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Abstract.

Anion-doped cadmium sulphide nanomaterials have been synthesized by using combustion method

at normal atmospheric conditions. Oxidant/fuel ratios have been optimized in order to obtain CdS with best
characteristics. Formation of CdS and size of crystallite were identified by X-ray diffraction and confirmed
by transmission electron microscopy. X-ray photoelectron spectroscopy confirmed the presence of C and N
in the CdS matrix. The observed enhanced photocatalytic activity of the CdS nanomaterials for the hydrogen
production from water (2120 umol/h) can be attributed to high crystallinity, low band gap and less exciton

recombination due to the C and N doping.

Keywords.

1. Introduction

Emission of oxides of carbon due to combustion of
fossil fuels has made global warming a difficult task
to handle.! As fossil fuel reserves are also depleting,
there is an immediate need to look for renewable and/or
clean energy sources that are free of carbon. In this con-
text, research on direct utilization of solar energy has
been increasing.” It is believed that in future, hydrogen
may supersede the current non-renewable resources.®*
Traditional steam-methane reforming for hydrogen pro-
duction is not an environment-friendly method and
there is an immediate need to look for eco-friendly
alternatives. Among the several methods for hydrogen
production,”’” photocatalytic water splitting is gaining
much attention due to its sustainable and environmen-
tally benign nature.® However, the design of suitable
materials that are active under sunlight still remains a
challenge.

Among the materials available for harnessing solar
energy, semiconductor nanostructures are gaining
importance owing to their unique optical, electronic
and catalytic properties. Cadmium sulphide (CS) with
a direct band gap of 2.4 eV is one of the first semi-
conductors to be discovered. It is perhaps one of the
most important electronic and optoelectronic materials
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with proven applications in solar cells, nonlinear opti-
cal devices and electronic devices.’!' CdS has been
extensively studied as a photocatalyst for the degrada-
tion of organic dyes, but its usage in hydrogen produc-
tion studies is rather limited due to its photocorrosive
nature.'>!?

Designing CdS nanomaterials with matching redox
potentials for the aforementioned applications is of
great interest in material science. Although a variety of
techniques such as thermal evaporation, hydrothermal
method, chemical vapor deposition process, template
method, thermal decomposition method and solvother-
mal process are reported for the preparation of CdS
quantum dots, many of them demand complicated pro-
cedures, inert conditions and longer reaction times and
use of costly surfactants to produce CdS with differ-
ent morphologies.'*"! In this context, combustion syn-
thesis with less energy payback time (a key param-
eter in life cycle analyses of solar energy materials
and devices) is receiving more attention, especially for
synthesis of oxides.?’-??

However, application of combustion for the synthe-
sis of metal chalcogenides is not fully explored. To
the best of our knowledge, this is probably the first
attempt of metal sulphide synthesis by using solution
combustion method without maintaining any inert con-
ditions. This study reports a facile synthesis of C and
N doped CdS nanomaterials. Synthesized CdS nano-
materials have been tested for the visible light-driven
hydrogen production from water splitting.
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2. Experimental

Cadmium nitrate tetrahydrate and thiourea were pur-
chased from Merck and used as received. Required
quantities of precursors were calculated based on the
oxidant/fuel (O/F) ratio obtained by using propellant
theory. In a typical synthesis, aqueous solutions of cad-
mium nitrate and thiourea were mixed to form a homo-
geneous solution. Dehydration followed by combustion
in a preheated furnace at 300°C resulted the product in a
few minutes. Different oxidant/fuel (O/F) ratios (1, 2, 3,
4 and 10) have been studied and the resulting CdS sam-
ples were labelled as CdS (1), CdS (2), CdS (3), CdS
(4) and CdS (10), respectively. Since costly surfactants,
capping agents and inert conditions are not used in this
synthesis, it is a very cost-effective method. Moreover,
the samples can be used without any post-treatments
such as washing and calcination.

2.1 Characterization

Cadmium sulphide samples were characterized to
examine its structural, morphological, and optical
properties. Phase purity and crystallinity of the as-
synthesized CdS samples were obtained from pow-
der X-ray diffraction (PXRD) patterns recorded on a
PANalytical X’pert Pro powder X-ray diffractometer
with a step size of 0.02 at a scan rate of 0.50 min~!
using Cu-Ko (1.54 10\) radiation and Ni filter. Trans-
mission electron microscopic image of the CdS(2) sam-
ple was recorded at an operating voltage of 200 kV
and the sample was placed on a copper grid (TEC-
NAI G-2 with EDS model), whereas, diffuse UV-Vis
reflectance spectra of the prepared samples were col-
lected using Shimadzu UV-Vis spectrophotometer (UV-
3600) with spectral grade BaSO, as reference. X-ray
photoelectron spectroscopic study was performed on
Axis Ultra instrument under ultra-high vacuum condi-
tion (<10~® Torr) and by using a monochromatic Al
Ka X-ray source (1486.6 eV). Raman spectra of the as-
synthesized samples were carried out with a dispersive
Raman spectroscope (Bruker Senterra).

2.2 Photocatalytic reactions

Photocatalytic water splitting under simulated visi-
ble light radiation was performed in a quartz round-
bottomed flask containing 100 mL water and 100 mg
of the catalyst. The study was carried out in the pres-
ence of 1 M Na,S and 1 M Na,SO; as the sacrificial
reagents. Before addition of CdS catalyst, N, was bub-
bled for 30 min, followed by evacuation for 15 min to
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remove the dissolved gases. After addition of the CdS
catalyst, the solution was stirred in dark for 30 min in
order to facilitate the adsorption of water molecules on
the CdS surface. It is worth mentioning that there is no
appreciable reaction in the dark. All the studies were
carried out under simulated visible light radiation with
light intensity around 800-900 W/m?, as measured by
Newport power meter. Hydrogen produced in the reac-
tion was analysed by using a Shimadzu gas chromatog-
raphy (GC-2014) equipped with TCD detector, packed
column and N, carrier gas. Every hour, a 500 u1 hydro-
gen gas was collected in a gas tight syringe (Hamil-
ton) and injected into the GC. Calibration curve has
been drawn by taking different volumes of pure H, and
injecting into the GC. The area under the evolved H,
gas was compared with the area under the calibration
curve and quantified in terms of pmol.

3. Results and Discussion
3.1 Powder X-ray diffraction

Combustion-synthesized cadmium sulphide samples
with varying O/F ratios from 1 to 10 were character-
ized by PXRD to identify phase purity and crystallite
size. As shown in figure 1, except in the case of O/F
ratio 1, pure CdS was observed for other ratios. CdS
(1) with more intense diffraction peaks at d-spacing of
2.7, 2.4 and 1.7 A with corresponding planes (111),
(200) and (220) confirms the existence of CdO. This
can be attributed to insufficient fuel, thiourea. CdS (2)
shows major peaks at 26; = 28.2°, 24.8°, 43.7°, 26.5°
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Figure 1. Powder X-ray diffraction patterns of

combustion-synthesized cadmium sulphide samples.
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and 47.9° corresponding to 101, 100, 110, 002 and 103
planes with the corresponding d-spacing values are 3.6,
3.4, 32,21 and 1.9 A representing hexagonal CdS.
From figure 1, it was observed that CdS (3) and CdS(4)
also have diffraction peaks corresponding to the hexag-
onal phase. However, in the case of CdS (3), the peaks
corresponding to (101), (100) and (002) planes seems
overlapped due to the small crystallite size (around
14 nm). However, for CdS(4) and CdS(10), these peaks
are distinguishable due to large crystallite size (around
25 nm).

Generally, broadening of diffraction peak may be
due to one of the following factors such as micro
strain (deformations of the lattice), crystalline faults
(extended defects), crystalline size and domain size
distribution.”* > Average crystallite sizes of the CdS
samples calculated by using Scherrer formula was
found to be 58, 70, 14, 20 and 25 nm for CdS (1), CdS
(2), CdS (3), CdS (4) and CdS (10), respectively. Larger
crystallite size in case of CdS (2) may be explained on
the basis of optimum O/F ratio, which facilitates the
combustion and provides high temperatures for crystal
growth.'?

3.2 Transmission electron microscopy

In order to confirm the phase and crystallite size,
TEM studies were carried out for all the CdS samples.
Figure 2 shows TEM image of best active CdS(2) sam-
ple, whereas TEM images of all the remaining CdS
samples are given in supporting information (figure S1
to S4). From figure 2a, it is clear that CdS(2) sample
consists of some irregular-shaped crystalline nanoparti-
cles. Particle size was found to be around 70 nm which
is in good agreement with the PXRD results. Selected
area electron diffraction pattern (figure 2b) with d-
spacing corresponding to the planes (100), (002), (103)
and (110) confirmed the hexagonal CdS phase which
is also in good agreement with the XRD results. From
figure S1 to S4, it is clear that CdS(1), CdS(3), CdS(4)
and CdS(10) samples have several nanoparticles with
almost spherical morphology. Thus, the best activity of
CdS(2) might be attributed to its good crystalline nature
as confirmed by XRD rather than its morphology.

3.3 Diffuse UV-Vis spectroscopy

It is well-known that CdS is a direct band gap semicon-
ductor with a band gap energy of 2.4 eV. A red shift in
the absorption due to C and N doping was recognized
from absorption spectra of the combustion-synthesized
CdS samples (figure 3). Band gap energies of CdS (1),
CdS (2), CdS (3), CdS (4) and CdS (10) samples were
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Figure 2. (a) TEM image of the best active CdS (2) sam-
ple which shows irregular-shaped nanoparticles. (b) Selected
area electron diffraction pattern of the CdS(2) sample show-
ing different planes corresponding to the hexagonal CdS
phase.

found to be 2.0, 2.2, 2.3, 2.4 and 2.4 eV, respectively.
Band gap energy of 2.0 eV in case of CdS (1) could be
attributed to the C and N doped CdO (band gap of CdO
is 2.16 eV). Among CdS (2), CdS (3), CdS (4) and CdS
(10) samples, CdS (2) was found to have a low band
gap of 2.2 eV, probably due to more C and N doping
compared to the rest of the samples and with increas-
ing O/F ratio from 3 to 10 band gap again increased
to the original value of 2.4 eV due to fuel rich condi-
tions, which hindered proper combustion. Higher C and
N doping in CdS(2) sample compared to the other CdS
samples can be explained as follows: In general, O/F
ratio of 1 is the optimum ratio for the combustion syn-
thesis of materials. However, in the present synthesis,
O/F = 2 is the optimum ratio in such a way that it is
small enough to produce the sulphide phase at normal
atmospheric conditions as well as to produce proper



970

A Daya Mani et al.

Absorbance (a.u.)

——cCds (1)
——CdSs (2)
——cCds (3)
——CdsS (4)
——CdS (10)

400

Figure 3. Diffuse

T I 1
500 600 700

Wavelength (nm)

reflectance  UV-Vis  spectra

combustion-synthesized CdS samples.

Intensity (CPS)

(a)

100
90

50

Intensity (CPS)

40
30
20
10

(0

80 1

70 1

60

I I I I I I I

414 412 410 408 406 404

Binding energy (eV)

X10

L L B e

410 408 406 404 402 400 398 396 34 392
Binding energy (eV)

of

combustion conditions with more evolved gases. Thus,
in case of CdS(2) sample, optimum O/F ratio has been
achieved that might facilitate proper combustion, which
in turn enables proper C and N doping into the CdS
matrix.

3.4 X-ray photoelectron spectroscopy

In order to confirm the presence of C and N doping,
XPS study of CdS (2) sample was carried out and the
spectra are shown in figure 4. As seen in figure 4a,
Cd (3d) spectra showed two peaks centered at 405.2
and 411.9 eV, characteristic of Cd 3ds;, and Cd 3ds),,
respectively.?*~* Whereas the S 2p peak observed at
161.5 eV and 162.7 eV as shown in figure 4b inferred
the existence of sulphides. Absence of peaks centered
at 165 and 170 eV reveals the existence of sulphur in
non-oxidized form.
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Figure 4. XPS spectra of (a) Cd 3d core levels, (b) S 2p core levels, (¢) C 1s core levels,
(d) N 1s core levels of the best active CdS (2) sample.
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(a) Raman spectra of CdS samples. (b) Enlarged view of A11LO phonon

mode of CdS samples. (¢) Enlarged view of Al 2LO phonon mode of CdS samples.

Presence of C as a dopant was clearly shown by the
peaks at 285 and 289 eV in the deconvoluted C 1s spec-
tra as represented in figure 4c. The former peak might
occur due to the aliphatic carbon, whereas the latter
one occurred due to the C bonded with O and/or S,
either with a double bond or two single bonds.* Simi-
larly, evidence for nitrogen doping was provided from
the N (1s) spectra that showed two peaks at 399.7 and
405 eV(figure 4d). Literature data confirmed that bind-
ing energy of the N 1s was very sensitive to the chem-
ical environment of nitrogen and it varies from 396 to
408 eV.*! The peaks observed at 399.7 eV correspond
to the terminally bonded well-screened molecular nitro-
gen (y-N,), whereas, the 405 eV peak might occur
due to terminally bonded poorly screened molecular
nitrogen (y-N,).*

3.5 Raman spectra

Hexagonal CdS is one of the simple uniaxial structures
that can be analysed by Raman scattering phenomena.**
Figure 5a presents Raman spectra of the synthesized
CdS samples, whereas figure 5b and c showed enlarged
views of the A11LO and AL2LO phonon modes of
CdS, respectively. It represents two distinct Raman
bands in the spectral region of 200 to 700 cm~!. Raman

bands at 299 and 600 cm™' correspond to the A1 1LO
(longitudinal optical) and A1 2LO phonons, respec-
tively and the intensity of A1 2LO phonon at 600 cm™!
was lower compared to the intensity of A1 1LO mode
at 299 cm~!.33% Ag seen clearly from figure 5b and ¢
that with increasing O/F ratio, the peak shifted to lower
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Figure 6. Photocatalytic H, evolution profiles from split-
ting of water containing Na,S and Na,SO; sacrificial
reagents under visible light in the presence of different CdS
samples.
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frequency region and full width half maxima (FWHM)
increased due to the difference in the crystalline sizes.

3.6 Photocatalytic studies

Since CdS is well-known for its visible light activ-
ity and also the in situ doping of C and N into the
CdS has been confirmed, visible light activity of the
CdS was tested for hydrogen production from water.
Although CdS has good absorption in the visible region,
its photocorrosive nature limits its application in H,
production.* In order to reduce photocorrosion of CdS
and to prevent recombination of excitons, water con-
taining 1M Na,S and 1M Na,SO; as sacrificial reagents
were used. These sacrificial reagents may interact with
the holes that prevent photocorrosion of CdS catalyst.*
During the photocatalytic reaction, for every 1 h, H,
gas was collected by using a gas tight syringe and anal-
ysed by gas chromatography. Typical chromatogram
observed is shown in figure S5 (supporting informa-
tion). H, production studies were carried out with
all the CdS samples and the typical results shown in
figure 6 confirmed the formation of 1215, 2135, 1800,
1590 and 1345 & mol/h of hydrogen, respectively for
CdS (1), CdS (2), CdS (3), CdS (4) and CdS (10). These
results confirmed that the highest hydrogen evolution
was achieved for CdS (2). In order to assess the sta-
bility of CdS(2) photocatalyst for hydrogen production,
the activity was monitored for 25 h by evacuating the
reactor after every 5 h and the results are shown in
figure 7. After 25 h, decrease in H, production was
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Figure 7. H, evolution profiles from water containing
Na,S and Na,SO; sacrificial agents in the presence of CdS
(2) (five runs in a continuous reaction are shown).
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found to be approximately 10% confirming the reason-
able stability of the catalyst. The best activity of CdS(2)
can be attributed to the higher crystallinity and low band
gap, due to which it has the best absorption in the visible
region.

4. Conclusions

A highly efficient synthesis of C and N doped nanocrys-
talline CdS has been reported by using solution com-
bustion synthesis without using any surfactant. Varia-
tion of O/F ratio between 1 and 10 revealed that the
sample synthesized at O/F ratio of 2 had the best pho-
tocatalytic activity. Efficient hydrogen production of
2120 pwmol/h from water containing 1 M Na,S and 1M
Na,SO; as sacrificial agents under visible light irradia-
tion validated the synthesis approach. The best activity
of CdS(2) may be attributed to the good absorption in
the visible region, resistance to photocorrosion and pre-
vention of excition recombination by the dopant energy
levels.

Supplementary information

TEM images of the CdS(1), CdS(3), CdS(4) and
CdS(10) samples and the corresponding discussion
is provided in the supplementary information. Gas
chromatogram observed during the H, analysis was
included in the revised manuscript.
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