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Abstract

In this study, undoped ZnO and rod-like Co-doped ZnO nanoparticles (NPs) were successfully synthesized via one
step polyol method. In this paper, Zn(NOs)2.6H20 was used as a precursor and Co(NOs)2.6H20 was the dopant. The
morphology, structure, crystalline size and optical properties of the undoped and Co doped ZnO were measured in detail. The
incorporation of the Co?* in ZnO matrix was confirmed by DRX, ICP and EDX. Optical characterization of the sample revealed
that the band gap energy (Eg) decreased from 3.36 to 3.25 eV with an increase in Co?* doping concentration. The photocatalytic
activity of the synthesized nanoparticles (NPs) was studied with respect to pure and Co-doped ZnO concentrations (0-10% Co).
The improvement of photocatalytic activity has been noticed with the increase of Co concentration in ZnO nanoparticles.
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1. Introduction

Today, the recycling and remove of the toxic elements
that exists in water is a big challenge on a global scale.
Removal of these dye pollutants is necessary for both
health and environmental considerations. Many
strategies such as electrochemical oxidation,
ozonation, photodegradation and adsorption had been
used to remove the hazardous pollutants. Among these
method, photodegradation process found particular
interest because of its high efficiency and inexpensive.
Methylene blue (MB) is one of the pollutants found in
water from industrial waste. To remove the (MB) from
the water, many types of adsorbents such as carbon
materials [1], polymers [2] nanoparticles [3],
nanocomposites [4] have been extensively used for the
removal of dye from aqueous solution. In this study,
we used the nanoparticles based ZnO and Co-doped
ZnO to remove the MB. Basically, two factors, namely
surface area and surface defects, are the most
important variables to determine the photocatalytic
properties of semiconductor. Due to its high surface
activity, crystalline nature, morphological features,
and texture; ZnO nanoparticles are considered as the
most favorable catalyst for the degradation of organic
pollutants [5]. ZnO is considered one of the most
attractive materials, thanks to its higher optical

transmittance, wide direct band gap, large exciton
binding energy of 60 meV, low cost and its low
toxicity [6-8]. When it’s a matter of getting attention,
ZnO nanoscale is the best, due to its potential
applications in many areas such as electronics,
photonics and photocatalytic [9, 10]. ZnO crystallizes
with a wurtzite structure and has a direct band gap of
3.36 eV at room temperature. A lot of studies prove
that the physicochemical properties of the ZnO can be
accomplished by doping [11, 12]. Actually, ZnO can
be doped by many elements, such as Co [13], Fe [12],
Cu [11], Ni [14], Mg [15] and Al [16], to meet the
demands of different application. Among various
dopants, Cobalt (Co?*) ions is the promising candidate
for the substitution of Zn sites. Co can be easily doped
in the lattice of ZnO for its similar radius and
electronic shell to Zn atom. Furthermore, it is possible
to increase as well as decrease the band gap by the use
of the right dopants, as opposed to size induced tuning,
wherein the band gap can only be increased. In
addition, recent literature reported that Cobalt
nanoparticles exhibited excellent properties for
degradation of the MB [4]. Doping of Co into ZnO is
expected to modify the absorption, physical, and
chemical properties of ZnO. By inducing more defects
over the surface of ZnO, the optical adsorption
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properties can be enhanced. The synthesis of undoped
and doped ZnO has been addressed by diverse
methods like the vapor-phase transport [17], the
microwave-assisted combustion method [18], the
chemical vapor deposition [19], the magnetron
sputtering [20], the laser ablation [21], and the wet
chemical methods. The polyol process is now widely
practiced and recognized among scientists in general
and chemists in particular, it is a robust method in the
wet chemistry field because of its operational
simplicity, low cost, high efficiency, as well as the
possibility of its environmentally safe large-scale
production [22]. During this investigation, ZnO and
Zn1-xCoxO were successfully elaborated via a polyol
approach. The band gap values were adjusted by
varying the doping concentration of Co. The influence
of Co doping on the crystal structure, optical,
morphological properties was studied. The effect of
variation of Co doping concentration on the
photocatalytic activity was studied.

2. Experimental section

2.1. Polyol synthesis

All of the chemical reagents were purchased from
Aldrich and used without further purification steps.
Zinc acetate dihydrate: Zn(CH300)..2H,0 and cobalt
nitrate hexahydrate: Co(NO3),,6H20 were used as zinc
and cobalt sources and diethylene glycol (H10C403) as
template. In a common synthesis, zinc and cobalt
precursors are brought in a stoichiometric proportion
in order to get 1 g of Zn1xCoxO powder and added to
250 mL H19C403. The resulting mixture was heated
under continuous stirring to obtain a green sol refluxed
at 180 °C for 1 h. At the end of the reaction, the
precipitate was separated by centrifugation, washed
several times with ethanol to remove the organic
product and dried in an oven at 80 C.

2.2. Characterization techniques

X-ray powder diffraction data (XRD) were recorded
on a X'PertPro Panalytical diffractometer with CuKa
radiation (A=1.5418 A) and a  graphite
monochromator. The XRD measurements were
carried out by applying a step scanning method (26
range from 3 to 80°), the scanning rate is 0.017 per
second and the step time is 1 s. Scanning electron
microscopy (SEM) images were carried out with a SEI
instrument (operating at 5 kV) microscope. The
diffuse reflectance of our pigment particles were
measured using a Varian Cary 5000 UV-Vise NIR
spectrophotometer in 250 nm 800 nm range.

2.3. Measurement of Photocatalytic Activity
The photocatalytic activity of the undoped

Zn0 and Co-doped ZnO was tested by the methylene
blue (MB) dye degradation under UV-Vis irradiation.
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Experiments were performed in a VVossloh schwabe (1
L) reactor containing 10 mL of MB solution with an
initial concentration of 10 mg L and the loading of
the catalyst is 1 g L. The irradiation source was under
the irradiation of UV lamp (125 W) with a maximum
emission at 365 nm immersed within the reactor in a
double wall jacket for water circulation to avoid the
heating of mixture. The MB dye solution was mixed
with a fixed amount ZnO NPs at natural pH=7.4. The
solution was placed under UV illumination and was
magnetically stirred.

At regular time intervals, suspension samples
were collected and centrifuged to separate solid
particles. The filtrates were analyzed by recording the
variation of the absorption band maximum at 365 nm
in the UV-vis spectrum of MB using a Hach RD/4000
UV-vis spectrophotometer. Similar procedure was
adopted for Co dopants (1, 5, and 10%)-ZnO using
MB solution. The MB concentration was calculated by
Beer—Lambert equation.

Percentage of MB degraded by the catalyst surface
was calculated from the following equation:
Percentage of degradation = (Co—C,)/Cox100%

where Cop represents the initial time of absorption and
C: represents the absorption after various intervals of
time (0, 30, and 60 min).

3. Results and discussion

3.1. Structure and morphology

The structure and the crystallinity of the pure ZnO and
Co-doped ZnO were performed using X-ray
diffraction (XRD) (Figure 1). For the undoped
samples (Figure la), the XRD analysis reveals the
presence of narrow peaks, suggesting the high
crystallinity of the material and the all peaks perfectly
indexed to ZnO wurtzite structure (JCPDS: 36-1451).
For the Co doped ZnO all the peaks of the samples
match well with the standard diffraction data for a
hexagonal zin cite structure of ZnO. No diffraction
peaks of impurities such as CoO emerges for Co-
doped ZnO, and no peaks associated with other
crystalline forms were detected, which most likely
indicates that doping Co atoms substituted Zn atoms at
lattice. It is noted that the all peaks are indexed to ZnO
hexagonal phase but we noted that the intensity of the
XRD peak decreases with increase in Co doping
concentration along with an increase in its full width
at half maxima (FWHM) (shown in Figure la—d)
which confirms the slender loss in their crystallinity
due to distortion of lattice. This indicates that most of
the Co?* ions go into the lattice as substitution ions to
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replace the Co?* ions and do not enter the void spaces.
Since the ionic radius of the substituted Co?* (RCo%" =
0.058 nm is 0.58 A) is smaller than Zn?* (RZn%* = 0.06
nm is 0.60 A). Furthermore, the cell Parameters of
hierarchical Co doped ZnO nanorods are obtained
from Rietveld analysis. The decrease of c-axis is also
given reasonable explanation. The calculated lattice
parameters are listed in Table 1. It is observed from
Table 1 that there is an alteration in its lattice
parameter values as Co®* ion substitutes Zn®* ion in the
lattice. As the doping concentration increases, the
dopant atom incorporated occupies the substitutional
lattice site.

When we enlarged (zoom) the XRD part between
30 ° and 36 ° we show a small shift of diffraction peaks
to higher angles which confirmed the incorporation of
the Co?* in ZnO matrix.
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Fig. 1. X-ray diffraction patterns for various Co-doped ZnO
oxides obtained by polyol process. a) ZnO, b) 1% Co doped
ZnQ, c) 5% Co doped ZnO and d) 10% Co doped ZnO.

The crystalline sizes of the samples (a)-(d) can be
estimated from the full width at half-maximum
diffraction peak by using Scherrer equation.
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L=0.89\/Bcosb

Where L is the average crystallite size in nm, A=
0.154056 nm, P is the full width at the half maximum,
and 0 is the diffraction angle. The average crystallite
size values, calculated from XRD patterns of the
samples synthesized with the molar ratio 0% Co, 1%
Co, 5% Co and 10% Co, have been found to be, about
98, 85, 77 and 60 nm, respectively.

The evolution of the efficient Co?* concentration
versus the target one is plotted in Figure 2. The
dependency of the efficient concentration versus the
target concentration is clearly linear and the curve’
slope indicates that half the Co?* ions in the raw polyol
medium are efficiently introduced in the Zn;xCoxO
compounds.
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Fig. 2. Co? concentration efficiently introduced in Co-doped
ZnO particles versus the Co?* target concentration.

The morphologies and microstructures of
pure ZnO and Co-doped ZnO nanostructures were
investigated by SEM. Figure 3 show the SEM images
of pure ZnO (Figure 3a and b) and Znx.1CoxO (Figure
3c-f), It is clear that the morphology of the pure ZnO
is quite different from those obtained in presence of
the Co. Comparative experiments have shown that
pure ZnO consists of spheres like nanostructures. With
1% Co doped, irregular nanoparticles of rods and
spheres were generated (Fig. 3c and d). With
increasing of the Co concentration from 1% to 5% and
10% (Figure 3e-h), the materials consist of a
homogenous phase of uniform nanorods. After SEM
analysis we can conclude that the amount Co has clear
effects on the formation of nanorods.
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Fig. 3. SEM images of ZnO (a, b), 1% Co doped ZnO (c, d),
5% Co doped ZnO (e, f) and 10% Co doped ZnO (g, h).

The characterization of the chemical composition of
the as-synthesized undoped and Co doped ZnO was
studied by Energy Dispersive X rays spectroscopy
(EDX). The EDX spectrum shown in Fig. 4 proves that
the as-synthesized 1%, 5% and 10% Co-doped ZnO
consists of oxygen, zinc and Cobalt which is in
agreement with the results of X-ray diffraction and
ICP. The weak signals relating to the carbon atoms
come from the electron microscope grid.

3.2. Optical properties

The optical properties of the pure ZnO NPs and Co-
doped ZnO nanostructure was studied by UV-Vis
absorption. The UV-vis absorption spectra of the
samples are presented in (Figure 5).

It is found that the absorption peak increases with
the doping concentration. The increase in absorbance
may be due to miscellaneous factors like particle size,
oxygen deficiency, and defects in grain structure. All
samples showed similar UV-vis absorption spectra
which demonstrate a broad intense absorption from
about 370 nm. It is observed also that the absorption
edge of Co-doped ZnO NPs is shifted to the longer
wavelength, this shift may be explicated the small
amount of lattice strain present in the sample as a result
of Co dopant towards ZnO. As a matter of fact, ZnO is
a direct band gap semiconductor, and therefore its
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absorption coefficient is associated to the excitation
energy by ahv = (hv-Eg)" where n is an exponent, n is
the frequency of the incident radiation, h is the Plank’s
constant, and Eg is the optical energy gap of the
material.

Fig. 4.. EDX of ZnO (a), 1% Co doped ZnO (b), 5% Co
doped ZnO (c) and 10% Co doped ZnO (d).
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Fig. 5. Optical absorption of undoped ZnO and Co-doped
ZnO.

To obtain the absorption onset (ahv)? was
plotted vs. energy hv (Figure 6). The absorption onsets
obtained in Figure 6 indicate that they all at the range
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of 3.36-3.25 eV. Extrapolation of the linear part until
its intersection with the hv axis gives the values of Eg.
From Figure 5, Eg values are 3.36, 3.32, 3.29 and 3.25
eV for pure ZnO, 1%Co-doped ZnO, 5%Co-doped
ZnO and 10%Co-doped ZnO respectively. Both of
them showing a red shift compared to the undoped
ZnO (3.36 eV) which may be due to the size effect.
The red shift and decrease in band gap energy (EQ)
confirm the presence of Co?* inside the Zn?* site of the
ZnO lattice.
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Fig. 6. Band gap energy (Eg) for pure and Co-doped ZnO
NPs.

The photocatalytic degradation study of pure ZnO and
Co-doped ZnO with photodegradation of methylene
blue (MB) was studied under different intervals of
time (0-60 min). The optical absorption spectra of MB
solution at different time intervals (0-60 min) were
recorded and the same is illustrated by Figure 7. It is
observed that with the lapse of time the peak height
decreases indicating greater degradation of MB due to
the photocatalytic activity of ZnO. A negligible
amount of the MB has been degraded using pure ZnO
after 60 min, whereas the 10% Co-doped ZnO sample
revealed higher degradation efficiency. Indeed, the
concentration of MB decreased as the visible light
exposure time was increased. We detected that the
10%Co-Zn0 nanorods yielded more photodegradation
compared to that of pure ZnO.
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Fig. 7. Absorption spectra decrement of methylene blue (MB) aqueous solution degraded from (0—60 min)
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Figure 8 shows the percentage of degradation for
pure and Co-doped ZnO nanorods. It is observed that
10% Co-doped ZnO has exhibited a maximum
degradation of 93% compared with the other doping
concentrations (Table 2). Such values nicely compared
with values reported in the literature Table 3. Recently,
Giahi et al. [23] prepared Mg doped TiO;
nanoparticles via the sol-gel method and tested for
degradation of rhodamine B, nonylphenol ethoxylates,
pseudoephedrine hydrochloride, and nicotine. The
photocatalytic degradation shows that 98.92, 98.00,
98.00 and 97.95% of rhodamine B, nonylphenol
ethoxylates, pseudoephedrine hydrochloride, and
nicotine was decomposed by Mg-doped TiO,
respectively. Ethiraj et al. [24] studied for the first time
the photodegradation of phenol by the Cu-NiO. The
nanocatalyst efficiency for phenol removal was tested
in real leather industrial wastewater effluent which
could remove about 85.7% within 150 min.
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Fig. 8. Photodegradation of MB under pure and Co doped

Zn0O
The enhanced photocatalytic activity observed from
Co-doped ZnO due to presence of defects and oxygen
vacancies created by Co doping inside the ZnO matrix.
The reaction kinetics can be observed by plotting
linear curves for the concentration ratio, In(C/Co),
against the irradiation time “t”. From the curve (Figure
9a), it is obviously clear that the existence of Co ions
from 1 to 10% inside the ZnO matrix has actually
activated the photocatalytic process. It was reported
that the photocatalytic activity count basically on
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optical properties, particle size and morphology of the
material [15]. When the data are plotted as logarithms
of normalized dye concentration versus time, linear
plots are obtained (Fig.9b). Their equation is as
follows:
Ln(C/Co) = kt

Which C is the concentration at the instant t, Co is
the initial concentration and k is the kinetic constant.
This indicates that the decomposition follows first-
order kinetics; the values k, which are actually the
slopes of the lines obtained, are calculated and and it
was 1.11 x 1073, 3.01x1073, 0.47x1072, and 1.55x1072
for the pure ZnO nanospheres, 1% Co-ZnO
nanoparticles, 5% Co-ZnO nanoparticles, and 10%
Co-ZnO nanorods respectively. Among them, the 5%
Co-ZnO and 10% Co-ZnO nanoparticles have
exhibited the highest degradation rate constant (k)
value, which has quite remarkably raised compared
with that of pure ZnO NPs.
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Fig. 9. Photocatalytic degradation of MB on the undoped
ZnO and Co doped ZnO NPs under UV light irradiation (a)
and first order linear transforms of disappearance of MB (b).

4. Conclusion

To conclude, the polyol technique is a successful
route of pure ZnO NPs and Co-doped ZnO synthesis.
Effect of “Co” doping on structural, morphological,
optical and photocatalytic activity of ZnO
nanoparticles is tested. The XRD and SEM validated
that the crystallite size decreased with increase in Co
content. For the highest dopant concentration, the
morphology is totally modified with the formation of
nanorods. In comparison with pure ZnO, Co-doped
ZnO rod-like displayed a strengthened photocatalytic
performance under mild UV-light irradiation in the
methylene blue photodegradation experiments at
ambient temperature, which may be connected to
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specific site-selective photocatalytic behavior related
to Zn sites.
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