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Abstract

CdS nanorods along with nanostrips and plates have been prepared on a large
scale by the solvothermal route using the precursor cadmium oxalate under
mild conditions with ethylene glycol as the solvent and (NHy4)2S as the
sulfiding agent, without using catalysts, surfactants or template. The aspect
ratio of the rods varied from 3 to 30. Characterization has been done by
TEM, HR-TEM, EDX, HR-SEM, XRD, BET surface area, UV-vis
absorption, photoluminescence and fluorescence studies. Photo-catalytic Hy
production activity was tested with as-synthesized CdS, calcined CdS, noble
metal loaded CdS and for bulk CdS. The nanorods being formed are used as
such for Hp production. The as-synthesized CdS is found to have very good
H» production capacity compared to that of the bulk CdS. Upon Pt loading
much enhanced activity was observed in the rate of hydrogen production.

(Some figures in this article are in colour only in the electronic version)
Supplementary data files are available from stacks.iop.org/Nano/17/5271

1. Introduction

Nanoscale one-dimensional structures have attracted consid-
erable attention due to their unique electronic, optical, cat-
alytic and mechanical properties. The development of syn-
thesis methods, control of morphology, and assembly of de-
sired nanostructures still remains a challenge in this field.
Due to the shape selectivity of the properties, synthesis of
one-dimensional semiconductor materials such as nanowires,
nanorods, nanofibres or nanoplates has been the focus of re-
search work [1-3]. Recently, various methods have been used
for the preparation of nanorods or nanowires, such as solution—
liquid—solid growth, laser ablation, carbon-nanotube-confined
reaction, electrochemical fabrication and non-aqueous solution
synthesis [4-9]. In the nano regime most of the compounds
show much enhanced activity compared with the bulk sample
due to their increased surface area and the suitable orientation
of the catalytically active planes.

Chalcogenides have been reported as active photo-
catalysts for the reduction of H,O to H, [10]. By taking
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into consideration the present interest in the field of hydrogen
production from cheaply available sources, CdS has been
utilized for the H, production from photo-catalytic water
splitting. Photo-catalysis has potential application for the
conversion of solar energy into chemical energy and for the
treatment of pollution [11-14]. Bulk CdS absorbs visible light
because of its narrow bandgap (2.4 eV) [14-16]. In addition,
its sufficiently negative flat band position [—0.66 V at pH 7]
is suitable for the photo-generated electrons to carry out the
reduction of H,O to H,. The essential steps of the reaction
include the separation of electrons and holes by absorption of
light by CdS and the transfer of electrons to its conduction
band. Absorption of light by a photo-catalyst increases by
increasing the surface area of CdS per unit volume of catalyst.
Surface area and bandgap can be increased when the particle
size reduces to nano dimensions. Increase in bandgap shifts
the absorption from the visible to the UV region. However,
in nanostructures, recombination of photo-generated electrons
and holes also takes place at an enhanced rate due to inadequate
bending of bands. Thus, considerable attention has been
paid to prevent charge recombination in order to improve the
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activity of CdS. The step reported in the literature to prevent
charge recombination is by doping with metals like Pt to
the semiconductor so that the photo-generated electrons are
transferred from the conduction band of CdS to the Pt metal.
Incorporation of another semiconductor has also been reported
to improve the activity [17]. In this paper we report the
synthesis of CdS nanorods via the solvothermal route using a
novel precursor and these nanorods have been effectively used
for the photocatalytic H, production.

2. Experimental section

2.1. Materials and methods

Preparation of CdS nanostructures involved an initial synthesis
of cadmium precursor cadmium oxalate from 1 M each of Cd
(NO3),-4H,0 and K,C,04-H,0. Cadmium oxalate formed
was filtered, washed with deionized water and dried in a hot air
oven at 120 °C. Formation of cadmium oxalate was confirmed
by XRD. About 1 g of cadmium oxalate was weighed and
transferred to a two neck round bottom flask. Ethylene glycol
(20 ml) was added to this and stirred well until a good
dispersion was achieved. Ammonium sulfide (20%, 10 ml)
was then added to the mixture slowly and refluxed in a stream
of Ar atmosphere in an oil bath, which was maintained at a
temperature of 60°C for 3 h. An excess of (NH4),S had
been taken to facilitate the complete conversion of oxalate
to sulfide. The yellow CdS formed was filtered and washed
with absolute ethanol and dried in a hot air oven at 150°C.
In order to study the effect of calcination CdS as synthesized
was calcined first in air atmosphere for 30 min to remove the
organic impurities and then for 3 h in N, atmosphere at a
temperature of 350 °C. Pt (1%, 0.2%) loading of CdS was done
by the impregnation method using H,PtClg solution. Bulk CdS
has been prepared by the simple addition of 1 M solutions of
CdNO3-4H,0 and (NHy4),S. The orange coloured precipitate
obtained was filtered, washed with deionized water and dried
in an oven at 120 °C. All the five samples were tested for their
photo-catalytic activity under UV light towards H, production.

2.2. Characterization

Characterization has been done using TEM, EDX, HR-
SEM, XRD, UV-visible spectra, photoluminescence and
fluorescence studies. Surface area was determined by the
BET N, adsorption method. Powder x-ray diffraction patterns
of the CdS samples were recorded using a Shimadzu XD-
D1 diffractometer using Ni-filtered Cu Ko radiation (A =
1.5418 A). UV-visible absorption spectra were recorded
using a Varian Cary 5E UV-vis—NIR spectrophotometer in
the spectral range of 200-800 nm. Absorption spectra for
catalyst samples were recorded as Nujol paste. The specific
surface area, pore size and pore volume of the samples were
measured using a Sorptomatic 1990 instrument at 77 K. Prior
to the sorptometric experiment, the samples were degassed at
150°C for 12 h. The surface morphology of the CdS particles
was analysed using SEM images using a JSM-6330F, high
resolution scanning electron microscope (HR-SEM) operating
at 20 kV. The transmission electron micrographs (TEMs) were
recorded with a JEOL-JEM 100SX microscope, working at
a 100 kV accelerating voltage. High resolution transmission
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electron microscopy (HRTEM) was performed using a
JEOL-3010 transmission electron microscope operating at
300 kV. Samples for TEM were prepared by dispersing the
powdered sample in ethanol by sonication and then drip
drying on a copper grid (400 mesh) coated with carbon
film. Photoluminescence (PL) measurements were carried out
on a Hitachi 850-type visible ultraviolet spectrophotometer
with a Xe lamp as the excitation light source and the
fluorescence measurements were made on a Hitachi F-4500
spectrofluorimeter with an Xe lamp of voltage 100 W. Gas
chromatographic analysis was done on a Nucon model 5765
gas chromatograph.

2.3. Photo-catalytic study

About 0.1 g of the catalyst sample was weighed and transferred
to a quartz reactor containing 50 ml of an aqueous solution of
both 0.35 M Na,S and 0.24 M Na,SO; with a pH of 9.7 &
0.1. The mixture, Sz‘/SOg_, is acting as the sacrificial agent
here [18]. Further improvement of the hydrogen evolution
could be achieved by loading the Pt on the CdS. Chemical
interaction between CdS and another semiconductor or metal
will affect the low energy surface states of CdS, leading
to an enhanced activity. Photo-catalytic hydrogen evolution
experiments were performed on these materials using a quartz
reactor with options for water circulation at the outer wall
of the reactor and specific outlet for gas collection. Before
illumination by a UV source, the solution was de-aerated with
nitrogen gas for 30 min to remove the dissolved oxygen. Then
the mixture was irradiated with a 400 W Hg lamp (Oriel
Corporation, USA). The lamp has a wavelength distribution
ranging from 200 to 2500 nm (including UV-visible and near
IR) with a peak wavelength of 365 nm. The evolved gas was
collected over brine water using an inverted gas burette.

The gaseous products, after being collected, were analysed
using an FFAP column and thermal conductivity detector
(TCD) for the confirmation of H,. For the detection of
hydrogen, nitrogen was used as the carrier gas and for that
of oxygen/moisture the carrier gas was hydrogen. Traces of
moisture and oxygen have been detected using SE-30 as the
column. Moisture may be coming from the aqueous reaction
medium, along with the liberated gas.

3. Results and discussion

3.1. X-ray diffraction studies

X-ray diffraction patterns of the various samples are given in
figure 1. Analysis of the diffractogram indicated CdS nanorods
(pattern A) to be a mixture of two phases, namely, hexagonal
and cubic (JCPDS file No 800006 and 890440). Considerable
broadening is evident from the XRD data. It has been observed
that one particular plane, hexagonal (100), has preferentially
grown [19] as the maximum intense peak, whereas the other
two planes (002) and (101) have diminished intensities. This is
an indication of one dimensional growth of the CdS. In the case
of the calcined sample (pattern B) at 350 °C one can see more
crystalline and clear CdS peaks of only hexagonal phase, and
pattern C shows the highly amorphous nature of the bulk CdS.
The (1%) Pt loaded sample (pattern D) shows much diminished
CdS peaks along with a well defined peak of crystalline Pt. The
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Figure 1. X-ray diffractogram of (A) CdS nanorods as synthesized;
(B) calcined CdS; (C) bulk CdS; (D) Pt/CdS and (E) cadmium
oxalate.

XRD pattern of cadmium oxalate (pattern E) matches with that
of its JCPDS file No 140712, and it can be seen that there are no
cadmium oxalate peaks present in the as-synthesized sample.
The crystallite size of the as-synthesized CdS nanostructures

has been calculated using the Scherrer equation [20] from
FWHM values of the peak corresponding to the cubic (200)
with a 260 = 30.6 and is around 6 nm. The size calculated for
the hexagonal (102) plane at 260 = 36 is around 21 nm, which
conveys that the hexagonal CdS has bigger particle size. These
particle size values calculated from XRD using the Scherrer
equation match with that of the actual width of the nanorods
calculated from the TEM images (figure 2).

3.2. Transmission electron microscopic studies

TEM images are given in figure 2. From the TEM pictures it is
calculated that the length and the width of the rods and plates
vary in the range 90-200 nm and 6-20 nm respectively. The
single crystalline nature is evident from the electron diffraction
pattern. The energy dispersive x-ray analysis (EDX) spectrum
(figure 3) shows the presence of cadmium and sulfur. In
the case of the calcined sample (figure 4), an increase in
size is observed in the TEM pictures. This increase in
size explains the lesser activity observed upon calcination for
photo-catalytic water splitting. Calcination will enhance the
agglomeration of the nanorods to form bigger particles, thus
reducing the surface area. Calcined CdS is found to have
a size distribution of 160-250 nm. The ring pattern of the
electron diffractogram obtained for the calcined sample is
proving its polycrystalline nature. The lattice spacing (figure 5)
calculated from the HR-TEM exactly matches that calculated
from XRD and is equal to 3.32 A, which is in good agreement

Figure 2. TEM pictures of the CdS nanostructures as synthesized. The SAED pattern for CdS as synthesized is shown in the inset.
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Figure 3. EDX spectrum obtained from CdS nanorods.
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Figure 4. TEM of CdS nanorods after calcination at 350 °C; SAED
pattern shown in the inset.

Table 1. Bandgap values of the samples calculated from the
UV-visible absorption spectra.

Onset of absorption ~ Bandgap
Sample name (nm) (eV)
CdS nanorods 483 2.57
CdS nanorods calcined  512.4 2.42
CdS bulk 531 2.34

with the JCPDS d spacing value for the (111) plane of the
cubic phase of CdS. Supplementary data files are available at
stacks.iop.org/Nano/17/5271

3.3. Optical absorption studies

UV-visible absorption spectra were recorded for CdS nanorods
as synthesized, CdS nanorods calcined and for the bulk CdS
(figure 6). The onset of absorption in the as-synthesized CdS
nanorods is at 483 nm. In the calcined sample and in the bulk
CdS the onset of absorption is 512.4 and 531 nm respectively.
CdS is a typical direct bandgap semiconductor. When the size
of CdS nanocrystals becomes smaller than the exciton radius,
a remarkable quantum size effect leads to a size-dependent
increase in the bandgap and a blue-shift in the absorption
onset [21]. The increment in bandgap is approximately
inversely proportional to the square of the crystal size based
on the effective mass approximation [22]. The bandgap of
CdS is affected by the preparation technique; but no consistent
correlation seems to exist between the bandgap and the activity.
The values of bandgap calculated [23] for the three samples are
given in table 1.
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Figure 5. HR-TEM images of CdS nanorods: (A) CdS lattice;
(B) CdS nanoplate.
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Figure 6. UV-visible absorbance spectra of (a) CdS nanorods;
(b) calcined CdS nanorods and (c) bulk CdS.

3.4. Photo-luminescence spectroscopy

Photoluminescence (PL) measurements were carried out
at room temperature with excitation wavelength 483 nm.
Photoluminescence spectra of the solid sample of the CdS
nanorods are shown in figure 7. As expected we have two
emission peaks, corresponding to exciton emission (533 nm),
which is sharp and located near the absorption edge, and the
second one, which is located at a longer wavelength (668 nm),
which is broad and due to the trapped states [24] present
because of the surface excess of either Cd** or S*~ ions.
When we excited the sample at 238 nm (figure 8), where
there was one weak absorption, we could get a very weak
low intensity emission at 346 nm, which can be attributed to
a higher level transition in the CdS crystallites. Reports are
available that this kind of band edge luminescence is caused by
the recombination of excitons or shallowly trapped electron—
hole pairs. The apparent blue-shift and the strong peaks are
also indicative of the size quantization of as-prepared CdS
nanorods.

3.5. Fluorescence spectroscopy

The spectra are typically asymmetric (figure 9) and suggest
strong acoustic phonon coupling but weakly intense in the
case of CdS. Fluorescence emission from the CdS nanorods
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Figure 7. Photoluminescence spectra of the CdS nanorods at room
temperature; the excitation wavelength for the emission spectra is
483 nm. (A) Emission due to the excitons and (B) emission due to
the trapped states or excess surface states.

is broad, probably indicating a distribution of particle sizes or
shapes, and the same is corroborated by the TEM pictures.

3.6. High resolution scanning electron microscopic
measurements

HR-SEM images are given in figure 10. It is evident from
the image that the as-prepared sample has a dendritic [25]
surface morphology and each leaf-like projection forming
the dendritic structure has many crests and troughs, which
increases the surface area. This explains the increased catalytic
activity of the as-synthesized sample. Calcined sample surface
morphology reveals the complete destruction of the active sites
due to agglomeration and hence poor activity.

3.7. Surface area and pore volume analysis

CdS nanostructures as synthesized are found to have the
highest surface area and pore volume and hence activity also.
Calcined CdS is found to have better surface area and pore
volume values (table 2) when compared to bulk CdS, even
though the catalytic activity was found to be almost the same.
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Figure 8. Photoluminescence spectrum; excitation wavelength
238 nm.

2500
340 nm
A Excitation
2000 L
B Emission

=y
7]
c
2
£ 1500 1
]
Q
c
8
9 1000 1
e
S
o
[

500

x T x T x
250 300 350 400
Wavelength (nm)

Figure 9. Fluorescence spectrum of the sample: CdS nanorods emit
white light at 340 nm under photo-luminescent excitation at 283 nm.

This may be due to the partial destruction of the active sites
upon calcination.

3.8. Mechanism of nanostructure formation

Various nanostructure formations can be explained by the
following proposed mechanism. Cadmium oxalate has a three-
dimensional network structure with oxalate as the binding
ligand. When ammonium sulfide is added to such a system
the excess Cd>* ions on the surface will react with sulfide ions
(scheme 1), thus initiating the sulfide formation. Replacement
of the oxalate ligand is from the surface and only one side
of the material is exposed to sulfur, which means there will
be the formation of nanorods because of the one dimensional
growth, and if the oxalate ligands are replaced simultaneously
from each side then there will be a planar growth of the CdS
leading to the plates and strips. Similarly, the growth as well
as the replacement can take place in oriented planes, leading to
various polygonal structures.
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Figure 10. HR-SEM images of (a) as-prepared CdS (dendritic surface morphology); (b) one leaf-like projection of the dendritic structure;
(c) crests and troughs on the surface; (d), (e) surface morphology of the CdS nanorods calcined at 350 °C.

60 °C S
+(NH,),8 —
s

’.+HCO + NH

Scheme 1. A proposed mechanism for the growth of CdS nanostructures in ethylene glycol medium.

Table 2. Specific surface areas and pore volumes of the CdS
samples.

BET surface area  Pore volume

Sample name ~ (m? g!) (em® g1
CdS nanorods  43.09 0.1539
Calcined CdS  12.50 0.0505
Bulk CdS 4.61 0.0241

3.9. Photo-catalytic activity

The photo-catalytic studies for hydrogen production have been
conducted with CdS particles suspended in a solution contain-
ing a mixture of SZ—/sog— species. Here this mixture acts as a
sacrificial agent [18]. Addition of sulfite ions, which efficiently
suppresses the formation of elemental sulfur, allowed hydrogen
to evolve at a higher rate. As a hole scavenger, Na,S is superior
to Na,SO3 with respect to increasing the hydrogen evolution.
The sustained activity was observed for the CdS samples dur-
ing the course of the reaction. This can be attributed to the
regeneration of sulfide ions in the presence of sulphite, thus
preventing the photo-corrosion of the CdS catalyst [26]. The
corresponding chemical equations are given:

S+8* — 83
S +S02 — $,0% + 87

Further improvement of the hydrogen evolution could be
achieved by loading the Pt on the CdS. Chemical interaction
between CdS and another semiconductor or metal will affect
the low energy surface states of CdS, leading to an enhanced
activity. Hence, under the given experimental conditions, the
presence of sacrificial agent, an electron sink in the form of Pt
on the surface and the morphology of the particle have percep-
tible influence on the photo-catalytic hydrogen production.
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Figure 11. The amount of hydrogen produced on various catalysts.

In photo-catalytic hydrogen evolution activity, the 0.2%
Pt loaded sample is found to give the highest activity among
all other catalyst systems tested (figure 11). Almost 26 ml of
H; is produced after 6 h of the light exposure. Moreover, it is
observed that the CdS nanorod as synthesized gives a better
activity than even the 1% Pt loaded CdS nanorod. This is
because of the partial covering of the CdS surface by Pt and
hence the light interaction with the surface will be minimized.
Thus if the amount of Pt is more on the surface, the photo-
activity will be less. Apart from this, as-synthesized CdS has
a mixture of hexagonal and cubic phases, out of which the
cubic phase is more photo-active [27] for the H, production.
Calcined and bulk samples are found to give almost the same
activity. The calcined sample is crystalline with a definite
band structure and phase structure (hexagonal) and the bulk
sample is amorphous with no defined bandgap. Even then
the activities are quite similar. From this one can say only
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qualitatively that the cubic phase is more photoactive than the
other forms of CdS. Apart from the size effect, there are other
parameters on which the photo-absorption depends and hence
no generalization can be made with phase structure and photo-
catalytic activity.

4. Conclusions

We have described a simple chemical method to directly
prepare CdS nanostructures without any catalysts, surfactants
or template. The reaction conditions are simple and can
also be done under atmospheric bench top conditions for
large scale preparations. It is highly probable that this
approach can be extended as a general synthetic method for
other metal sulfides such as PbS, Cu,S, ZnS, WS,, etc.
A controlled aspect ratio and an enhanced yield can be
obtained by suitably manipulating the growth conditions such
as the composition of the reaction solvent, the amount of the
precursor and the reaction temperature. Photoluminescence
measurements at room temperature show that the synthesized
CdS nanorods emit a strong and stable bluish green light and
their luminescent peaks are at about 533 nm and 668 nm.
Particle sizes calculated from the XRD and TEM images
are found to be in good agreement. An unusual dendritic
surface morphology was observed in the as-prepared sample.
An optimum loading of 0.2 wt% of Pt/CdS was used to get
maximum photocatalytic H, production.
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