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Cadmium sulfide nanoparticles (NPs) coupled to zinc oxide nanorods (NRs) were synthesized in a two step
deposition process at relatively low temperatures. The ZnO NRs were grown using solvothermal method, followed
by the deposition of CdS NPs at 50 °C using in-situ and ex-situ synthesis from aqueous solutions. The samples
were characterized by X-ray diffraction, scanning electron microscopy, and optical absorption. When the ZnO NRs
are coated by the CdS NPs, the optical absorption is enhanced and band edge is shifted towards visible region
as compared with ZnO NRs. Photocatalytic activity of the synthesized ZnO NRs / CdS NPs composites in the
photooxidation of hydroquinone C4H4(OH)s in aqueous solution is closely connected with the coupling route.
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1. Introduction

Inorganic nanostructures have become ideal systems for revealing novel phenomena at
nanoscale, leading to a wide range of applications [1-3]. Depending upon the dimensional-
ity and the capability of tailoring the morphology, they are becoming essential for smart and
functional materials. Foremost, numerous research efforts have been concentrated on the en-
vironmental use of semiconductor inorganic materials as photocatalysts in processes such as
the decomposition of toxic organic compounds and hydrogen production via water photoly-
sis [4]. A variety of geometrical morphologies [5-8] are being investigated for the different
semiconductor nanostructures to explore novel properties out of those materials. Among the var-
ious photocatalytic semiconductor materials, metal-oxide semiconductors such as ZnO (3.2 eV),
TiOs (3.2 eV), a-Fe;0O3 (3.1 eV) and WO3 (2.8 ¢V) have been researched intensively as prac-
tically applicable photocatalysts, because of their high photocatalytic activities and economical
synthetic routes [9, 10]. However, these single metal-oxide photocatalysts have wide band-gap
energies, which are disadvantageous for the absorption and use of the visible light region of
solar energy. To improve photocatalytic activities, composite semiconductor photocatalyst sys-
tems with different geometry [11-16] have received a great deal of attention because of two
important reasons. First, in the composite semiconductor systems with different energy levels,
wide band-gap semiconductors can utilize visible light by coupling narrow/mid band-gap semi-
conductors (CdS, In,S3, Bi;O3) which are visible light active materials [17,18]. Second, charge
injection from one semiconductor into another can lead to efficient and longer charge separation
by reducing the electron — hole pair recombinations [19,20]. The coupled semiconductors, in
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particular, are attracting attention not only for their successful implementation in the photocat-
alytic degradation of organic pollutants, but also in renewable energy conversion [21,22] as a
new generation of solar cells.

Among the different photoactive semiconductor nanostructures, the ZnO based nanocom-
posites [12-14] gained extreme importance for its different advantages, such as direct band gap,
ease of crystallization, anisotropic growth, nontoxicity, higher excitation binding energy of
60 meV, higher electron mobility (200 cm?V~!s~1) and simplicity in tailoring the morphology.
CdS (bulk band gap 2.42 eV) is one of the most appropriate sensitizer for ZnO. Recently, many
groups have attempted to develop different synthetic routes for the efficient creation of CdS-ZnO
heterojunctions with different morphology. The study of CdS/ZnO system for photocatalytic ef-
fect not only varies in synthesis technique but also has wide variety of efficiency, according
to the structure of the composite. Different CdS-ZnO systems, e.g. flower-like CdS-ZnO
nanocomposite [11], urchin like CdS@ZnO [16], nanotubes arrays of CdS/ZnO [23], partially
or fully covered CdS nanoparticles on ZnO nanorods [24], ZnO/CdS core shell nanorods [14],
CdS nanoparticles/ZnO nanowires heterostructure [25,26] have been reported. Nevertheless,
such key factors like the development of facile methods for the synthesis, surface modification,
linking and sensitizing CdS NPs to ZnO still remain unsolved. This problem is very urgent,
because despite the advantages known for using coupled semiconductors, the conversion effi-
ciency of such structures is still not very high and requires further development. Two possible
reasons for the low photovoltaic performance are the difficulty of assembling NPs into meso-
porous oxide film and the presence of a large number of unpassivated or partially passivated
surface states. These surface states can act as trap centers for holes and electrons, leading to
lower photovoltage and photocurrent [27].

Today for the sensitization of semiconductor NPs to TiO,, generally two routes are
followed:

(1) In-situ synthesis and deposition of NPs by chemical bath deposition (CBD) [28] or
successive ionic layer adsorption and reaction (SILAR) [29] method. In this route the
NPs are directly grown onto the oxide material surface by the chemical reaction of
respective ionic species.

(i1) Ex-situ route linking the synthesized colloidal NPs to the oxide material surface via a
bifunctional linker [30].

Both routes have their own advantages and disadvantages. The former route shows better
performance due to less spatial distance between the NPs and the substrate surface. While the
latter route has an advantage of controlling the NPs properties like size and shape. In both
routes, the growth rate is controllable by solution, pH, temperature and relative concentrations
of the reactants in the bath solution.

In this work, we report our observations following the use of both routes for the coupling
of CdS NPs to the ZnO nanorods (NRs) which were grown using the solvothermal method. We
have analyzed the effect of chemical route on the coverage quality of ZnO NRs by CdS
NPs. The structural and optical properties of the coupled semiconductor ZnO NRs — CdS NPs
have been investigated. This composite semiconductor showed the visible light absorption and
photocatalytic activity.

2. Experimental
2.1. Materials used

To synthesize ZnO NRs, the following precursors were used: zinc oxide ZnO, formic
acid HCOOH and ethylene glycol HO(CH3),OH. The precursors employed to synthesize CdS
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NPs by CBD include cadmium chloride hydrate CdCly-2H50, thiourea SC(NH>),, aqueous am-
monia (NH,OH) (19 %) and ethylenediaminetetraacetic acid disodium salt dihydrate
C19H14NoNayOg (NagEDTA). Sodium hydroxide NaOH was used for adjusting the pH. Sodium
sulfide nonahydrate Na,S-9H,O was used for synthesis of colloid CdS NPs. All the chemicals
were purchased and used as procured for all stock solution preparations.

2.2. Preparation of ZnO NRs

Firstly, ZnO NRs were synthesized by solvothermal method based on the thermolysis of
the organometallic complexes and reported elsewhere [31-33]. For the present investigation, the
formate glycolate zinc complexes Zn(HCOO)(OCH;CH;0), /> with fiber shaped crystals were
pre-synthesized via two steps

700 + 2HCOOH + H,0 = Zn(HCOO), - 2H,0, (1)

Zn(HCOO), - 2H,0 + 1/2HOCH,CH,0H = ®

The latter interaction of zinc formate Zn(HCOO),-2H,O with ethylene glycol was carried
out at temperature not higher than 120 °C. The solid reaction products were separated from the
liquid phase by vacuum filtration, washed with anhydrous acetone, and dried at 40 °C to
remove acetone. Thermal decomposition of fibrous Zn(HCOO)(OCH;CH20),/, to ZnO in air
is an exothermic process that occurred at 450 °C over 4 h. The post-annealed particles of
the formed ZnO NRs acquired the fibrous shape of the Zn(HCOO)(OCH;CH;0); /> precursor
crystals.

2.3. Preparation of CdS aqueous colloid solution

To prepare stable aqueous colloidal solutions of CdS nanoparticles, solutions of 12.5 mM
CdCls, 12.5 mM Na,S, 12.5 mM Nay;EDTA were mixed at room temperature under continuous
stirring. The starting concentration ratio of the precursor ions in a solution was equal to
Cd?* : S?~ : EDTA* =1: 1 : 1 [34,35]. While mixing the precursor solutions, two reactions
occur:

CdCl, + Na,EDTA = Cd(EDTA) + 2NaCl, 3)

Cd(EDTA) + NayS = CdSv + Na, EDTA. 4)

Both aggregate and sedimentation stability of the colloidal solution is achieved through
the formation of double ion and the adsorption-solvate layers at the adsorption of ions EDTA%~
on the surface of the CdS disperse phase [34,35].

2.4. Coupling of ZnO NRs by CdS NPs

In-situ synthesis (CBD): The CdS NPs were deposited on ZnO NRs from a chemical
bath containing: (i) 5 mM CdCl,, 25 mM thiourea and 2 % NH,OH at pH = 12.5 (sample 1);
(1i1)) 5 mM CdCl,, 25 mM thiourea and 10 mM Nay,EDTA at pH = 13.5 (adjusted with NaOH)
(sample 2). In both cases, the ZnO NRs powder was immersed in the chemical bath solution
for 180 min at 50 °C. Aqueous ammonia and Na,EDTA solution act as a complexing agents
forming intermediate cadmium complexes [Cd(NH3);"]Cly or [Cd(EDTA)] releasing cadmium
ions. The alkaline medium provides sulfide ions via the conversion of thiourea to cyanamide.
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During CBD the CdS NPs are directly grown onto the ZnO NRs surface by the overall chemical
reactions of respective ionic species:

Cd(NH3),CI>* 4 SC(NH,), + 2NH,OH = CdS + HyNCN + 4NH; + 2NH,C1 4 2H,0, (5)

Cd(EDTA) 4+ SC(NHy)s + 2NaOH =- CdS + HoNCN + Nay,EDTA + 2H,0. (6)

Using ammonia complexes, Cd(NH3),Cl, leads to supersaturation with respect to
Cd(OH); and as a result, to Cd(OH), crystal formation at the first stage of the CBD pro-
cess [36,37]. The second stage leads to the CdS solid phase formation. The overall reaction (5)
should be written as

Cd(OH), + SC(NH,), = CdS + H,NCN + 2H,0. (8)

The presence of the Cd(EDTA) complex prevents formation of the oxygen containing
compound while CdS synthesis and is described by (6).

Formation of Cd(OH), phase is important synthetic factor for two reasons. Firstly, it is
well known that interdiffusion occurs between the CdS sensitized layers during the annealing in
oxide and chalcogenide solar cells [38]. Sulfur diffusion is responsible for the thinning of the
CdS film and this may result in poor device performance. Oxygen has been shown to reduce
the diffusion of S. The reason is likely the Cd-O bonds at the grain boundaries, which reduce
the S diffusion [39]. Secondly, it is an experimental fact that high quality adherent CdS layers
and films can be obtained from alkaline baths, which are in a formal sense supersaturated with
respect to the precipitation of the oxygen containing compound, namely Cd(OH),, and this holds
irrespective of the substrate employed and substance sensitized [40]. It is well known that the
carboxylic group in the dyes plays vital role for the adsorption of the dyes upon oxide surface
in quantum dot sensitized solar cells [41].

For these reasons we decide to synthesize ZnO—-CdS composites both with and without
Cd(OH), and trace the influence of Cd(OH), on microstructure and properties of composites.

Ex-situ synthesis (colloid synthesis): The powder of ZnO NRs was immersed into the
aqueous colloid solution of CdS NPs and maintained for 180 min at 50 °C. The CdS NPs are
then linked onto the ZnO NRs surface via the absorption processes (sample 3).

After the CBD and colloid synthesis, the powder samples were filtered, washed with
deionized water and air dried.

2.5. Crystal structure, microstructure, optics and photocatalytic activity measurements

X-ray diffraction (XRD) patterns of ZnO NRs / CdS NPs composites were obtained
using a Shimadzu MAXima-X XRD-7000 automatic diffractometer with CuKar (A = 1.5406 A)
with 26 angle step 0.03 ° and exposition time of 10 sec. The scanning electron microscopy
(SEM) was carried out in order to analyze the microstructure and morphology of all synthesized
samples using JEOL-JSM LA 6390. To confirm the change in bandgap, the UV and Vis spectra
in the wavelength range of 300-700 nm (BaSO, was used as the standard) of bare ZnO NRs and
Zn0O NRs / CdS NPs composites were recorded using Shimadzu UV-2401 PC spectrophotometer.

To examine the photocatalytic activity, hydroquinone C¢H,(OH), (HQ) dye was chosen
for the photodecomposition study. The ZnO NRs coupled by CdS NPs composite samples were
immersed in 0.4 mM of HQ aqueous solution and irradiated by a blue light fluorescent lamp



A facile route of coupling of ZnO nanorods by CdS nanoparticles . . . 583

with the emission maximum in the wavelength range of 440-460 nm. The remaining amounts
of HQ in the solution were determined by voltammetry on a PU-1 polarograph at a potential
sweep rate of 0.030 V/s.

3. Results and discussion

X-ray diffraction patterns of CdS—-ZnO composites (Fig. 1) show narrow peaks of highly
crystalline ZnO (space group No. 186, P63,,.) and broad peaks of nanostructured CdS. The
crystal structure of CdS can be identified as random close-packed structure (RCP) with an
average lattice having unit cell parameters a = 0.236 nm and ¢ = 0.334 nm [42]. The Cd
and S atoms in the unit cell of the average lattice occupy single positions as P6 and 1(a) with
the coordinates (0 0 z), where z = 0 and 1/v/24 , respectively; the filling factor of these
positions is 1/3. In sample 2, some broad peaks pointed to the high probability of ordering
CdS nanoparticles to hexagonal closepacked structure (HCP, space group No. 186, P63,,.). In
sample 3, the crystal structure of CdS NPs is amorphous. Sample 1 contains crystalline Cd(OH),
(space group No. 164, P — 3m1) and phase ratio are equal ZnO : CdS : Cd(OH), = 17 : 52 :
31. Samples 2 and 3 do not contained hydroxide, and CdS portion is 19 % (vol.) in sample 2,
and less the 1 % in sample 3.

The photo gallery of Fig. 2 shows the typical SEM images of the synthesized ZnO
and ZnO-CdS nanocomposite structure. Particles of bare ZnO are extended micrometer-sized
aggregates with a fine fibrous structure (Fig. 2a) which may be called NRs. Fig. 2 (b—d) shows
the morphology of ZnO NRs while coupling by CdS. To corroborate the chemical and phase
analysis, EDX was carried out and the results show the existence of Cd, S, Zn and O elements in
CdS-ZnO nanocomposites, but the atom space distribution in the samples 1-3 is quite different.
On the scale of SEM, sample 1 is a mixture of ZnO NRs and well-shaped hexagonal prisms of
nearly the same size in the micrometer range (Fig. 2b). With a focused beam, EDX exclusively
confirmed Cd, O and S species were found inside these hexagonal prisms, therefore they are
identified as Cd(OH), polycrystals containing about 10 at.% of CdS. The highest concentration
of CdS in sample 1 is located on the ZnO NRs surface. Sample 2 is also predominantly a
mixture of ZnO NRs and nanocrystalline CdS particles (Fig. 2c). It is evident from Fig. 2d that
the sample 3 is ZnO NRs — CdS NPs composite material formed by polycrystals of a nearly
uniform fiber like morphology.

Image 2(a—d) clearly exhibits the porous nature of the ZnO NRs. This porous structure
of ZnO helps in the coupling of CdS NPs, because when NPs are embedded on ZnO, NPs
actually occupy these pores where they get adsorbed.

The fulfilled XRD phase analysis of sample 1 confirmed by SEM proves the reaction
mechanism of CdS formation to be considered the same as proposed by Kitaev et al. [36] (see
eq. 7, 8).

Figure 3 shows the optical absorption spectra of the of bare ZnO NRs and ZnO NRs /
CdS NPs composite samples 1-3, which were synthesized according to the procedure described
above. The increase in the absorption spectra of samples 1-3 at 420480 nm suggests the
presence of at least two phases, confirming XRD and SEM data. As can be seen from this figure,
the fundamental absorption band edge of the ZnO NRs / CdS NPs composite is shifted toward
lower energies with respect to the absorption band of the initial bare ZnO. In order to determine
the effective band gaps, the absorption spectra were converted to the form (ahv)? = f(hv).
The dependence of the absorption coefficient for ZnO as a direct band gap semiconductor on
the frequency near the absorption edge is described by equation (9)

alv) = [A(hl/ - Eg)l/ﬂ /hv, 9)
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F1G. 1. X-ray diffraction patterns of ZnO-CdS nanocomposites. ZnO NRs are
coupled by CdS NPs in aqueous solutions via following routes: 1 — in-situ CBD
synthesis using ammonia complexes Cd(NH3)?"; 2 — in-situ CBD synthesis using
EDTA complexes Cd(EDTA)?~; 3 — ex-situ synthesis using pre-synthesized CdS
colloid solution

where « is the absorption coefficient, v is the photon energy, £, is the optical band gap, and
A is a constant that does not depend on the frequency v [43]. According to this equation, the
optical band gap can be obtained by the extrapolation of the linear part of the (ahv)? = f(hv)
to the intersection with the abscissa axis. The determined Eg values are presented in Table 1.

Optical absorption data suggest the following conclusions. The intensity of absorption
from 440-480 nm after coupling ZnO NRs to CdS NPs increases with increased CdS content
and reaches its maximum for sample 1. Furthermore, the blue shift of the absorption edge is
due to exciton confinement in CdS NPs. For this reason, CdS NPs with size of 2 nm (sample 3)
reduce the absorption intensity greatly from 440-480 nm.

To demonstrate the effects of visible light absorption ability of the ZnO NRs / CdS NPs
composites on photocatalytic activity, we tested the samples under conditions similar to that
of natural solar-light irradiation. The photocatalytic properties of the synthesized ZnO NRs /
CdS NPs composites are examined using model reaction of HQ oxidation in aqueous medium.
The kinetic curves of HQ oxidation, demonstrating a change in the HQ concentration with time
under visible light irradiation (440-460 nm), are shown in Fig. 4. The inset of Fig. 4 shows
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F1G. 2. Typical SEM images of bare ZnO NRs (a) and ZnO NRs / CdS NPs
composite material (b—d). ZnO NRs are coupled by CdS NPs in aqueous solutions

via in-situ CBD synthesis (b — sample 1, ¢ — sample 2) and ex-situ synthesis in
the pre-synthesized CdS colloid solution (d — sample 3)

the conversion degree of HQ to quinone after 8 hours of irradiation. The conversion degree
represents the ratio of residual HQ concentration to the initial one. It is seen that the HQ
oxidation rate increases in the series of reactions: solution without and in presence of ZnO
NRs / CdS NPs composites. The highest rate and conversion degree of oxidation reaction is
observed for sample 1.

Comparing the results for samples 1-3 obtained from XRD, optical and photocatalytic
data, we suggest that the higher photocatalytic activity of the sample 1 in comparison with
samples 2 and 3 (Fig. 4) is due to the higher content of CdS NPs in semiconductor composite
(Table 1) and not to smaller particle size.

4. Conclusion

Semiconductor composite materials, consisting of CdS NPs embedded in a ZnO NRs,
have been successfully produced by two step deposition process at relatively low temperatures.
The ZnO NRs grown by solvothermal process were coupled by CdS NPs at 50 °C using in-
situ and ex-situ routes in aqueous solutions. [In-situ deposition of CdS NPs was carried out
by CBD from solutions both supersaturated and unsaturated with respect to Cd(OH), crystal
phase. Ex-situ coupling ZnO NRs was held in pre-synthesized colloid solution of CdS NPs.
Optical absorbance measurements show a blue shift of the Eg of CdS NPs due to the quantum
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F1G. 3. Optical absorption spectra of uncoupled ZnO (experimental E, =
3.23 eV) and ZnO NRs / CdS NPs composites (samples 1-3) obtained in UV
and visible regions at room temperature. Visible light irradiation range while
photocatalyzing HQ oxidation is highlighted by a gray bar

TABLE 1. Structural and optical characterization of CdS NPs in ZnO NRs / CdS
NPs composites in dependence of coupling route. Experimental values of HQ
conversion degree after oxidation in air in the presence of ZnO NRs / CdS NPs
composites under irradiation at 440-460 nm for 12 h

Sample | Coupling route Corri)lz)assifion Characterization of CdS NPs in Cd(:g;:zsg)tfl
Zn0:CdS:Cd(OH), ZnO NRs / CdS NPs composites HQ. %
Particle size Crystal E,,
< D >* nm structure eV
in-situ CBD at random
1 pH = 12,5 17 :52: 31 7 close-packed 2.3 85
in-situ CBD at ) ) hexagonal
2 pH = 13.7 8121920 > close packed 24 7
ex-situ from
pre-synthesized L
3 colloid solution 9:1:0 <2 amorphous | 2.7 83
of CdS NPs

“The average particle size <D> was determined from XRD data using Debye-Scherrer
formular [44].

confinement effect in the CdS NPs. The mean size of the CdS NPs in composites was observed
to range from 2-7 nm. All synthesized ZnO NRs / CdS NPs composites show photocatalytic
activity in the photooxidation of HQ in aqueous solution.

The most uniform fiber like morphology is observed for ZnO NRs / CdS NPs composite
synthesized using ex-situ coupling (sample 3), but the CdS quantity (about 1 at.%) on ZnO NRs
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F1G. 4. The kinetics of catalytic oxidation of HQ aqueous solutions under visible
light irradiation (440-460 nm) without and in presence of ZnO NRs / CdS NPs
semiconductor composites (samples 1-3). The inset shows the conversion degree
of hydroquinone to quinone via reaction CgH,(OH); + 0.5 Oy <= C3H,0, +
H5O after 8 hours of irradiation

is the smallest of three samples. The highest absorption intensity, rate and conversion degree in
the photooxidation of HQ was observed for sample 1, obtained by CBD route and containing
essential amount of Cd(OH),. The quantity of CdS NPs coupled with ZnO NRs in sample 1
is also the highest. On the one hand, Cd(OH), forms one more crystal phase and violates the
uniformity of composite microstructure. On the other, due to hydroxyl group it seems to play
a role of bifunctional linker between ZnO and CdS and makes unnecessary additional surface
treatment of ZnO NRs. This is important because despite of the porous structure of ZnO NRs,
which helps in the coupling of CdS NPs, the number of CdS NPs reaches its maximum in the
presence of Cd(OH),.

The chemical bath deposition technique of coupling ZnO NRs to CdS NPs presented
in this work is advantageous, as it is a simple and efficient way to produce nanocrystalline
semiconductor composites with controllable quantity and size of the nanoparticles, which could
find use in large area surface coatings for advanced photocatalytic and solar cell materials.
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