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ABSTRACT 

Highly photocatalytically active nanodisks of ZnO and Co doped ZnO were synthesized by a facile wet chemical method. The 
structural, optical and photocatalytic properties of ZnO and Co doped ZnO nanodisks were studied by X-ray diffraction (XRD), 
field emission scanning electron microscopy (FESEM), atomic force microscopy (AFM), transmission electron microscopy 
(TEM), Raman spectroscopy and UV-visible absorption spectroscopy. FESEM, AFM and TEM studies revealed the presence of 
ZnO nanodisks. Sun light driven degradation of aqueous methyl orange (MO) dye was used for evaluating the photocatalytic 
activity of as-synthesized ZnO and Co doped ZnO nanodisks. Co doped ZnO nanodisks showed very high photocatalytic 
efficiency and lead to almost complete degradation of MO dye in just 8 minutes. A tentative mechanism of the photocatalytic 
degradation of MO by Co doped ZnO nanodisks is proposed. We attribute the enhanced photocatalytic activity of Co doped 
ZnO nanodisks to their high specific surface area and efficient charge carrier separation due Co doping, which improves 
suppression of recombination of photogenerated electrons and holes. Development of sun light active highly efficient and stable 
photocatalysts is very promising for environmental remediation leading to safe and clean water. Copyright © 2015 VBRI press.  
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Introduction  

Water contamination due to toxic chemicals and hazardous 
water soluble organic dyes in industrial effluents pose a 
severe threat to the environment. Purification and 
detoxification of industrial waste water is of immense 
importance for environmental remediation. Development of 
highly efficient and sun light active photocatalysts for 
elimination of toxic pollutants from water has driven 

significant research interests over the last few decades [1-
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5].
 
Semiconductors such as ZnO and TiO2 have attracted 

significant attention as efficient photocatalysts for 
degradation of organic dyes and toxic chemicals in waste 

water [6-9].
 
ZnO with wide band gap (3.37 eV) and large 

excitonic binding energy is one of the most widely used 
photocatalyst due to its non-toxicity, lower cost and ease of 

large scale synthesis [10-12].
 

ZnO nanostructures with 
different morphology such as nanoparticles, micro/ 
nanorods, nanoballs and nanoflowers

 
have received 

increasing attention for diverse applications including 

photocatalytic degradation of organic dyes [13-17],
 
dye 

sensitized solar cells [18-21],
 
and gas sensors [22, 23]. 

However, ZnO nanostructures suffer from low 
photocatalytic efficiency due to rapid recombination of 

photoexcited electrons and holes [24, 25].
 
This limitation 

can be overcome by suppressing the recombination of 
photogenerated charge carriers in ZnO. Doping ZnO 
nanostructures with transition metals has been used to 
inhibit the recombination, since doping introduces a change 
in the band structure of ZnO and creates traps to capture 

photogenerated charge carriers [26]. Various transition 
metals such as Co, Cu, Ni, Fe and Mn have been used as 
dopants for tuning the optical and electrical properties of 

semiconductors [27-30].
 
Doping with Co is considered to 

be very effective for tuning the optical properties of ZnO 

[31].
 
Lu et al. [25]

 
synthesized Co doped ZnO nanorods, by 

a facile hydrothermal process, which led to photocatalytic 
degradation of 93% of 58 μM alizarin red dye in 60 
minutes. Doping ZnO with Co enhanced the charge 
separation and charge transfer ability which in turn 
inhibited the recombination of photogenerated charge 
carriers in ZnO, resulting in high visible light photocatalytic 

activity. Xiao et al. [32]
 
synthesized Co doped ZnO, by 

hydrothermal method, which led to the complete 
degradation of 31 μM methylene blue dye in 300 minutes. 
The high photocatalytic activity in these samples was 
attributed to the higher concentration of oxygen vacancies 

and defects in ZnO. Xu et al. [33] studied the photocatalytic 
activity of Co doped ZnO towards degradation of MO dye 
and showed that Co doped ZnO nanostructures led to 
degradation of 78% of 30 μM MO dye in 240 minutes. 
Though there are few earlier reported works on the 
photocatalytic degradation of organic dyes by Co doped 
ZnO nanostructures, the photocatalytic efficiency achieved 
was not very high.  

In this paper, we report highly enhanced photocatalytic 
activity of Co doped ZnO nanodisks, prepared by a facile 
wet chemical method, for sun light driven degradation of 
aqueous MO dye. Co doped ZnO nanodisks degraded 91% 
of 10 μM MO dye in just 8 minutes. The high 
photocatalytic efficiency achieved in our study for sun light 
driven photocatalytic degradation of MO dye by Co doped 
ZnO nanodisks have not been reported till date. We have 
shown that the photocatalytic efficiency is dependent on the 
level of Co doping in ZnO nanodisks. 

 

Experimental 

Materials 

Zinc chloride (ZnCl2) and hexamethylenetetramine 
(HMTA) were used as the precursors for synthesis of ZnO 
nanodisks. Cobalt chloride hexahydrate (CoCl2. 6H2O) was 

used for doping Co into ZnO nanodisks. Methyl orange 
(MO) was used for studying the photocatalytic activity of 
ZnO and Co doped ZnO nanodisks and was purchased from 
SRL, India. Zinc chloride, cobalt chloride and HMTA were 
purchased from Merck, India. All the chemicals used were 
of analytical grade and were used as received without any 
further purification. 

 
Synthesis of ZnO and Co doped ZnO nanodisks  

In a typical synthesis of ZnO nanodisks, ZnCl2 was 
dissolved in 50 mL double distilled water under stirring. A 
calculated amount of HMTA was dissolved in 50 mL of 
double distilled water in another beaker for reaching 1:1 
ratio with Zn

2+
 ions. Both these solutions were then mixed 

together, continuously stirred and heated at 95
0
C for 3 h. It 

was then allowed to cool down and left undisturbed 
overnight. The white precipitates formed were thoroughly 
washed with double distilled water by repeated 
centrifugation-redispersion and dried at 80

o
C for 20 h. The 

solid white powder thus obtained was used for 
characterization and photocatalytic studies.  
 Co-doped ZnO nanodisks were synthesized by adding 
CoCl2.6H2O to the 50 mL aqueous ZnCl2 solution, followed 
by addition of HMTA in 1:1 ratio and repeating the 
procedure for the synthesis of ZnO nanodisks. For different 
levels of Co doping in ZnO nanodisks the relative 
concentration of CoCl2.6H2O in the mixture was varied. 
Two different batches (A and B) of samples were prepared 
with different Zn

2+
 concentrations of 0.01 M and 0.02 M. 

The batch A consists of undoped ZnO sample (0.02 M) and 
doped samples prepared with 2.5%, 5% and 10% Co in 
ZnO and are hereafter referred to as PZA, CZA1, CZA2 
and CZA3, respectively. The batch B consist of undoped 
ZnO sample (0.01 M) and doped samples with 5% and 10% 
Co in ZnO and are hereafter referred to as PZB, CZB1 and 
CZB2, respectively. 
 
Characterization of photocatalysts  

The structural properties of as-synthesized samples were 
investigated using powder X-ray diffraction (XRD) studies, 
carried out using Panalytical X’pert Pro diffractometer with 

Cu K radiation ( = 0.1542 nm) and transmission electron 
microscopy (TEM) using FEI, Tecnai G

2
 F30 microscope 

operating at 300 kV. The surface morphology of the 
samples was studied by atomic force microscopy (using 
Park systems XE-70) and field emission scanning electron 
microscopy (FESEM) (using MIRA, TESCAN). The 
optical properties of as-synthesized ZnO and Co doped 
ZnO samples were studied by UV-visible absorption 
spectroscopy. The powder samples were dispersed in 
double distilled water by sonication. UV-visible absorption 
spectra of the samples were recorded in the wavelength 
range of 200 - 800 nm using HITACHI U-3300 
spectrophotometer, with double distilled water as the 
reference medium. Raman spectra on Co doped ZnO 
nanodisks were obtained using Horiba Jobin Yvon 
LabRAM using Ar laser (488 nm) with 1 µm spot size.  

 
Photocatalytic measurements  

Methyl orange (MO) is a widely used and stable organic 
dye. In this study, MO was used as a model dye to study the 
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photocatalytic activity of ZnO and Co doped ZnO 
nanodisks under sun light irradiation. For the photocatalytic 
studies, 5 mg of as-synthesized ZnO and Co doped ZnO 
photocatalysts were dispersed in 5 mL double distilled 
water in glass vials under sonication. 10 μM MO dye 
solutions were added to the vials with the photocatalysts 
and thoroughly mixed and kept in the dark for 30 minutes 
to reach the adsorption−desorption equilibrium, after which 
it was irradiated with sun light for different durations (2, 4, 
and 8 minutes). These experiments were carried out during 
mid day in April ensuring irradiations with sun light of 
maximum luminosity. After the exposure with sun light, the 
photocatalysts were removed from the dispersions by 
centrifugation and the final concentration of MO dye in the 
solution was monitored by UV-visible absorption 
spectroscopy with double distilled water as reference 
medium. The following formula was used to calculate the 
photocatalytic efficiency of the photocatalysts for the 
degradation of MO dye; 
  

 

 
where C0 is the absorbance of 10 μM MO dye solution 

before addition of any photocatalyst and sun light exposure 
and C is the absorbance of MO in reaction suspensions with 
photocatalyst following exposure with sun light for time t.  
 

Results and discussion 

Structure and morphology  

The surface morphology of undoped ZnO and Co doped 

ZnO samples were studied using FESEM. Fig. 1(a and c) 
show the FESEM images of undoped ZnO samples PZA 

and PZB and Fig. 1 (b and d) show the FESEM images of 
Co doped ZnO samples CZA2 and CZB1. It can be seen 
that all the samples consist of a large concentration of 
nanodisks in addition to few nanorods. 
 

 

 

Fig. 1. FESEM images of samples (a) PZA, (b) CZA2, (c) PZB and (d) 
CZB1. 

Fig. 2 shows the AFM image of Co doped ZnO sample 
CZA2. AFM results clearly show the presence of nanodisk 
like structures along with few nanorods. The line profiles 

for two nanodisks are also shown in Fig. 2. The thickness 
of the two marked nanodisks, as seen from the line profiles, 
are 127 nm and 86 nm, while the widths are found to be 
263 nm and 133 nm, respectively. 
 

 

Fig. 2.  AFM image of Co doped ZnO sample CZA2. 
 

TEM images of Co doped ZnO sample (CZA2) are 

shown in Fig. 3 (a-b). From these TEM images one can see 
clearly that the sample contains nanodisks of varying size. 
The selected area electron diffraction (SAED) patterns 
(data not shown) from the nanodisks confirmed the single 
crystal nature of ZnO nanodisks having hexagonal close 
packed (hcp) structure with lattice parameters a = 3.253 Å 

and c = 5.213 Å. Fig. 3 (c) shows the HRTEM image from 
a region of ZnO nanodisk. The HRTEM image clearly 
shows the single crystal nature of the nanodisk. The 
observed lattice spacing of 2.47 Å indicates the (011) inter-
planar spacing (d-spacing) of hexagonal ZnO. 

 

 

 

Fig.  3.  (a, b) TEM images of CZA2 showing ZnO nanodisks, (c) 
HRTEM image from a region of nanodisk showing lattice fringes. 
 

XRD patterns of as-synthesized undoped ZnO and Co 
doped ZnO samples PZA, CZA1, CZA2, CZA3, PZB, 

CZB1 and CZB2 are shown in Fig. 4. The peaks observed 
in the XRD spectra are indexed to the hexagonal wurtzite 
structure of crystalline ZnO [JCPDS no. 36-1451]. No extra 
peaks due to any impurity could be observed. No 
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significant shift in the (101) peak was observed due to the 
addition of Co dopant, since the ionic radii of Co and Zn 
are very close to each other (Zn

2+
 ≈ 0.60Å, Co

2+ 
≈ 0.56Å). 

Any expected shift in the peak is beyond the resolution of 

our diffractometer [34]. 
 

 

Fig. 4. XRD patterns of undoped ZnO and Co doped ZnO samples. 
 

Optical properties  

Fig. 5 (a) shows the optical absorption spectra for as 
prepared samples, which reveal a small peak in the UV 
region for undoped and doped samples. In addition to this 
UV peak, a broad absorption band in the visible region 
(between 400 nm to 520 nm) was observed in case of Co 
doped ZnO samples, which is assigned to the Co 
incorporated into the ZnO lattice. The band gap of Co 
doped ZnO samples are estimated to be higher as compared 
to undoped ZnO for both sets of samples. Typical Raman 
spectra of ZnO nanostructures in the range of 250 to 800 

cm
-1

 are shown in Fig. 5 (b).  Optical phonon of ZnO zone 
centre belongs to C6v space group and has the irreducible 

representation A1+2B1+E1+2E2 [35]. The strongest peak 
E2

(high) 
at 437 cm

-1
 is associated with motion of the oxygen 

atoms. A second order mode caused by multi-phonon 
processes results in a peak at 330 cm

-1 
and is assigned to the 

E2
(high)

 – E2
(low)

 mode [36]. The peak at 384 cm
-1 

is assigned 
to A1(TO) mode. The A1(LO) /E1(LO) peak at 574 cm

-1 
is 

related to oxygen vacancies and Zn interstitials. The band 

at 660 cm
−1

 is assigned to A1 (LO) + E2
(low) 

mode [35]. 
 
 

 

 

Fig.  5. (a) UV-visible absorption spectra of undoped ZnO and Co doped 
ZnO samples and (b) Typical Raman spectra of undoped ZnO nanodisks. 

 
 The formation of ZnO nanodisks can be understood as 
follows. The growth of any nanostructure occurs along the 
direction in which it has the lowest surface energy. In the 
case of ZnO nanostructure, growth occurs along the [0001] 
direction (c axis terminated by Zn), since (0001) facet has 

the lowest surface energy. This results in formation of 
nanorods as the growth velocity along <1010> is slower 
than along [0001] direction. By suppressing the growth 

along c-axis, nanodisk structures can be formed [37-39].
 

Normally, the formation of nanorods takes place when OH
-
 

ions adsorbed on the (0001) surface attaches more of Zn
+
 

ions to the end. But if an electronegative ion such as  (as 

in our case) is adsorbed on (0001) surface, it hinders the 
further attachment of  growth units along this 

direction. This suppresses the growth along (0001) 
direction and hence growth proceeds along sideways 

directions leading to the formation of ZnO nanodisks [37-

39]. 

 
Photocatalytic studies  

Photocatalytic studies have been carried out by sun light 

irradiation of aqueous solutions of 10 M MO dye with 
different undoped ZnO and Co doped ZnO samples as 
photocatalysts for varying durations. The results of 
photocatalytic studies using samples PZA, CZA1, CZA2, 

CZA3 as photocatalysts are shown in Fig. 6, while the 
results using samples PZB, CZB1 and CZB2 as 

photocatalysts are shown in Fig. 7. The characteristic 
absorption peak of MO at 464 nm is monitored as a 
function of sun light exposure time. From the UV-visible 

absorption spectra (Fig. 6 and 7), it can be clearly seen that 
for Co doped ZnO nanodisks the characteristic absorption 
peak of MO diminishes drastically following sun light 
exposure. Among both the batches of undoped ZnO and Co 
doped ZnO samples, 5% Co doped ZnO samples are found 
to the most efficient photocatalysts leading to almost 
complete degradation of MO dye in just 8 minutes. 
 

 

Fig. 6. UV-visible absorption spectra showing temporal evolution of 
photocatalytic degradation of aqueous MO dye upon irradiation with sun 
light using samples PZA, CZA1, CZA2 and CZA3 as photocatalysts. 
 

The mechanism underlying photocatalytic degradation 
of MO dye by ZnO and Co doped ZnO nanodisks can be 
understood as follows. Firstly, MO dye adsorbs onto the 
surface of ZnO and Co doped ZnO nanodisks. When the 
dye adsorbed photocatalyst is irradiated with sun light, it 
leads to the generation of electron-hole (e

-
 - h

+
) pairs in 

ZnO (Eqn. 2). Superoxide anion radicals ( ) are formed 

when the photogenerated electrons in the conduction band 
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of ZnO interact with the oxygen molecules adsorbed on 

ZnO (Eqn. 3), while highly reactive hydroxyl radicals 
(•OH) are produced when holes in the valence band of ZnO 

reacts with the surface hydroxyl groups (Eqn. 4). Hydroxyl 
radicals are also formed by dissociation of water molecules 

in the aqueous solution (Eqn. 5). MO dye molecules 
adsorbed on ZnO nanostructures react with the highly 
reactive hydroxyl radicals (•OH) and superoxide radicals 

( ) leading to their degradation (Eqn. 6 and Eqn. 7). 

The following equations
 

summarize the processes 

underlying the photocatalytic degradation of MO dye [40]. 
The schematic diagram depicting the underlying 

mechanism is shown in Fig. 8. 
 

 

Fig. 7. UV-visible absorption spectra showing temporal evolution of 
photocatalytic degradation of aqueous MO dye upon irradiation with sun 
light using samples PZB, CZB1 and CZB2 as photocatalysts. 

 

 

 

 

 

 

 
 

 

Fig.  8. Schematic band diagram showing mechanism of photocatalytic 
degradation of MO dye by Co doped ZnO nanodisks. 

The UV-visible absorption spectra showing variation of 
MO concentration in the reaction suspension with different 
photocatalysts for different sunlight exposure time are 

shown in Fig. 6 and Fig. 7. The kinetics of photocatalytic 
degradation of MO by both batches of samples are shown 

in Fig. 9 (a, b). It can be clearly seen that both sets of ZnO 
and Co doped ZnO samples are highly efficient 
photocatalysts. However, ZnO nanodisk samples with 5% 
Co doping posses the maximum photocatalytic efficiency 
for degradation of aqueous MO dye. The observed 
photocatalytic efficiency of ZnO and Co doped ZnO 
nanodisks are very high as compared to the earlier reported 
studies on photocatalytic degradation of MO dye. The 
repetitive test for degradation efficiency of MO was also 
performed and the results of four runs of degradation of 

MO by the best photocatalyst CZA2 are shown in Fig. 10. 
It can be clearly seen that the photocatalytic degradation 
efficiency remains unchanged even after four runs, which 
demonstrate the reusability of the photocatalysts. 

 

 

Fig.  9. (a,b) Variation of MO concentration with exposure time for 
different photocatalysts. 

 

 

Fig. 10. Kinetics of degradation of MO dye by CZA2 for four runs of 

photocatalysis. 
 

Semiconductor nanostructures with large surface area 
and high crystallinity have improved photocatalytic 
efficiency since they provide large number of active sites 
for adsorption of dye molecules and also promote efficient 
separation of photogenerated charge carriers. In an earlier 

study Zhai et al. [41] have shown that ZnO nanosheets, 
prepared by simple chemical hydrolysis, exhibit high 
photocatalytic activity towards degradation of MO. Zeng et 

al. [42] compared the photocatalytic activity for 
degradation of Rhodamine B dye by ZnO nanowires with 
ZnO nanodisks and showed that ZnO nanodisks, which had 



 

Kuriakose, Satpati and Mohapatra 

Adv. Mater. Lett. 2015, 6(3), 217-223                                     Copyright © 2015 VBRI Press                                       222 
 
 

a higher population of (0001) facets, have better 

photocatalytic activity. Roy et al. [43] showed that the 
exposed facets play a crucial role in the photocatalytic 
activity due to the preferential flow of photogenerated 
electrons and holes to particular facets. In our case the 
samples consist of ZnO nanodisks along with few nanorods.  
ZnO nanodisks with higher surface area provide increased 
number of active sites for enhanced adsorption of MO dye 
molecules and promote efficient separation of 

photogenerated charge carriers. Xiao et al. [32] showed that 
for an optimum Co doping, high photocatalytic activity 
could be achieved because the recombination of 
photogenerated electrons and holes could be efficiently 

inhibited. Lu et al. [25] reported that beyond an optimum 
doping level there could be a decrease in the photocatalytic 
efficiency. This is due to the decrease in the effective active 
sites because of accumulation of Co and formation of a new 
phase on the surface of ZnO resulting in decreased 
separation and transportation of photoexcited electrons and 
holes. Our results also suggest that an optimum Co doping 
of 5% extends the photoresponse to visible region and 
facilitates increased charge separation and transport in 
ZnO, which decreases the recombination rate of the 
photogenerated charge carriers. In our case, the ZnO 
nanodisk samples prepared with 5% Co doping (CZA2 and 
CZB1) showed the highest photocatalytic efficiency for 
degradation of MO dye as compared all the other 
synthesized samples. 
 

Conclusion 

In summary, nanodisks of ZnO and Co doped ZnO were 
synthesized by a facile wet chemical method and their 
structural, optical and photocatalytic properties were 
studied. We have demonstrated that ZnO nanodisks and Co 
doped ZnO nanodisks exhibit very high photocatalytic 
efficiency for sun light driven degradation of methyl orange 
dye. The enhanced photocatalytic activity of Co doped ZnO 
nanodisks is attributed to their high surface area leading to 
enhanced dye adsorption and the optimal Co doping, which 
leads to improved separation of photoexcited electrons and 
holes, inhibiting their recombination. By using facile 
synthetic routes we can develop highly efficient and stable 
photocatalysts much needed for safe and clean water.  
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