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Abstract

ZnxCd1�xS nanoparticles were formed in chitosan alginate nanocomposite films using spin-coating technique. Crystal structure and size,
optical properties and surface morphology were characterized by X-ray diffraction (XRD), ultraviolet–visible (UV–vis), photoluminescence (PL)
spectra, transmission electron microscopy (TEM) and atomic force microscopy (AFM), respectively. The ZnxCd1�xS nanoparticles have a cubic
structure with an average crystal size of �2 nm. With increasing Zn/Cd molar ratio, the UV–vis absorption peaks shift to low-wavelength side
with a slight intensity decrease. The relative emission intensity of the film may be changed regularly by variation of the ZnxCd1�xS nanoparticles
composition. Surface morphology of the films containing ZnxCd1�xS nanoparticles changes with various Zn/Cd molar ratios. The film
morphology goes from rough to smooth with increasing Zn/Cd, and the phase goes from bump-like shape to particle-like shape with a more
uniform distribution due to the radius difference between Zn and Cd ions.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: ZnxCd1�xS nanoparticles; Nanocomposite films; Chitosan; Surface morphology
1. Introduction

Nanostructured semiconductors have attracted considerable
interest to many research fields due to their special spectro-
scopic, electronic, and chemical properties compared to bulk
materials and have applications in optoelectronics, solar
photovoltaic devices, and chemical/biological sensors [1,2].
Among these applications, the band gap energy of a nanos-
tructured semiconductor plays an important role [3,4]. One
successful way of tuning the band gap is the combination of
different semiconductors to form alloyed semiconductors on
account of the band gap dependence on compositions [5].
Alloyed semiconductor nanomaterials have potential applica-
tions for the design of new devices, such as electronic devices,
light-emitting diodes, biological labels, and catalysts [6–8].
ZnS and CdS are the most extensively studied and widely used
II–VI semiconductors having a band gap of 3.68 and 2.49 eV,
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respectively [9,10]. Alloyed semiconductor ZnxCd1�xS has a
continuous tunable band gap between those of ZnS and CdS
owing to the mutual substitution of metal ions in lattices
[11–13]. Structural and optical properties of colloid ZnxCd1�xS
nanocrystals have been investigated [14–16]. However, few
reports are available on the fabrication of alloyed ZnxCd1�xS in
biomacromolecule composite films.
Chitosan is a natural biomacromolecule obtained by the

deacetylation of chitin and has been used in biological
applications due to its favorable properties of good biocompat-
ibility and low toxicity [17]. Alginate is also a natural
biomacromolecule extracted from brown algea [18]. Positively
charged chitosan and negatively charged alginate can form
polyelectrolyte complexes and they are suitable for composite
films owing to good film-forming abilities [19]. Furthermore,
structural properties may make chitosan and alginate as
favorable materials for composite films. The amino and
hydroxyl groups in chitosan can chelate with metal ions, and
the hydroxyl and carboxylic groups in alginate may also
complex with metal ions, which results in the formation of
ghts reserved.
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Fig. 1. The XRD patterns of ZnxCd1�xS nanoparticles in chitosan/alginate
composite films with a Zn/Cd molar ratio of 1:9, 1:1, and 9:1.

Fig. 2. Typical TEM image for the ZnxCd1�xS/chitosan/alginate composite
film with a Zn/Cd molar ratio of 1:1.

L. Wang et al. / Ceramics International 40 (2014) 4869–48734870
semiconductor nanocrystals and may provide a good opportu-
nity for bioapplications [20,21].

In the present work, ZnxCd1�xS nanoparticles were formed
during the fabrication of chitosan alginate nanocomposite films
via a simple spin-coating technique. Crystal structures and size
of the ZnxCd1�xS nanoparticles were characterized by X-ray
diffraction spectroscopy and TEM. Moreover, optical proper-
ties and surface morphology of the composite films with
various Zn/Cd molar ratios were investigated.

2. Experimental

Analytical grade reagents, zinc acetate, cadmium acetate,
sodium sulfide, acetic acid, chitosan, and sodium alginate,
were purchased from the local chemical manufacturer (Sino-
pharm Chemical Reagent Co. Ltd., China) and were used
without further purification.

Chitosan and alginate solutions were prepared as follows.
A metal-ion-containing chitosan solution was prepared by
firstly adding 0.5 g of chitosan, zinc acetate and cadmium
acetate with an appropriate molar ratio into 50 mL of deionized
water, and then adding 1 mL of acetic acid and stirred for 2 h.
A sulfur-ion-containing alginate solution was prepared by
adding 0.5 g of alginate and 2.5 mmol of sodium sulfide into
50 mL of deionized water with stirring for 3 h. An alkaline
alginate solution was prepared by adding 2.5 g of alginate into
50 mL of deionized water with stirring for 2 h, and then adding
ammonia until the pH of the solution is 14 and stirring for 1 h.

A certain amount of the chitosan solution was transferred to
a clean quartz substrate, and spin-coated for 30 min. The
quartz substrate was then dried in an oven at 100 1C for 10 min
to form a chitosan layer. Subsequently, the same quartz
substrate was covered with a certain amount of the sulfur-
ion-containing alginate solution and spin-coated and dried
similarly as the above. As a result, ZnxCd1�xS nanoparticles
formed in between the chitosan and alginate layers. The
preparation cycle was repeated to obtain more ZnxCd1�xS
nanoparticles in the polymer layers.

To characterize the phase structure of the ZnxCd1�xS
nanoparticles, XRD analysis was carried out using a D/max-
RB X-ray diffractometer (Rigaku Corporation). To observe the
size and morphology of the ZnxCd1�xS nanoparticles, a FEI-
F20 transmission electron microscopy (FEI Co.) was used. To
verify the composition of the nanoparticles, energy dispersive
spectroscopy (EDS) was carried out on EDAX. To characterize
surface morphology and optical properties of the composite
films, atomic force microscopy, UV–visible absorption spectra
and photoluminescence (PL) emission spectra was measured
using a Nanoscope IIIa (Veeco), JASCO V570 UV spectro-
photometer (Japan spectrophotometric instruments), and Hita-
chi F-4500 fluorescence spectrophotometer, respectively.

3. Results and discussion

The X-ray diffraction (XRD) pattern of ZnxCd1�xS/chito-
san/alginate nanocomposite films is shown in Fig. 1. For the
sample with a molar ratio of Zn/Cd¼9:1, the diffraction peaks
can be indexed to standard cubic ZnS (JCPDS no. 05-0566),
which is shown as the vertical lines along the axis of two theta.
The mean crystalline size is calculated to be �2 nm, using the
well-known Scherrer equation, D¼kλ/β cos θ. For the sample
with a molar ratio of Zn/Cd¼1:9, the diffraction peaks can be
indexed to standard cubic CdS (JCPDS no. 89-0440), which is
shown as the vertical lines with asterisk along the axis of two
theta. While for the sample with a Zn/Cd molar ratio of 1:1, the
peak position is in between the standard ZnS and CdS. The
results demonstrate the formation of cubic ZnxCd1�xS nano-
particles in the composite films, although the curves are a little
blur due to the presence of polymers.
Fig. 2 shows a typical TEM image for the ZnxCd1�xS/

chitosan/alginate nanocomposite film containing equal molar
of Zn and Cd. The ZnxCd1�xS nanoparticles are quite small
and uniformly distributed in the film. The size of the
ZnxCd1�xS nanoparticles is �2 nm, which is in good agree-
ment with what obtained from the XRD analysis.
Fig. 3 shows the ultraviolet–visible (UV–vis) absorption

spectra of the ZnxCd1�xS/chitosan/alginate nanocomposite
films with different Zn/Cd ratios. The curves are similar in
shape and have an absorption in the range of 290–360 nm.



Fig. 3. UV–vis absorption spectra of ZnxCd1�xS nanoparticles in chitosan/alginate
composite films with a Zn/Cd molar ratio of 1:9, 1:1, and 9:1.

Table 1
UV–vis absorption and band gap value for the ZnxCd1�xS/chitosan/alginate
films with various Zn/Cd molar ratios.

Zn/Cd
molar
ratio

Absorption
peak (nm)

Absorption
intensity

Band gap
value
(eV)

1:9 357.36 0.154 3.47
1:4 346.36 0.145 3.58
3:7 333.12 0.141 3.72
2:3 320.56 0.132 3.87
1:1 318.76 0.123 3.89
3:2 301.27 0.117 4.12
7:3 300.14 0.114 4.13
4:1 297.22 0.112 4.17
9:1 290.26 0.106 4.27

Fig. 4. Emission spectra of ZnxCd1�xS nanoparticles in chitosan/alginate
composite films with a Zn/Cd molar ratio of 1:9, 1:1, and 9:1.

Fig. 5. Variation of UV–vis absorption intensity for the peaks at 460, and
530 nm versus Zn/Cd molar ratio for the composite films.

Fig. 6. UV–vis absorption intensity ratio for the peaks at 460, and 530 nm
versus Zn/Cd molar ratio for the composite films.
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For the sample with a Zn/Cd molar ratio of 9:1, the absorption
peak locates at around 290 nm, which is significantly blue-
shifted compared to that for bulk ZnS (340 nm). For the
sample with a Zn/Cd molar ratio of 1:9, the absorption peak
locates at around 360 nm, which is also blue-shifted compared
to that for bulk CdS (515 nm). For the sample with equal molar
of Zn and Cd, the absorption peak is in between 290 and
360 nm. The result suggests that the ZnxCd1�xS nanoparticles
show quantum effect due to their small size. Further studies for
the samples with various Zn/Cd molar ratios were carried out,
and the UV–vis data are shown in Table 1. The result implies
the formation of ZnxCd1�xS nanoparticles, because a mixture
of pure ZnS and CdS nanoparticles could not lead to band gap
intermediate to those of ZnS and CdS [22]. The result also
shows that with increasing Zn/Cd molar ratio, the absorption
peak shifts to low-wavelength side, the absorption intensity
decreases slightly, and the band gap value increases. This may
be due to the difference in ionic radius of Zn and Cd, as it is
well known that the ionic radius of Cd is larger than that of Zn.
The increase in Zn/Cd molar ratio will result in the increase of
lattice and size for the ZnxCd1�xS nanoparticles and a blue
shift in absorption [5].

Fig. 4 shows the photoluminescent emission spectra of the
ZnxCd1�xS nanoparticles in the chitosan alginate films irra-
diated with the excitation light wavelength of 319 nm. There
are three broad emission located at around 460, 490, and
530 nm. The emission around 490 nm is ascribed to the one
from the chitosan and alginate film, and the emission around
460 and 530 nm comes from the ZnxCd1�xS nanoparticles.
The emission at around 460 nm can be attributed to the ZnS
host and dopant metal ions [23]. The emission at around
530 nm can be ascribed to surface trap from CdS and dopant
metal ions. Moreover, the dopant in ZnS lattice gives rise to
the 530 nm emission. The emission peak position almost keeps



Fig. 7. AFM images of the ZnxCd1�xS/chitosan/alginate nanocomposite films with various Zn/Cd molar ratios. The (a)–(i) images are for the samples with a Zn/Cd
molar ratio of 1:9, 1:4, 2:3, 3:7, 1:1, 7:3, 3:2, 4:1, and 1:9, respectively. For each sample, the left image represents the height of the film, and the right one represents
the phase distribution of the film.
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constant with various Zn/Cd molar ratios, suggesting that the
emission mechanism does not change with different composi-
tion. However, the relative intensity changes with various Zn/
Cd molar ratios. Further studies were carried out for the
samples with a Zn/Cd molar ratio in the range from 1:9 to 9:1,
and the results are shown in Figs. 5 and 6. It is obvious that
both the 460 and 530 nm peak intensities increase with
increasing Zn/Cd molar ratio. In addition, the intensity increase
for the 460 nm peak is larger than that for the 530 nm peak,
which is shown in Fig. 6, as a linear intensity ratio increase for
the 460 and 530 nm peaks with increasing Zn/Cd molar ratio.
This can be ascribed to the formation of ZnxCd1�xS nano-
particles in the film. The relative emission intensity of the film
may be changed regularly by variation of the ZnxCd1�xS
nanoparticles composition.

Atomic force microscopy was carried out in order to
characterize the surface morphology of the nanocomposite
films. Fig. 7 shows the AFM images of the ZnxCd1�xS/
chitosan/alginate nanocomposite films with various Zn/Cd
molar ratios. As a whole, the surface morphology of the
composite films goes from rough to smooth with increasing
Zn/Cd molar ratio, and the phase goes from bump-like shape to
particle-like shape with a uniform distribution. When the Zn/
Cd molar ratio is r1:4, the average height difference of the
composite film is around 200 nm with a maximum of almost
300 nm. The surface of the composite films is quite rough with
many bump-shaped phase, whose size is around 50 nm
composed of a 10–20 nm particle-like low-sized phase sur-
rounded with a 40 nm loop-shaped large-sized phase. The
height difference of the films decreases with increasing Zn/Cd
molar ratio. When the Zn/Cd molar ratio is 1:1, the average
height difference is around 150 nm with a maximum of
200 nm. When the Zn/Cd molar ratio is Z7:3, the height
difference decreases and the averaged height is 70–80 nm with
a maximum of 100 nm. The surface of the film looks smooth
with almost no obvious phase boundary. When the Zn/Cd
molar ratio is 9:1, the height difference is the lowest, and the
average height is 25 nm with a maximum of around 50 nm.
The surface of the film is smoother with low-sized phases
uniformly distributed, whose size is 20–30 nm. The results
suggest that the low-sized phase contains of more Zn and the
large-sized loop-shaped phase contains of more Cd due to the
radius difference between Zn and Cd ions. When the Zn ratio
is larger, the film will be smoother with more low-sized phase.

4. Conclusions

ZnxCd1�xS nanoparticles with cubic ZnS structure were
synthesized in chitosan alginate nanocomposite films using
spin-coating method. The band gap of the ZnxCd1�xS nano-
particles can be tuned by adjusting the stoichiometry of Zn and
Cd. Obvious blue shift in UV–vis absorption was observed due
to small size effect. The absorption peak changes with the
composition of ZnxCd1�xS nanoparticles. Furthermore, the
surface morphology of the composite films changes with the
composition of ZnxCd1�xS nanoparticles. With increasing
Zn/Cd molar ratio, the film becomes smoother with more
low-sized phase containing more Zn ions.
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