,
respectively. After excitation, the e~ from the conduction band
of CdS are transferred to the graphene layer due to the
favorable work function of graphene which is acting as the
electron extractor. The extracted electrons in the graphene
layer then take part in the redox reaction to generate H, from
water as illustrated in Fig. 7. The h* which are generated in
the valence band of CdS is also extracted by the graphene
layer as the graphene also tends to transport the h™. These h™
are neutralized by the hole scavengers in the solution to
maintain the charge balance.

3.9. Catalyst deactivation

It is known that CdS can undergo photo-corrosion associ-
ated with the holes (h™) generated in the valence band of CdS
during the photochemical reactions, and elemental sulfur is
formed in the reaction mixture [3]. To identify possible rea-
sons for the activity loss of CdS-0.15G after the stability test, a
range of characterization tools have been applied to analyze
the used catalyst (used CdS-0.15G). The TEM image of the
used CdS-0.15G sample (Fig. 9a) shows that, after stability
tests, the graphene layer is partially removed from the CdS
nanoparticles forming a continuous graphite layer and the
core-shell structure is destroyed during the photocatalytic H,
generation tests. The Raman spectrum of the used CdS-0.15G
sample (Fig. 9b) shows a similar crystal structure to that of
CdS in the fresh CdS-0.15G sample. However, the D band,
associated with defects in the graphene, were no longer pre-
sent in the used CdS-0.15G sample, confirming the formation
of graphitic carbon [60]. The XRD analysis of used and fresh
CdS-0.15 samples show that the crystalline structure is unal-
tered. The intensity of the X-ray diffraction peaks of used
CdS-0.15G is relatively weak compared to the fresh CdS-
0.15G sample indicating that the content of CdS in used
CdS-0.15G is reduced due to photo-corrosion of CdS nano-
particles by the photochemical reaction [3]. Based upon post
characterization of used CdS-0.15G, we suggest that the
deactivation mechanism taking place during the photochem-
ical reaction is a destruction of the core-shell structure of C-
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Fig. 9. TEM image (a), Raman analysis (b) and XRD (c) of the used CdS-
0.15G sample (after 20 hr stability test).

doped CdS@G. As the graphene layers are removed, the role
of graphene as a co-catalysts for CdS nanoparticles vanishes
leading to lower photocatalytic activity and stability of CdS
nanoparticles [3].
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4. Conclusions

We report a facile and unique two-step synthesis method to
synthesize C-doped CdS@G samples in which the CdS
nanoparticles are wrapped by a thin layer of graphene. The
performance of the synthesized C-doped CdS@G samples was
investigated towards their ability to generate photocatalytic H,
from water. The optimized sample CdS-0.15G shows prom-
ising H, generation under illumination by producing
3.12 mmol g~' h™' H,, which is ~4.6 times more than pure
CdS nanoparticles, giving an AQE of 11.7%. The enhanced
and relatively stable performance of the C-doped CdS@G
sample is attributed to the broader solar spectrum absorption,
narrowing of the CdS bandgap, efficient charge separation by
the graphene layer from CdS and sites with enhanced reac-
tivity provided by graphene. Furthermore, the deactivation of
the CdS-0.15G sample is investigated after photocatalytic H,
generation. The decrease in the activity of the sample is
attributed to the removal of graphene from the CdS nano-
particles and transition from graphene to graphite and subse-
quent photodegradation of CdS. The C-doped CdS@G
approach seems promising for enhancing the activity of CdS in
photocatalytic H, generation.
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