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a b s t r a c t

ZnO powders with different Co2+ doping concentrations (0, 0.5, 1, 3 and 5 mol%) were prepared by the
hydrothermal method and characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM),
UV–vis diffuse reflectance spectrometer, and photochemical reaction instrument. The results show that
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the ZnO powders are hexagonal wurtzite structures and their crystallization decrease with the increase
of Co2+ doping concentration. The products are spherical which have diameter of about 200 nm, and their
absorption edge shift to longer wavelength with the increase of the Co2+ concentration. The photocatalytic
activities of the powders are evaluated using a basic organic dye, methyl orange (MO). Compared with
undoped ZnO, it is found that the photocatalytic properties of the Co-doped ZnO have been improved
greatly. When the doping concentration is 3 mol%, the degradation ratio of MO can reach 78% after reacting
hotocatalytic for 240 min.

. Introduction

Recently, metal-oxide photocatalysts have become a focus of
ttention due to their possible application to degradation of envi-
onmental organic pollutants and the conversion of solar-energy
1,2]. As a suitable alternative photocatalyst to TiO2, ZnO has a
imilar band gap energy (3.2 eV) to TiO2 [3], larger quantum effi-
iency and higher photocatalytic efficiencies than TiO2 [4,5]. It has
lso suggested that ZnO costs lower than TiO2 for decolorization
f organics in aqueous solutions [6]. However, the photocatalytic
ecolorization can only proceeds under UV irradiation because its
ide band gap and absorb UV light with � < 387 nm [7]. Unfortu-
ately solar spectrum consists only 5–7% of UV light, the other 46%
nd 47% of the spectrum are visible light and infrared radiation,
espectively [8]. This minimal extent of UV light in the solar spec-
rum has particularly ruled out the use of natural source of light
or photocatalytic decomposition of inorganic contaminants and
acteria disinfection from water and air on large scale [9].

Therefore, in order to shift the optical absorption of ZnO into
he visible region and prevent charges from the recombination on
he photocatalysts surface, various attempts have been made. For

xample, it can be achieved by doping transitional metal ions, such
s La, Ni, Mn and Fe, or by doping N and S [10–13]. ZnO doped with
n has been reported to cause hyperchromic shift in the optical

bsorption of ZnO, which is attributable to the shrinkage of the band
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gap. This change in ZnO caused by Mn2+ was assumed to play an
important role in the photocatalysis [9]. In addition, enhancement
in the optical absorption owing to the increase of defects in surface
layer by doping with Pb2+ and Ag+ urges us to further investigate
both undoped and doped ZnO nanoparticles and their photocat-
alytic activities [14,15]. Here, ZnO powders doped with Co2+ were
prepared, and the photocatalytic activities were studied using vis-
ible light as radiation source radiation and methyl orange as test
contaminant.

2. Experimental

2.1. Chemicals

Zinc nitrate hexahydrate (Zn(NO3)2·6H2O) (analytical grade, Shanghai Chem-
ical Reagent Ltd.), cobalt nitrate hexahydrate (Co(NO3)2·6H2O) (analytical grade,
Shanghai Chemical Reagent Ltd.) were used as zinc and cobalt sources, respectively.
Sodium hydroxide (NaOH) was purchased from Tianjin Bodi Ltd. (analytical grade).
Methyl orange (MO C14H14N3NaO3S) (Shanghai Chemical Reagent Factory) was used
as indicator. All solutions were prepared with distilled water.

2.2. Preparation of photocatalysts

ZnO powders with different Co2+ doping concentrations (0, 0.5, 1, 3 and
5 mol%) were prepared by the hydrothermal method. Usually, Zn(NO3)2·6H2O and
Co(NO3)2·6H2O were dissolved in distilled water to obtain 0.2 mol/L mix solutions
(Co2+ is x mol%, x = 0, 0.5, 1, 3 and 5). 20 mL of 2 mol/L sodium hydroxide solution was

slowly added into above-mentioned mix solutions, stirred at room temperature for
30 min, and then moved to a Teflon-lined stainless steel autoclave of 90 mL capacity.
The sealed tank was put into an oven and heated at 60 ◦C for 12 h. When the reactions
were completed, the autoclave was cooled to room temperature naturally. Products
were collected by filtration, washed with deionized water and alcohol several times,
and finally dried in air at 60 ◦C for 5 h.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:caolixin@mail.ouc.edu.cn
dx.doi.org/10.1016/j.jallcom.2010.03.076
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.3. Characterization

The powder X-ray diffraction (XRD) patterns of the samples were recorded by a
RUKER D8 ADVANCE X-ray diffractometer using Cu K� radiation. Microstructures
nd morphologies were investigated by a JSM-6700F scanning electron microscopy
SEM). Diffuse reflection spectra were obtained using an UV–vis spectrometer (UV-
450).

.4. Photocatalytic reactor and degradation procedure

Photochemical reactor was made up of a halogen tungsten lamp (200 W,
00 < � < 700 nm), a magnetic stirrer and a beaker. 200 mg Co-doped ZnO powders
ere added into 200 mL MO aqueous solution (10 mg/L) and dispersed under ultra-

onic vibration for 10 min. The obtained suspension was continuously stirred for
bout 0.5 h in darkness to ensure the establishment of an adsorption-desorption
quilibrium between the photocatalysts and the MO aqueous solution. Then visible
ight irradiation started. At regular irradiation intervals, about 5 mL of the mix-
ure was withdrawn, and the catalysts were separated from the suspensions by
entrifugation. The degradation process was monitored by an UV–vis absorption
pectrometer (measuring the absorption of MO at 463 nm).

. Results and discussion
.1. XRD patterns of ZnO and Co-doped ZnO

XRD patterns of ZnO and Co-doped ZnO with different cobalt
ontents are shown in Fig. 1. All of the diffraction peaks match the

Fig. 1. XRD patterns of doped ZnO prepared with different concentration of Co2+.

Fig. 2. SEM images of undoped and Co-doped ZnO prepared with different Co2+ doping concentrations: (a) 0%, (b) 0.5%, (c) 1%, (d) 3%, and (e) 5%.
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reduced gradually.
Curves of methyl orange degradated by ZnO powders with dif-

ferent Co2+ doping concentrations are shown in Fig. 5. It is found
that undoped ZnO has a little ability to mineralize MO under the
ig. 3. UV–vis diffuse reflection spectra of undoped and Co-doped ZnO prepared
ith different Co2+ doping concentrations: (a) 0%, (b) 0.5%, (c) 1%, (d) 3%, and (e) 5%.

tandard data for a hexagonal ZnO wurtzite structure (JCPDS 36-
451), which demonstrates that doped Co2+ ions have no effects
n the crystal structure. However, the intensity of the diffraction
eaks becomes weaker and the half peak width becomes wider with
he increase of the Co2+ doping concentration, which implies that
he Co2+ ions inhibit the aggregating growth of the ZnO particles
nd influent the crystallization of the ZnO. In addition, it is found
hat no characteristic peaks of Co or cobalt oxide are detected in all
he patterns, which maybe demonstrate that Co2+ ions either have
ntered into the lattices of ZnO substituting of Zn2+ or existed in
he form of amorphous [16].

.2. SEM images of ZnO and Co-doped ZnO

To obtain detailed information about the microstructure
nd morphology of the synthesized samples, Scanning electron
icroscopy (SEM) was carried out. The result is shown in Fig. 2.
s shown in the pictures, the morphology of the products have not
ny change with the increase of the Co2+ doping concentration. All
he products which the diameter ranges from 100 to 300 nm are
pherical and their surface is very rough. In addition, it is found
hat, the size of the products become smaller with the increase of
he Co2+ doping concentration.

.3. UV–vis diffuse reflectance analysis

The UV–vis diffuse reflectance spectra of undoped ZnO and
o-doped ZnO are shown in Fig. 3. It is found that the reflection
ate of the undoped ZnO begins to decrease at 380 nm, while the
and edge of the Co-doped ZnO sample shifted to longer wave-

engths with the increase of the Co2+ doping concentration. The
ed shift of the band edge with the incorporation of Co into ZnO
as been observed [17] and ascribed to the sp–d exchange inter-
ctions between the band electrons and the localized d electrons
f the Co2+ ions which substitute Zn2+ ions [18]. The s–d and p–d
xchange interactions led to a negative and a positive correction to
he conduction band and the valence band edges separately, result-

ng in a band gap narrowing [19]. In addition, the reflection rate of
he Co-doped ZnO in visible light range decreases with the increase
f the Co2+ doping concentration. When the doping concentration
eaches 3%, the reflection rate in visible light range decreases to 90%
nd a strong absorption between 600 and 700 nm can be observed,
Fig. 4. UV–vis absorption spectra of MO after different irradiation times using Co-
doped ZnO powders as photocatalysts.

which has very important signification in making full use of
sunlight.

3.4. Photocatalytic degradation of MO

MO was used as a test contaminant, because its absorption peak
is in the visible range and its degradation can be easily monitored by
optical absorption spectroscopy. Fig. 4 shows the UV–vis absorption
spectra of MO at different irradiating intervals using the Co-doped
ZnO powders as photocatalysts, the Co2+ concentration is 3%. From
the figure, it is found that the absorption peak of the MO is at 463 nm
and the intensities decrease with the increase of the irradiation
time, the absorbance intensity reduced to 0.171 after 240 min irra-
diation. It indicates that the concentration of MO in the solution is
Fig. 5. Degradation curves of MO using Co-doped ZnO powders with different Co2+

concentrations as photocatalysts. (C0 is the initial concentration of MO, Ct is the
concentration of MO after ‘t’ minutes.).
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isible light irradiation. However, all of the Co-doped ZnO photo-
atalysts exhibits higher photocatalytic activity than the undoped
nO. This may be attributed both to the better performance of
he absorption in visible light range and to the larger the content
f oxygen vacancies or defects which produced by doping Co2+

19]. During the 240 min irradiation, the order of the photocat-
lytic activities of the Co-doped ZnO with different Co2+ doping
oncentrations is as followings: 3 > 5 > 1 > 0.5 > 0 mol%. The 3 mol%
o-doped ZnO photocatalyst exhibits the highest photocatalytic
ecolorization efficiency, MO concentration reduced as much as
8% after 240 min, which suggests that the doping of Co2+ may
nhance the photocatalytic activity of ZnO and there is an optimum
oping concentration of Co2+ ions in ZnO.

. Conclusions

Co-doped ZnO photocatalysts were prepared by hydrother-
al method. The powders are spherical in shape belonging to

exagonal wurtzite structures. The absorption edge shifted to
onger wavelengths with the increase of the cobalt concentra-
ion. Co-doped ZnO photocatalyst owned improved photocatalytic
ctivity in decolorization of MO under visible light irradiation.
he 3 mol% Co-doped ZnO photocatalyst exhibits the highest pho-

ocatalytic decolorization efficiency, leading to as much as 78%
eduction of the MO concentration in 240 min. All these indicated
hat Co-doped ZnO was a potential candidate for the practical
pplication in photocatalytic decolorization of organic contami-
ants.
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