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Zinc oxide nanoparticles: solvent-free synthesis,
characterization and application as heterogeneous nanocatalyst
for photodegradation of dye from aqueous phase
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Abstract In present study, for the first time, ZnO nano-
particles have been synthesized via a simple, novel, solvent
and template free solid-state thermal decomposition of the
mixed Zn(NO;)-6H,O and cochineal powders as a novel
starting reagent at 600 °C for 3 h. The as-prepared product
was analyzed by XRD, EDS, SEM, TEM, FT-IR and DRS.
Besides, the effect of cochineal powder on the morphology
and particle size of ZnO nanoparticles was investigated.
The results exhibited that cochineal powder prevents the
sintering of nanoparticles and leads to formation of uni-
form particles. Moreover, the efficiency of ZnO nanoparti-
cles as a photocatalyst for the decolorization of methylene
orange (MO) has been evaluated and 90% degradation of
MO was obtained after 120 min.

1 Introduction

Much attention has been paid to zinc oxide (ZnO) nano-
structures since they have unique features such as optical
transparency, electric conductivity, piezoelectricity and
near-UV emission [1, 2] and play important roles in dif-
ferent branches of science, such as chemical sensors [3],
catalysts [4], UV light-emitters [5], photovoltaics [6], can-
tilevers [7], photocatalyst for photocatalytic degradation of
water pollutants [8] and other optoelectronic devices [9].
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So, considerable efforts and various methods have been
reported to synthesize of this metal oxide nanostructures
such as co-precipitation [8], hydrothermal [10], thermal
evaporation [11], chemical vapor method (CVD) [12],
pulsed laser deposition (PLD) [13], microemulsion [14],
solvothermal [2], sonochemical [15] and solid-state ther-
mal decomposition [16]. Among them, thermal decom-
position is a novel, suitable and useful method to produce
stable monodispersed nanoparticles and it is much cleaner
and economical [17-19]. However, an improvement in
thermal decomposition process should be made in prepar-
ing ZnO nanoparticles with controllable size and shape
because in all cases which have been reported in literatures
by this method a suitable solvent such as oleylamine, oleic
acid and ethylene glycol and a suitable precursor such as
[N,N-bis(salicylaldehydo) ethylene diamine]zinc(Il) and
bis(acetylacetonato)zinc(Il) is needed [17-19]. For exam-
ple Choi et al. [20] reported a method for the large-scale
synthesis of uniform-sized hexagonal pyramid-shaped ZnO
nanocrystals by the thermolysis of Zn-oleate complex.
Salavati-Niasari et al. [21] have synthesized uniform ZnO
nanoparticles by thermal decomposition of zinc acetylacet-
onate in oleylamine. And so, monodisperse ZnO nanoparti-
cles were successfully prepared through the decomposition
of zinc acetylacetonate precursor [22]. Kanade et al. [23]
have investigated the effect of particle size of ZnO synthe-
sized via thermal decomposition of zinc oxalate at 450 °C.
Muruganandham and Wu [24] have reported synthesis of
ZnO nanobundles from zinc oxalate by decomposition at
400°C for 12 h. In this work, we present a solvent and pre-
cursor-free approach for preparation of ZnO nanoparticles
by simple solid-state thermal decomposition of mixed zinc
nitrate and cochineal powders at 600°C. In the solid-state
approach, all of the biological components of the cochineal
including carminic acid molecules and proteins are taking
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part in the reaction and their high steric hindrance prevent
from agglomeration of the as-formed nuclei [25]. Finally,
the obtained ZnO nanoparticles were utilized as a photo-
catalyst for decolorization of methylene orange (MO) was
evaluated.

2 Experimental
2.1 Materials and characterization

All the chemicals reagents were of analytical grade and
were used as received without further purification. Cochi-
neal powder was obtained from the dried bodies of female
scale insects species, Dactylopius coccus, which feed on
wild cacti. X-ray diffraction (XRD) patterns were recorded
by a Philips-X’PertPro, X-ray diffractometer using Ni-
filtered Cu Ka radiation at scan range of 10<20<80.
The energy dispersive spectrometry (EDS) analysis was
studied by XL30, Philips microscope. Scanning elec-
tron microscopy (SEM) images were obtained on LEO-
1455VP equipped with an energy dispersive X-ray spec-
troscopy. Transmission electron microscopy (TEM) images
were obtained on a Philips EM208 transmission electron
microscope with an accelerating voltage of 100 kV. Opti-
cal analyses were performed using a V-670 UV—Vis—NIR
Spectrophotometer (Jasco). GC-2550TG (Teif Gostar Faraz
Company, Iran) were used for all chemical analyses. FTIR
spectrums were obtained on Magna-IR, spectrometer 550
Nicolet with 0.125 cm™! resolution in KBr pellets in the
range of 400—-4000 cm™!.

2.2 Synthesis ZnO nanoparticles

The starting powders (0.3 g of Zn(NO;)-6H,0 and 0.5 g of
cochineal) was milled and mixed in a ball mill for 20 min
using zirconia grinding media. Then, the powder mixtures
were calcined at 600 °C for 3 h. Finally, it was washed with
distilled water and ethanol several times and dried at 50°C
for 10 h (sample A). To investigate the effect of cochineal
powder a blank test were carried out without cochineal
(sample B).

2.3 Photocatalysis experiments

In order to evaluate photocatalytic activity of the ZnO,
photocatalytic degradation of methylene orange (MO) dye
was under taken. A typical experiment constitutes ZnO
nanoparticles (20 mg) were added into a glass beaker
containing of 150 mL of aqueous dye solution (5 mg/L
in ethanol as solvent), and then dispersed by stirring
for 30 min at 20-25°C in darkness to establish adsorp-
tion—desorption equilibrium between the dye molecules
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and ZnO surface. Later, a series of UV lamps (6 X 15 W,
Philips) were switched on a 20 cm distance over the
suspension surface. Finally, the absorbance of dye solu-
tion at its maximum absorption wavelength (510 nm for
MO) was recorded by a UV—Vis spectrophotometer (Shi-
madzu UV-Vis spectrometer) and the decolorization rate
was calculated according to the absorbance change. The
decolorization efficiency (%) is calculated as Eq. 1.

(%) = (Ay) — A)/A, % 100 (D)
where A, is the initial absorption of dye and A is the
absorption of dye after photo irradiation.

3 Results and discussion

Crystalline structure and phase purity of as-prepared
product has been determined using XRD. The XRD pat-
tern of as-prepared ZnO nanoparticles in the presence
of cochineal powder (sample A) is shown in Fig. 1. The
diffraction peaks observed in Fig. 1 can be indexed to
pure hexagonal phase of zinc oxide (a=b=3.2539 A,
¢=5.2098) with space group of P63mc and JCPDS No.
80-0075. No diffraction peaks from other species could
be detected, which indicates the obtained sample is pure.
The crystallite diameter (D.) of ZnO nanoparticles esti-
mated by the Scherrer formula shown in Eq. 2 [26] is
18 nm.

D, =KA/fcosb )
where f is the breadth of the observed diffraction line at
its half intensity maximum, K is the so-called shape fac-
tor, which usually takes a value of about 0.9, and A is the
wavelength of X-ray source used in XRD. Chemical purity
of product (sample A) was examined by energy dispersive
X-ray spectroscopy (EDX) (Fig. 2), which indicates only
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Fig. 1 XRD pattern of the as-synthesized ZnO nanoparticles
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Fig. 2 EDX spectrum of the as-synthesized ZnO nanoparticles

Zn and O peaks exist in the sample except the peak due to
the use of a Au-coated substrate for sample examination. In
addition, neither N nor C signals were detected in the EDS
spectrum. Therefore, both XRD and EDX analyses show
that pure ZnO nanoparticles are successfully produced via
the mentioned synthetic route. Different scales of SEM
images were taken in order to characterize the morphology,
size, and microstructure of the products (Fig. 3). From SEM
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images (Fig. 3a, b) it can be seen that the morphology of
the as-synthesized ZnO in the presence of cochineal pow-
der (sample A) is the spherical nanoparticles with average
particle size ~15-25 nm that aggregated together at some
points. However, when the same reaction was performed
in the absence of cochineal powder (sample B), agglomer-
ated microstructures were obtained (Fig. 3c, d). As a result,
cochineal powder prevents the sintering of nanoparticles
and leads to formation of uniform particles. To assess the
size and morphology of as-prepared zinc oxide nanoparti-
cles (sample A), transmission electron microscopy (TEM)
analysis was performed. The TEM image of the zinc oxide
nanoparticles as-prepared in present cochineal showed in
(Fig. 4). The TEM image of the zinc oxide demonstrate that
nanoparticles with spherical morphology are uniform and
arranged. Furthermore, the image illustrate that as-prepared
nanoparticles have size in the range of 15-25 nm, with the
emphasis on the SEM image in Fig. 3.

It has been reported that the band gap (Eg) has a main
impact on the determining the nanostructured materials
characteristics utilized in photocatalytic applications and is
oftentimes calculated from the UV-Vis diffuse reflectance
data [27]. Figure 5a, b show the UV-Vis diffuse reflectance

%4

EHT =10.00 kV'

Wy % E
Mag= 10.00KX  SignalA=SE1
Institute of Color Science & Technology

“WD= 11mm

Fig. 3 Different scales of SEM images of the as-synthesized ZnO (a, b) in the presence cochineal and (¢, d) without cochineal
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ay(hv — E,)"

*= ho

where o is absorption coefficient, hv is the photon energy,
o0 and h are the constants, Eg is the optical band gap of
the material, and n depends on the type of electronic tran-
sition and can be any value between 1/2 and 2 [28]. The
energy gap of the as-synthesized ZnO has been deter-
mined by extrapolating the linear portion of the plots of
(ahv)? against (hv) to the energy axis (Fig. 5b). The Eg
value is calculated 3.27 eV for the as-synthesized ZnO
nanoparticles.

Figure 6a, b show the FTIR spectra of the mixture
before and after calcination, respectively. As can be seen
(Fig. 6a), a significant peak at ~3349 cm™ is attributed to
the y(OH) stretching [29]. Moreover, the bands at 2923
and 2853 cm™! are related to C—H stretching and the
two peaks at 1652 and 1044 cm™! could be attributed to
C=0 and C-C bonds [30-32]. Furthermore, the absorp-
tion peak at 1382 cm™! corresponds to —-COOH symmetry
Fig. 4 TEM image of the as-synthesized ZnO nanoparticles stretching vibrations, while the band at 599 cm™ con-

firms the presence Zn—O bind [30-32]. The FT-IR spec-

trum of the calcined product (sample A) is illustrated in
(a) Fig. 6b. According to Fig. 6b, it is obvious that after cal-
11 cination and washing with ethanol and water there are no
important peaks indicating that there is not any organic
molecule (from cochineal) absorbed on the surface of the
as-synthesized ZnO nanoparticles. Two peaks at 3439
and 458 cm~! could be attributed to O-H and Zn-O
bonds, respectively.

B e
[FEY

u
2 .5
& - 8

o
o ¢
bl

Absorbance (a.u)
= %8

e
g
vl

e
g

320 33 340 350 360 370 380 3% 400
Wavelength (nm)
= (b)
20
:\:’i ®)
> 15
[
= 3
o
10 =]
J ¥
5 g 3
g
0 / =
3 31 2 33 34 35 =
ho (eV)
Fig. 5 UV-Vis diffuse reflectance spectrum (a) and plot to deter-
mine the band gap (b) of as-synthesized ZnO nanoparticles (sample
A)
spectroscopy of as-synthesized ZnO nanoparticle in the

presence of cochineal powder (sample A). The fundamen- ) 3000 ) 2000 ) 1000

tal absorption edge in most semiconductors follows the Wavenumbers (cm)

exponential law. Using the absorption data, the band gap

was estimated by Tauc’s relationship: Fig. 6 FT-IR spectra of sample A (a) before calcination and () after

calcination at 600 °C
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Fig. 7 Photodecolorization of MO under UV illumination by blank
and ZnO nanoparticles (sample A)

To evaluate the photocatalytic decomposition of MO, the
as-synthesized ZnO nanoparticles were used as photocata-
lyst. Moreover, the photocatalytic decomposition was done
under UV-light illumination, and the degradation rate for
the decomposition of MO was estimated by observing the
changes in absorbance (absorption intensity vs. irradiation
time) obtained by UV—Vis spectra. Figure 7 shows the plot
of the degradation versus time intervals for the photocata-
Iytic reaction of ZnO nanoparticles (sample A) and blank
sample (without ZnO). According to Fig. 7, in absence of
ZnO nanoparticles, almost negligible radiation of MO is
observable while in the presence of ZnO more than 90% of
MO was decolorized after 120 min.

In comparison with other similar works for synthesizing
ZnO by thermal decomposition [17-24], our method is fac-
ile and low-cost. In accordance with our knowledge in all
reports, the suitable solvent and precursor were used, but
our method does not require any solvent and precursor. In
our previous work [25, 33], we showed that natural dyes
such as cochineal and pomegranate peel due to the appro-
priate molecules such as carminic acid and polyphenolic
substances in their compounds can prevent the sintering
of particles at high temperature. High temperatures lead
to increase in particles growth and fusion and as a conse-
quence, agglomeration of particles will occur [25].

4 Conclusion

In summary, ZnO nanoparticles with average particle
size ~20 nm have been successfully prepared via facile
and novel solid-state thermal decomposition of the mixed
Zn(NO;)-6H,0 and cochineal powders at 600°C for 3 h.
The XRD and SEM results exhibited that cochineal pow-
der prevents the sintering of nanoparticles. Moreover, ZnO
nanoparticles were utilized as photocatalyst for the decolor-
ization of MO under UV-light irradiation. The synthesized

ZnO nanoparticles exhibited appreciable photocatalytic
activity and in presence of ZnO, 90% degradation of MO
was obtained after 120 min. The present strategy for the
preparation of ZnO nanoparticles involves many advan-
tages as it is a controllable, free solvent, template-less, and
economical method.
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