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A B S T R AC T

Nanostructure composite zinc and cobalt oxide thin fi lm coated on fl at glass with different Co 
contents were prepared and characterized by X-ray power diffraction (XRD), UV–vis, atomic 
force microscope (AFM) and scanning electron microscope (SEM). The results revealed that the 
particle size of 32 nm and 40 nm for Zn1−xCoxO and pure ZnO respectively, which is critical for 
enhancing the photocatalytic activity. The photocatalytic activity of Zn1−xCoxO was enhanced 
compared with pure nanostructure zinc oxide thin fi lm. The effects of the cobalt content of 
Zn1−xCoxO thin fi lm and dye concentration in the photocatalytic degradation of C.I. Reactive 
orange 86 were studied. Among the catalysts studied, the Zn0.9Co0.1O thin fi lm was the most 
active, and the degradation rate of C.I. Reactive Orange 86 (RO) reached maximum when the 
concentration of the catalyst was 10 mg/l. Final products were, in all cases, CO2, NH4

+ and 
-
3NO  ions and 

2
4SO −

 ions.
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oxidation because of their high surface areas [11–18]. Metal 
oxides, such as ZnO are promising photocatalysts for the 
oxidation of organic pollutants in aqueous environments. 
Zinc oxide has been shown to be more effi cient in the pho-
tocatalytic oxidation of organic pollutants under UV illu-
mination. Pure metal oxides have disadvantages of low 
quantum yield and the fast recombination rate of photogen-
erated electron–hole pair. There has been a lot of interest in 
enhancing the photocatalytic activity of semiconductors for 
the degradation. The rate of recombination of electron–hole 
pairs can be easily tuned by modifi cation methods such as 
selective metal ion doping surface [19–23]. The presence of 
metals on semiconducting metal oxides which act as elec-
tron–hole separation centers can enhance the degradation 
effi ciency of photocatalytic reactions [24]. The electron trans-
fer from the semiconductor conduction band to heavy metal 

1. Introduction

Wastewater contaminated textile dyes are not read-
ily biodegradable. Conventional methods such as chemi-
cal oxidation and activated carbon adsorption suffer from 
drawbacks, including high cost. Biodegradation is a cost-
effective method and environmental friendly, but it is time 
consuming [1]. Advanced oxidation processes (AOPs) are 
attractive alternatives to conventional water treatment pro-
cesses. Among the AOPs, semiconductors as photocata-
lyst with UV light can be used for degradation of a wide 
range of organic pollutants [2–10]. Recently, attention has 
been devoted to the preparation of semiconductors which 
are promising candidates for applications in photocatalytic 
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particles at the interface is thermodynamically possible 
because the Fermi level of semiconductor is higher than 
that of heavy metal which improves the charge separation 
and thus enhances the photocatalytic activity of semicon-
ductor [25,26]. The biggest advantage of ZnO is that it can 
absorb over a larger fraction of UV spectrum and the cor-
responding threshold of ZnO is 425 nm. Reports on photo-
catalytic decolorization of methylene blue over Zn1−xCoxO 
powder photocatalyst are available [27].

The fi nely divided powder photocatalyst can be dis-
persed in the irradiated aqueous solution as slurry [28–29].
However, from a practical point of view it may not be 
possible to use catalyst suspension in slurry because of 
the fi ltration problems linked to the small size of the pho-
tocatalyst particles for catalyst recycling and obtaining 
clean, powder-free water. Because of this reason, attempts 
have been made to immobilize the catalyst on rigid sup-
ports. It has been shown that it is possible to deposit pho-
tocatalyst on various rigid supports of different nature 
such as glass and stainless steel [30–31]. Recently, it was 
reported that zinc oxide thin fi lm coated on glass bead 
could degrade azo dyes but the degradation rate was 
low [32]. To the best of our knowledge there has been 
no report on the preparation of nanostructure composite 
Zn1−xCoxO thin fi lm on glass substrate and their photo-
catalytic oxidation toward the dye pollutants.

In this work, we have prepared Zn1−xCoxO thin 
fi lms via sol–gel dip-coating method, in which Co2+ 
ions were homogeneously incorporated into the lat-
tice of ZnO nanostructure. The properties of Zn1−xCoxO 
thin fi lms were studied by X-ray diffraction (XRD), 
UV-vis spectroscopy (UV-vis) scanning electron micro-
scope (SEM) and atomic force microscope (AFM). C. I. 
Reactive orange 86 (RO) (chemical structure shown 
in Fig. 1) degradation was used as a probe reaction to 
evaluate the role of Co2+ substitution in photocatalytic 
activities of Zn1−xCoxO thin fi lm in response to UV light 
irradiation. We have found that Co2+ doping markedly 

enhanced the photodegradation of RO solution under 
UV light irradiation.

2. Experimental

Zn1−xCoxO sol was synthesized via an improved 
sol–gel method. A sample of Zn(CH3COO)2·2H2O, 
Co(CH3COO)2·4H2O, monoethanolamine (MEA) and 1 ml 
de-ionized water were dissolved in 15 ml isopropyl alcohol 
at 70 oC for 60 min under vigorous stirring. The stoichi-
ometry of cobalt was controlled by dissolving the pre-
cursor Co(CH3COO)2·4H2O in anhydrous ethanol. The 
reaction mixture became transparent Zn1−xCoxO sol and 
then decanted into a conical bottle. Precursor solution did 
not produce any precipitation after 50 d. Zn1−xCoxO thin 
fi lms were prepared by dip-coating method and dried at 
100 oC. Films were annealed at 350–550 oC for 80 min. The 
deposition was repeated to obtain a fi lm with different 
thickness. The structure and crystalline size were deter-
mined by XRD diffraction (Bruker D8 advanced X-ray 
diffractometer: Cu Kα radiation, Scan rate 0.03 2θ s−1). 
Film morphology was characterized by a C26 DME 
atomic force microscope (AFM) and Philips XL-30 scan-
ning electron microscopy (SEM) with accelerating 10 
kV. Transparency was measured by spectrophotometer 
(Varian Cary 500 Scan). The BET specifi c surface area 
(SSA) was determined for each of the catalysts, using 
BET apparatus SA 3100 S of Coulter Electronics Inc. The 
measurements were carried out in the 5-point mode. 
The initial and fi nal pH values were measured by pH/
conductivity-meter, Schott Instruments GmbH, Mainz, 
Germany. Degradation of dye solutions was monitored 
by a Double beam UV-visible spectrophotometer (Varian 
Cary 500 Scan). Total organic carbon content (TOC) 
measurements was performed by Total Organic Carbon 
analyzer; Shimadzu TOC-VCPN, Japan. The photocata-
lytic degradation experiments were carried out in a simple 
(Fig. 2) oxidation reactor (50 ml), placed in a 25 oC water 
bath. Glass with 5 layers that placed in 25 ml of 5–20 ppm 
C.I. RO 86 solution was irradiated with two 8W lamps 
(Philips; l = 365 nm) placed 5 cm above the solutions. Con-
centration is measured by spectrophotometer at l max of 
535 nm (Varian Cary 500 Scan). 

In all experiments, 25 ml of RO was used with stir-
ring during the irradiation. Doubly distilled water was 
used throughout this study and the initial pH of solu-
tions was adjusted as appropriate by addition of either 
HCl or NaOH. The light intensity was measured by a 
light intensity meter from Photon Technology Interna-
tional and controlled at 3.0 mW/cm2. Solution sample 
(1 ml/each time) was withdrawn from the fi xed fi lm 
batch reactor for the determination of dye concentra-
tion using calibration curve and were poured back into 
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Fig. 1. Chemical structure of a commercial dye C.I. RO 86.
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the reactor after that. The results of blank experiments 
under similar conditions but without the addition of 
catalysts indicated that there was a negligible loss of 
solution volume due to the UV irradiation and reactor 
open to the air but the loss of substrate was negligible. 
A comparative study of catalytic activity was per-
formed using Zn1−xCoxO thin fi lm and pure ZnO thin 
fi lm. Formation of NH4

+ and NO3
− and SO4

2− ions was 
assayed by high-pressure liquid chromatography (Jasco; 
CD-5 conductivity detector; Shodex cationic (Y-521) 
and anionic (I-524) columns). The eluent was a 4 mm 
HNO3 solution for the cationic column or a solution of 
phthalic acid (2.5 mm) and tris (hydroxymethyl) ami-
nomethane (2.3 mm) for the anionic column. Analyses 
were performed after separation of the photomedia-
tor by centrifugation and eventual fi ltration with an 
Advantech 0.2 mm PTFE fi lter. In alkaline media, the 
NH3 produced (if any) was detected as NH4

+ ions on 
acidifi cation with the HNO3 eluent during the analyses 
of cations.

3. Results and discussion

3.1. Catalysts characterization

The BET SSA of Zn1−xCoxO thin fi lms ranges from 
12.23 to 18.25 m2/g. The highest SSA was determined 
for Zn0.9Co0.1O thin fi lm while the lowest one was that 
for Zn0.99Co0.01O thin fi lm. 

The UV–vis transmittance spectra of Zn1−xCoxO thin 
fi lms with different Cobalt contents is shown in Fig. 3. 
The band edge for the pure ZnO sample appeared at 
3.10 eV (400 nm) while the band edge of the Co doped 
ZnO thin fi lms shifted to longer wavelengths with 
increasing cobalt concentration. The red shift of the band 
gap Eg edge with incorporation of Co into ZnO has been 
observed and interpreted as mainly due to the sp–d 
exchange interactions between the band electrons and 

the localized d electrons of the Co2+ ions substituting Zn 
ions [33–36]. It can be clearly seen that a wider band gap 
makes photogenerated holes to have a stronger reduc-
tive electric potential, which leads to an increase of the 
photocatalytic effi ciency. This could be mainly attributed 
to the quantum size effect as well as the strong interac-
tion between the surface oxides of Zn and Co. These 
observations strongly suggest that the Co content sig-
nifi cantly affects the particle size and hence infl uence the 
absorbance properties. 

The representative XRD patterns of Zn1−xCoxO thin fi lm 
is illustrated in Fig. 4. Miller indices of the diffraction peaks 
are also given. It is shown that the diffraction peaks are rela-
tively strong, and the peak positions matched well the stan-
dard data for bulk ZnO. Therefore, all samples crystallized 
in a wurtzite structure with a high crystallinity [37–42].
The three strongest XRD peaks for ZnO were detected 
with Miller indices (100), (002) and (101) corresponding 
to Bragg angles 31.8, 34.5 and 36.4°, respectively. The dif-
fraction peaks were indexed to the hexagonal wurtzite 
structure (space group P63mc) and the d-values calculated 
are in good agreement with JCPDS no. 75-1526. The mean 
crystallite size L was determined from the broadening b of 
the most intense line, for each polymorph, in the X-ray dif-
fraction pattern, based on the Scherer equation using the 
full-width at half maximum of the peaks corresponding to 
the planes (110), (002) and (101):

cos
k

L
λ

β
=

θ

where l is the radiation wavelength, k = 0.90 and q the 
Bragg angle [43]. The grain size decreases gradually 
with increasing the time and temperature of calcination 
up to 500 oC (smallest grain size of 32 nm). The particle 
size of Zn1−xCoxO thin fi lms (32 nm) is smaller than pure 

Fig. 2. The diagrammatic representation of the experimen-
tal setup used for photocatalytic experiments: glass slide 
coated with Zn1−xCoxO thin fi lms, UV light source, pyrex 
glass cover, reactor and magnetic stirrer. Fig. 3. UV-Visible transmittance spectra of (a) Zn0.99Co0.01O 

(b) Zn0.97Co0.03O (c) Zn0.95Co0.05O (d) Zn0.9Co0.1O thin fi lms.
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ZnO (40 nm), attributed to the formation of Co–O–Zn 
on the surface of the coating [12,32] which hinders the 
growth of crystal grains. The X-Ray diffraction pat-
terns of Zn1−xCoxO thin fi lms with various molar ratio of 
cobalt annealed at 550 °C are shown in Fig. 4. A strong 
(002) preferential orientation has been observed for the 
pure ZnO thin fi lm which is decreased with increasing 
amounts of cobalt in Zn1−xCoxO thin fi lm. As shown in 
Fig. 4 with increasing of cobalt concentration new peaks 
appeared which indicates that new mixed zinc cobalt 
oxide is formed.

The scanning electron microscopy images of Zn1−xCoxO 
thin fi lm is shown in Figs. 5(a)–(d). The section of this 
Zn0.9Co0.1O thin fi lm is also characterized by means of SEM, 
the testing result shows the average thickness of fi lm is 200 
nm. SEM micrographs of the smooth and textures Zn1−xCoxO 
l thin fi lms deposited at a growth temperature of 550 °C; (a) 
and (b) with lower cobalt content, (c) and (d) with higher 
cobalt content. Figs. 5(a) and (b) presents the SEM images 
of the nanostructured fi lms of Zn0.99Co0.01O and Zn0.97Co0.03O 
respectively. As shown in Figs. 5(a) and (b), the fi lm with 
lower cobalt content is assembled by the spherical nanopar-
ticles that are distributed uniformly and monodispersely in 
the fi lm. The average crystalline size of Zn1−xCoxO in the fi lm 
annealed at 500 oC is about 33 nm and a granular surface. In 
general, fi lms are homogeneous and continuous. Separate 
coating layers are not visible in sintered fi lms. Films were 
crack-free, and had a uniformly distributed grain structure 
with a thickness of 200 nm [44–46]. Figs. 5(c) and (d) dis-
play a SEM images of the nanostructured fi lms with texture 
surface for Zn0.95Co0.05O and Zn0.90Co0.10O respectively. It is 
observed from the micrographs that the surface morphol-
ogy changes as the cobalt concentration increases. The dif-
ferences on morphologies are noticeable in Figs. 5(a) and (b) 
rounded grains surfaces for Zn0.99Co0.01O and Zn0.97Co0.03O 
thin fi lms (lower cobalt content) are observed and there is an 

Fig. 4. The XRD pattern of the Zn1−xCoxO thin fi lm with dif-
ferent cobalt percent coated on glass by dip-coating and 
annealed at 550 oC.

Fig. 5. SEM image of Zn1−xCoxO thin fi lm with different cobalt 
percent coated on glass by dip-coating and annealed at 550 ºC 
(a) Zn0.99Co0.01O; (b) Zn0.97Co0.03O; (c) Zn0.95Co0.05O; and (d) 
Zn0.9Co0.1O.
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pure ZnO or Zn1−xCoxO thin fi lms. The self-degradation 
of RO without involving photocatalysts was negligible 
under UV light irradiation [48,49]. It is clearly seen 
from Fig. 7 that the rate of photocatalytic degradation 
of Zn1 − xCoxO thin fi lm catalysts is higher compared to 
pure ZnO thin fi lm. It is interesting to note that the rate 
constant of the catalysts increases with increase in the 
Co content up to 10 mol % and then decreases. Thus, it is 
concluded that the optimum loading of Co is 10 mol %, 
(Zn1−xCoxO) which may be more effi cient for separat-
ing of photoinduced electron–hole pairs and enhance 
the photocatalytic activity. Under the irradiation of 
Zn1-xCoxO nanostructure thin fi lm cobalt acts as an elec-
tron scavenger, which may react with the superoxide 
species and prevent the holes–electrons recombination, 
and thus increases photooxidation effi ciency [11–15]. 

Fig. 7 showed the ln (C0/C) versus time curves of 
the RO photocatalytic decolorization using Zn1−xCoxO 
photocatalyst, where C0 and C were the concentra-
tions of the primal and remaining RO, respectively. All 
curves shown in Fig. 7 were linear, revealing that the 
kinetic data of the RO photocatalytic decolorization fi t 
well to the fi rst-order reaction kinetic model. Assuming 
pseudo-fi rst-order reaction kinetics for the photocata-
lytic oxidation process, the decolorization rate constant 
was determined from the equation ln(Ct/C0) = −kt, where 
C0 and Ct are the dye concentrations at times 0 and t, 
respectively, and k is the fi rst-order rate constant [50]. 
The degradation percent are experimentally determined 
to be 50.8 for x = 0.00, 57.4 for x = 0.01, 61.3 for x = 0.03, 
69.3 for x = 0.05 and 78.4 for x = 0.10 (Tables 1 and 2).

It is clear that the substitution of Co2+ ions in ZnO 
lattice could enhance the photodegradation of the RO 
solution under UV light irradiation. The moderate 

Fig. 6. AFM image of Zn0.9Co0.1O thin fi lm photocatalyst 
coated on glass.

Fig. 7. Effect of UV-irradiation time on the degradation of 
C.I. RO 86 textile dyes at initial concentrations 5, 10, 15 and 
20 mg/l in de-ionized water using Zn1−xCoxO thin fi lm pho-
tocatalyst coated on glass.

evolution to texture surface for Zn0.95Co0.05O and Zn0.90Co0.10O 
fi lms (higher cobalt content) from Fig. 5(c) and (d) [47].

The surface microstructure and morphology at 
nanometric scale in Zn1−xCoxO thin fi lms were studied 
by atomic force microscopy (AFM). As seen from AFM 
images in Fig. 6, the fi lms are uniform and densely 
packed. All the fi lms exhibit granular structure. It appears 
that the incorporation of cobalt atoms signifi cantly affects 
the microstructure and surface morphology.

3.2 Photodegradation of RO dye by Zn1−xCoxO thin fi lms

A series of experiments were carried out to measure 
photocatalytic activity of the Zn1−xCoxO and ZnO thin 
fi lms, with RO in aqueous suspension. Fig. 7 shows 
the effect of Zn1−xCoxO thin fi lms on photodegrada-
tion of RO textile dye compare to pure ZnO thin fi lm 
(Fig. 8). Photodegradation experiments were carried 
out at dye concentration 5–20 mg/l, reaction tempera-
ture 25 ºC, catalyst loading 5 glass slide coated with 

Fig. 8. Effect of UV-irradiation time on the degradation of 
C.I. RO 86 textile dyes at initial conentration 5, 10, 15 and 20 
mg/L in de-ionized  water on ZnO thin fi lm photocatalyst 
coated on glass.
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concentration of cobalt in ZnO is also capable for improv-
ing the hydrogen production under solar irradiation [51]. 
Therefore, it is believed that the photoinduced carriers 
are responsible for the enhanced catalytic activity or 
the photodegradation of RO might proceed in a sen-
sitized photoreaction process in combination with a 
catalyzed photoreaction process over Zn1−xCoxO with 
x > 0.00, which explains the improved photocatalytic 
activity. The effect of initial dye concentration is attrib-
uted to the so-called shielding effect; after exceeding 
the optimal amount, the dye reduces the penetration of 
the light in the solution. Mineralization of the dyes was 
confi rmed by monitoring the evolution of CO2 by gas 
chromatography. The stoichiometry amounts of CO2 
evolved in neutral media were consistent with TOC 
assays. Final products were, in all cases, CO2, NH4

+ 
and NO3

− and SO4
2− ions. Results confi rm the complete 

mineralization of the dyes.

4. Conclusion

The transparent Zn1−xCoxO thin fi lm sols have been 
prepared by sol–gel method with isopropanol as solvent 
and a novel Zn1−xCoxO thin fi lm catalyst has been pre-
pared by dip-coating method with a fl at glass as substrate. 
The fi lm was characterized by means of XRD, UV-vis, 
SEM and AFM. It is showed that the thin fi lm is porous, 
which is formed by a layer of Zn1−xCoxO nano-sized parti-
cles with average diameter of 32 nm. Zn1−xCoxO thin fi lm 

shows stronger photoabsorption than ZnO thin fi lm in 
the visible range from 450 to 800 nm. The Zn1−xCoxO thin 
fi lms have been employed in photocatalytic oxidation of 
RO. The Zn1−xCoxO thin fi lm-supported commercial glass 
is a promising and effi cient catalyst to degrade organic 
pollutants. Glass coated Zn1−xCoxO thin fi lm can be used 
repeatedly over a long time with small loss of effi ciency. 
This result showed that the glass coated Zn1−xCoxO thin 
fi lm is photochemically stable.
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