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Abstract

CuO-ZnO nanocomposites were synthesized via a chitosan-assisted solution combustion method. The effects of pH and chitosan
concentration on the physicochemical properties of the CuO-ZnO nanocomposites have been investigated. Thermal behavior,
morphological structures, surface composition, crystal type and specific surface area of the products were characterized by means of
thermal gravimetric and differential temperature analysis, scanning electron microscopy, energy dispersive X-ray spectroscopy, X-ray
diffraction and N,-sorption analysis, respectively. Without the use of chitosan, CuO and ZnO particles were separately formed while
CuO and ZnO crystallite sizes tended to be decreased with increasing the pH value. Chitosan was found to not only induce a
homogeneous mixture of CuO-ZnO nanocomposites but also prevent the growth of CuO and ZnO nanoparticles. Moreover, chitosan
also acted as a fuel which promoted the formation of CuO and ZnO nanoparticles at lower temperature.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Nanocomposites are of great interest in many scientific
and technological disciplines as they not only provide the
best properties of their individual parents but also create
the considerable synergy effects. Recently, CuO-ZnO
nanocomposites have received much attention due to their
potential uses in many applications, such as catalyst for
methanol synthesis [1], solar cells [2], gas sensors [3,4] and
photocatalysis [5,6]. Taking photocatalysis as an example,
the composites of ZnO and CuO were found to reduce the
recombination of electrons and holes and thus promoted
the photocatalytic activity to be more efficient than that of
an individual ZnO [5,6].
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Various techniques such as hydrothermal [4], co-
precipitation [7], sol-gel [8] and solution combustion [9-13]
have been used to prepare metal oxide nanocomposites.
Among these, the solution combustion, a redox reaction
taken place between an oxidant and a fuel, has a great
advantage through relative low temperature and simple
equipment, which makes this method suitable and economic
for large-scale production. Several organic compounds such
as glycine [9], citric acid [10,11], urea [10,12], L-alanine [10]
and polyethylene glycol [13] were found to not only act as a
fuel but also have a significant influence in a nucleation and
growth of the primary nanoparticles, resulting in a variety of
size, shape, phase composition, morphology as well as their
potential application [14]. In addition to organic compound,
the synthesis parameters such as pH and temperature of the
solution considerably affected the variation in the type of
metal species [15,16] as well as the structural configuration of
the organic compounds [17].

Chitosan, which is a non-toxic, inexpensive and bio-
compatible polymer, is an interesting material to be used as
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a fuel in the synthesis of metal oxide nanocomposites since
a large number of active hydroxyl and amine groups along
the backbone chains of chitosan molecules can serve as
coordination sites. Herein we propose a novel and promising
bioploymer, chitosan, as an organic additive for the solution
combustion synthesis of CuO-ZnO nanocomposites. The
effects of pH and chitosan concentration on combustion
characteristics and physical properties of the composites
were investigated and characterized by means of thermal
gravimetric and differential thermal analysis (TG-DTA),
N,-sorption isotherms, X-ray diffraction (XRD) and scan-
ning electron microscopy (SEM).

2. Experimental
2.1. Chemicals and reagents

Copper nitrate trihydrate Cu(NOs), - 3H»O, zinc nitrate
hexahydrate Zn(INO3), - 6H»O, acetic acid CH;COOH and
ammonium hydroxide NH,OH (28 wt%) were purchased
from Sigma-Aldrich Company. Chitosan with 80% deace-
tylation was purchased from Eland Corporation. The
molecular weight of the chitosan determined by Gel
Permeation Chromatography (GPC, Waters 600E) using
0.5 M acetic acid and 0.5 M sodium acetate as the eluent
was found to be approximately 290 kDa. All chemicals and
reagents are of analytical grade and used without any
further purification.

2.2. Preparation of CuO-ZnO nanocomposites

Chitosan was dissolved overnight in 100 mL of 1% v/v
acetic acid in deionized water at room temperature,
agitated with a magnetic stirrer. Subsequently, 3.749 g
Cu(NOs), - 3H,0 and 4.616 g Zn(NOs), - 6H,O (mole ratio
of Cu/Zn=1/1) were added into the chitosan solution.
Then the pH value of the mixture was quickly adjusted to 6
by the addition of aqueous NH,OH. The resulting mixture
was stirred at 333K for 6h to ensure the chitosan
completely chelating with the metal ions. Subsequently,
the mixture was heated at 353 K to evaporate the solvent.
The precipitate was then dried in an oven at 393 K for
24 h. Finally, the product was calcined in a furnace under
nitrogen atmosphere at 723 K for 2 h with a heating rate of
2 K/min. In order to investigate the effect of the pH
value and the chitosan concentration, the pH value was
changed to 7 and 8, while the amount of chitosan addition
was varied from 0 to 0.6 g. The samples are denoted
as CZx—Cy (x=pH value and y=amount of chitosan
addition in grams).

2.3. Characterization of CuO-ZnO nanocomposites

The combustion characteristic of the dried samples was
investigated with a SDT2960 simultancous DTA-TGA
Universal 2000 at a heating rate of 10 °C/min under a
flow of nitrogen (80 mL/min). The specific surface area

(SgeT) of the composites was determined with a Quanta-
chrome Autosorb-1C instrument at —196 °C. X-ray dif-
fraction (XRD) patterns of the composites were done on a
diffractometer (Bruker D8 Advance) using Cu-K, radia-
tion. The measurements were made at room temperature at
a range of 20°-90° on 26 with a step size of 0.05°. The
diffraction patterns were analyzed using the Joint Com-
mittee on Powder Diffraction Standards (JCPDS). CuO
and ZnO crystallite sizes were calculated by means of the
Scherrer Equation as shown below:
0.894  180°

Bcos@x b

(1)

where d denotes the mean crystallite size, 4 is the X-ray
wave length (1.54 A), and B is the full width half maximum
(FWHM) of the peak. The surface morphology and sur-
face compositions of the samples were examined with
a field emission scanning electron microscopy (FE-SEM:
Hitachi-S4700) equipped with energy-dispersive X-ray
spectroscopy (EDS). The samples were sputter coated with
gold prior to examination.

3. Results and discussion

Fig. 1 shows a thermal behavior of the products
synthesized at different chitosan concentrations investi-
gated by TG-DTA measurement. It can be seen that,
without the use of chitosan (CZ,—C,), there is an endother-
mic peak and two exothermic peaks appear at 135, 228 and
259 °C, respectively. The endothermic peak with a weight
loss of approximately 10% can be attributed to the loss of
residual water in the gel. A large weight loss of approxi-
mately 52% between 200 and 280 °C is ascribed to the
decomposition of nitrate, Zn(OH), to ZnO and Cu(OH),
to CuO. The addition of chitosan to the precursor solution
was found to affect the combustion rate of the gel. At low
chitosan concentration (CZ,—Cy3), the peak at approxi-
mately 139 °C, corresponding to the removal of water in
the gel, still exist. However, the first exothermic peak was
found to shift its position from 228 to 203 °C with a
sudden decrease in weight of approximately 46%, an
indication of autocatalytic combustion behavior at which
chitosan served as a fuel. The remaining weight loss (14%)
occurring in the region of 203-265 °C could be ascribed to
incomplete decomposition of nitrate, Zn(OH), to ZnO and
Cu(OH), to CuO. At a higher chitosan concentration
(CZ+—Cys), the decomposition of the gel occurred sud-
denly in a single step, which is potentially due to a greater
amount of energy released from the reaction as the
increase of fuel. However, the maximum of the exothermic
peak was found to slightly shift towards a higher tempera-
ture (209 °C) when compared to that of the sample
CZ,—C, ;. This observation could be due to the entrapment
of chitosan molecules surrounded by metal hydroxides,
which interrupt the role of chitosan. The similar trends



T. Witoon et al. | Ceramics International 39 (2013) 3371-3375 3373

100 —

80 —

B CZ7-C0.3
0 T T T T T T T I T I T I T
0 100 200 300 400 500 600 700
Temperature (°C)
b 15 >
| Exoup I
2 124
£
) _ CZ7-C0.6
< ,
8 0.9 &
5 I
2 A o
&= N2
% 06~ 5’/ N
= ~ T e e CZ7-C0.3
Q — [} -
= © -
=] SIS
o o
& 0.3 -
«
' CZ7-CO
0 N S A B E B S B s p

0 100 200 300 400 500 600 700
Temperature (°C)

Fig. 1. TG (a) and DTA (b) curves of the dried gel prepared without
(CZ7*C0) and with chitosan (CZ7*C0‘3 and CZ7*C0_6).

were also observed for the samples synthesized at other pH
values (not shown here).

The apparent morphologies of the samples synthesized
at different pH values and chitosan concentrations exam-
ined by means of a SEM are shown in Fig. 2. The surface
compositions (Cu/Zn) were investigated by SEM-EDX
with several spots and the average value was considered for
each system. The results of Cu/Zn ratio of all samples are
summarized in Table 1. The samples synthesized without
the use of chitosan were found to have two different
morphologies (Fig. 2a—c). At pH 6 (Fig. 2a), the sample
shows a platelet-like morphology and a pyramid-shaped
structure with average size of approximately 1 and 3 pm,
respectively. The Cu/Zn ratio of the platelet and the
pyramid was found to be 2.53 (circle) and 0.09 (rectan-
gular), respectively, an indication for the separate forma-
tion of CuO and ZnO phases since the initial ratio of
Cu/Zn was equal to 1. The similar trends were also

observed when the pH value was increased to 7 (Fig. 2b)
and 8 (Fig. 2c¢).

Once chitosan was applied at low concentration (Fig. 2d—f),
the platelet-like morphology and the pyramid-shaped structure
were no longer observed and instead only an aggregation
of irregular spherical structure was obtained. The Cu/Zn
ratio was found to be 0.88, 0.92 and 1.04 for the samples
synthesized at pH 6, 7 and 8, respectively, which was indicative
of a homogeneous mixture of CuO and ZnO nanoparticles.
The increase of chitosan concentration was found to
change the irregular spherical structure to a foamy filament
and spongy in nature for the samples synthesized at pH 6 and
7 (Fig. 2g and h). This could be due to the fact that the
addition of chitosan in reaction mixture acts as a fuel as
evident from the thermal analysis data. The increase in
chitosan content acts as a space filling agent, which possibly
leaves empty spaces during the combustion process and thus
resulting in the existence of huge porosity of the CuO—ZnO
nanocomposites. At pH 8 (Fig. 2i), a denser aggregation of
irregular spherical structure was obtained. The Cu/Zn ratio
was found to be 0.72, 0.75 and 0.80 for the samples
synthesized at pH 6, 7 and 8, respectively. Note that these
ratios were considerably lower than unity, indicating that the
large portion of the external surface of the particles were
coated by zinc oxides.

The XRD patterns of the samples synthesized at differ-
ent pH values and chitosan concentrations are shown in
Fig. 3. The peaks at 32.54°, 35.52°, 38.81°, 48.56° and
61.50° of the 20 were attributed to the CuO diffractions of
(110), (002), (111), (202) and (113), respectively. The other
diffraction peaks matched the standard data for a
heaxagonal wurtzite ZnO (JCPDS 36-1451). The peak
intensities of the samples synthesized without the use of
chitosan were found to be decreased with increasing the
pH of the mixture (Fig. 3a—c), which is attributed to
the decrease in crystallinity. The average crystallite sizes of
the samples calculated with the Scherrer Equation on the
CuO (111) and the ZnO (100) are listed in Table 1. The
average crystallite size of CuO was found to be 28.5, 18.2
and 17.8, while that of ZnO was found to be 36.8, 28.9 and
28.5 for the samples synthesized at pH 6, 7 and 8,
respectively.

The XRD pattern (Fig. 3a—) of the samples synthesized
with chitosan appeared at the identical 26 angles as that of
the samples synthesized without chitosan, indicating that
chitosan did not alter the crystalline phases of the samples.
At low chitosan concentration, the CuO and ZnO crystal-
lite sizes were found to be considerably smaller than those
of the samples prepared without the use of chitosan.
However, further increase in the chitosan concentration
resulted in a significant increase in crystallite sizes of CuO
and ZnO.

The variation in CuO and ZnO crystallite sizes and their
morphologies could be attributed to the interaction
between chitosan molecules and metal cations. Under near
neutral conditions (pH 6-8), nitrogen atoms of amino
groups along the backbone chains of chitosan molecules
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Fig. 2. SEM images of CZs-Cy (a), CZ7-Co (b), CZs=C (¢), CZs~Co3 (d), CZ7Cos3 (¢), CZgCo3 (), CZsCos (2). CZ7Co (h) and CZz—Cos6 (0)-

Table 1
Surface compositions reported as average value, metal oxides crystallite
size and BET surface area.

Metal oxides crystallite

Cu/Zn size (nm) BET surface

a ..
Catalysts® Position area (m?/g)

CuO ZnO
CZsC, rectangular 0.09 28.5 36.8 2.0
circle 2.53
CZsCys rectangular 0.88 13.4 30.6 28.6
CZsCye rectangular 0.72 15.1 24.5 18.4
CzZ,-C, rectangular  0.27 18.2 28.9 14.0
circle 4.44
CZ,—Cy3 rectangular 0.92 13.6 21.6 31.5
CZ;Cye rectangular 0.75 16.3 26.7 21.4
CZ3z—C, rectangular 0.16 17.8 28.5 17.2
circle 1.31
CZs—Cy3 rectangular 1.04 11.8 21.8 32.1
CZg—Cye rectangular 0.80 17.0 26.2 17.8

#The samples are denoted as CZx—Cy where x is the pH value and y is
the amount of chitosan addition in grams.

hold free electrons [18,19], which can bind to copper
species and zinc species by chelation. This result not only
reduce the quantity of available copper species and zinc
species as seeding but also prevent further growth in size

of their structure since they were limited within the
chitosan network. With further increasing the chitosan
concentration at a higher pH value, the chitosan amount
was beyond the solubility limit, leading to the formation of
highly dense chitosan network. Copper species and zinc
species hardly penetrated within the voids of chitosan
network and randomly adsorbed on the external chitosan
network. Therefore, the role of the chitosan molecules to
prevent the growth of particles was inefficient when the
excessive amount of the chitosan was used.

4. Conclusion

CuO-ZnO nanocomposites were produced by a
chitosan-assisted solution combustion method. Chitosan
was found to have three main roles on the formation of the
CuO-ZnO nanocomposites: (i) chitosan could induce a
homogenous mixture of CuO and ZnO nanoparticles,
(i1) chitosan could prevent the growth of CuO and ZnO
nanoparticles and (iii) chitosan acted as a fuel. This
finding indicates that chitosan constitutes a feasible option
as an organic additive for the synthesis of CuO-ZnO
nanocomposites via the solution combustion method due
to its potentially low costs and environmentally benign
nature.
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Fig. 3. XRD patterns of the products synthesized at pH 6 (a) pH 7 (b)
and pH 8 (c).
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