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ABSTRACT 

ZnO nanostructures were synthesized by a facile wet chemical method using water, ethanol and propanol as solvents. X-ray 
diffraction, field emission scanning electron microscopy (FESEM) and transmission electron microscopy (TEM) have been 
used to study the structural properties of the synthesized ZnO nanostructures, while their optical properties have been studied 
using UV-visible absorption spectroscopy and Raman spectroscopy. The photocatalytic activities of the as-synthesized ZnO 
nanostructures were evaluated by monitoring sunlight driven photocatalytic degradation of methylene blue (MB) and methyl 
orange (MO) dyes in water and it was observed that ZnO nanostructures prepared using propanol as a solvent exhibit highly 
enhanced photocatalytic activity as compared to those prepared using other solvents. The mechanism underlying the 
photocatalytic activity of ZnO nanostructures towards photocatalytic degradation of dyes is proposed. We attribute the highly 
enhanced photocatalytic activity of ZnO nanostructures prepared in propanol to the high surface area of nanosheets-like 
structures formed, which lead to enhanced adsorption of dye molecules resulting in efficient photocatalytic degradation of dyes 
upon sunlight irradiation. Copyright © 2015 VBRI Press. 
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Introduction  

Water contamination due to hazardous water soluble 
organic dyes in effluents from textile and dyeing industries 
poses severe threat to the environment. Due to their 
stability these dyes cause severe ecological problems such 
as depleting the dissolved oxygen content of water and 
releasing toxic compounds that endanger the aquatic life. 
Photocatalytic degradation is one of the methods used for 
the removal of these toxic chemicals whereby the dyes are 
degraded through oxidation and reduction reactions in the 

presence of a photocatalyst [1]. Nanostructured metal oxide 
semiconductors have attracted great deal of interest for 

various electronic, optical and piezoelectric applications [2-

4]. Nanostructured ZnO with wide band gap has large 
surface area and high UV light absorption efficiency is 

environment friendly [5, 6]. These properties can be used 

for diverse applications [7] such as UV lasers [8], field 

effect transistors [9], dye sensitized solar cells [10, 11], gas 

sensors [12] and photocatalysis [13-22]. ZnO is an n-type 
semiconductor having wide band gap of 3.37 eV and high 
exciton binding energy and has wurtzite crystal structure 

[23]. Nanostructured ZnO with different morphologies has 
been synthesized by various physical and chemical methods 

and is used for diverse applications [24-32]. Physical 
methods used include vapor-liquid-solid (VLS) growth 

[33], physical vapor deposition (PVD) [34], thermal 

evaporation [35] and vapor phase transport [36]. Chemical 

methods employed include hydrothermal [37], solvothermal 

[38] and sol-gel [39] methods. While physical methods 
have been widely used to synthesis one dimensional ZnO 
nanowires/ nanorods onto various substrates, chemical 
synthesis methods have gained importance as the synthesis 
process and conditions are simple, mild and easily scalable 
for large scale industrial applications. It has been reported 
earlier that shape and size of the photocatalysts strongly 
affect their photocatalytic degradation efficiency. Li et al. 

[40] have synthesized ZnO powders with different 
morphologies by alkali precipitation, organo-zinc 
hydrolysis, spray pyrolysis and showed that the morphology 
of particles significantly affects their photocatalytic 

efficiency. Xu et al. [23] synthesized ZnO with different 
morphology by Solvothermal method and showed that 
photocatalytic activity is affected by the morphology of 
nanostructures. Since morphology and size are the crucial 
factors which determine the photocatalytic efficiency, 
efforts are being made for size- and shape-controlled 
synthesis of ZnO nanostructures by facile wet chemical 
routes. Various factors such as temperature, concentration, 
capping agent and solvent affect the shape and size of the 

synthesized ZnO nanostructures [41, 42]. One of the easier 
ways to control the morphology and size of ZnO 

nanostructures is by changing the solvent. Khoza et al. [3] 
have prepared ZnO nanostructures with different 
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morphology by solvothermal method using solvents of 

different polarities. Xie et al. [43] synthesized ZnO 
whiskers and hexagonal ZnO platelets and studied the 
effect of solvent on the morphology of synthesized 
nanostructures. In our earlier works, we have studied the 

effects of morphology [17], doping [16, 29, 44] and surface 
modification of ZnO nanostructures on their photocatalytic 

activities [6, 7, 45]. Ahmad et al. [46] have shown that 
ZnO/graphene composites lead to photocatalytic 
degradation of methylene blue (MB) dye in 90 minutes. Hu 

et al. [47] have synthesized ZnO nanoparticles using 2-
propanol as a solvent. However, they have not studied the 
photocatalytic activity of the synthesized ZnO 

nanostructures. Zyoud et al. [48] demonstrated the 
photocatalytic degradation of methyl orange (MO) dye by 
ZnO nanoparticles.  

In this paper, we have synthesized ZnO nanostructures 
by a facile wet chemical method using different solvents 
(water, ethanol and propanol) and studied the effects of 
solvents on the structural, optical and photocatalytic 
properties of synthesized ZnO nanostructures. The 
photocatalytic activities of the synthesized ZnO 
nanostructures were evaluated by studying sunlight driven 
photocatalytic degradation of methylene blue (MB) and 
methyl orange (MO) dyes in water. We have demonstrated 
that ZnO nanostructures prepared by using propanol as 
solvent exhibit highly enhanced photocatalytic activity for 
degradation of MB and MO dyes in water. Even though 
there are studies on photocatalytic activity of ZnO 
nanostructures, the effects of the solvent on the 
photocatalytic activity of the synthesized ZnO 
nanostructures have not been well studied and such high 
photocatalytic activity observed in the present study has not 
been achieved. In the present study, we have demonstrated 
that ZnO nanostructures with highly enhanced 
photocatalytic activity for degradation of MB and MO dyes 
in water can be prepared by simply changing the solvent to 
propanol. 

 

Experimental 

Materials 

Zinc acetate dihydrate (Zn(CH3COO)2·2H2O), potassium 
hydroxide (KOH), ethanol, propanol, methylene blue (MB) 
and methyl orange (MO) were purchased from SRL, India. 
All chemicals used were of analytical grade and were used 
as received without any further purification. 
 
Synthesis of ZnO nanostructures 

For the synthesis of ZnO nanostructures, 0.05 M solutions 
of zinc acetate dihydrate were prepared in 100 mL double 
distilled water, ethanol and propanol. These solutions were 
kept under constant stirring at 60 °C. A calculated amount 
of KOH with concentration 10 times higher than that of the 
Zn

2+
 concentration was added into these solutions under 

rigorous stirring. The solution was stirred for 3 h with the 
temperature maintained at 60 °C. The solution was then left 
undisturbed and allowed to cool down over night. The 
white precipitates formed were obtained by centrifugation  
and repeatedly washed with double distilled water followed 
by drying in an oven at 80 °C over night. The solid white 
powder obtained was used for further characterization and 

photocatalytic studies. The schematic diagram of the 

synthesis method is shown in Fig. 1(a). 
 

 
 
Fig. 1. (a) Schematic diagram showing the synthesis of ZnO 
nanostructures and (b) XRD patterns of as-synthesized nanostructured 
ZnO samples. Inset shows the shift in the (101) peak position of all the 
samples with respect to the bulk value, marked by a dashed-dotted line. 

 
Characterizations  

To determine the structural properties powder X-ray 
diffraction (XRD) studies were carried out at room 
temperature using a Panalytical X’pert Pro diffractometer 

with Cu Kα radiation ( = 0.1542 nm). Field emission 
scanning electron microscopy (FESEM) was used to study 
the surface morphology of as-synthesized nanomaterials. 
The optical properties of the samples were studied by    
UV-visible absorption spectroscopy using HITACHI U-
3300 double beam spectrophotometer. For this the powder 
samples were dispersed in double distilled water by 
sonication and spectra were recorded in the wavelength 
range of 200–800 nm with double distilled water as the 
reference medium. Raman spectra were recorded using a 
Horiba Jobin Yvon LabRAM using argon laser (488 nm) 
with spot size of 1 µm. TEM analysis was carried out using 
FEI, TF30, S-Twin field emission gun based microscope 
operating at 300 kV. The TEM facility is equipped with a 
high-angle annular dark field (HAADF) detector from 
Fischione (Model 3000) and an energy dispersive X-ray 
spectroscopy (EDS, EDAX Inc.) attachment. 
 
Photocatalytic measurements   

The photocatalytic activities of the as-synthesized ZnO 
nanostructures were studied by sunlight driven degradation 
of methylene blue (MB) and methyl orange (MO) dyes in 
water. For these studies, 5 mg of ZnO nanostructures were 
ultrasonically dispersed in 5 mL double distilled water in 
different glass vials. A dye solution was added to reach    

10 M concentration and was thoroughly mixed with the     
prepared photocatalyst and stirred in dark for 30 minutes to 
reach adsorption-desorption equilibrium. These solutions 
containing the dyes and different photocatalysts were 
exposed to sunlight for different durations of 10, 15 and 20 
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minutes with intermittent shaking for uniform mixing. The 
experiments were carried out at mid-day during summer to 
ensure irradiation with sun light of maximum luminosity. 
Subsequently, the photocatalysts were removed from these 
solutions by centrifugation. The concentration of dye in 
these solutions was monitored by UV-visible absorption 
spectroscopy in the wavelength range of 200 - 800 nm with 
double distilled water as the reference medium. To check 
the reusability of the photocatalyst, repetitive tests were 
also conducted for three runs. The photocatalytic efficiency 
of a photocatalyst for degradation of dye was determined 
by using the following formula; 
 
        η = (C0-C)/C0                                                            (1) 
 
where, C0 is the concentration of dye before addition of any 
photocatalyst and C is the concentration of dye in the 
reaction suspension with photocatalyst following sun light 
irradiation for time t. 
 

Results and discussion 

Morphology and crystal structure  

Fig. 1(b) shows the XRD patterns of as-synthesized ZnO 
nanostructure samples. The observed peaks in the spectra 
can be well indexed to the hexagonal wurtzite structure of 
crystalline ZnO [JCPDS no. 36-1451]. No extra peaks 
related to any impurity were observed within the detection 
limit of the instrument, which confirm that the as-

synthesized products are pure. The inset in Fig. 1 shows the 
shift in the (101) peak position from the bulk value in case 
of all the samples. The average crystallite sizes of 
nanostructures are estimated to be 14.1 nm, 9.9 nm and 
12.6 nm for water, ethanol and propanol, respectively. The 
micro-strain in the ZnO nanostructures was analyzed using 
Williamson–Hall method given as 
 

 
 
where, θ is the diffraction angle, β is the full width at half 
maxima (FWHM) of XRD peak, λ is the wavelength of the 
X-rays, Dhkl is the effective crystallite size and εhkl is the 
micro-strain. The strain in ZnO nanostructures for the 
samples prepared using water, ethanol and propanol as 
solvents are estimated to be 0.0017, -0.00048 and 0.0013, 
respectively. 

Fig. 2(a, b) shows the low magnification TEM images 
of nanostructured ZnO samples, prepared using ethanol and 
propanol as solvent. It can be clearly seen that both the 
samples consist of ZnO nanostructures. In the case of 
sample prepared using propanol, there is presence of 
nanosheets-like structures formed by oriented attachment of 
ZnO nanoparticles along with ZnO nanoparticles. These 
nanosheets-like structures help in enhanced adsorption of 

dyes due to their higher surface area. Fig. (c, d) shows the 
corresponding HRTEM images of ZnO nanostructures 
which further clarify the structure. The HRTEM images 
shows the lattice fringes with spacing of 2.4 Å 
corresponding to (101) inter-planar spacing of wurtzite 
ZnO in all the cases. FESEM images of the as-synthesized 

ZnO samples are shown in Fig. 2(e-g). The average width 

and length of the synthesized ZnO nanoparticles are found 
to be 68.2 nm and 84.6 nm respectively for water, 25.3 nm 
and 30 nm for ethanol, 33.4 nm and 40.3 nm for propanol. 
The aspect ratios of ZnO nanostructures for the samples 
prepared using water, ethanol and propanol as solvent are 
found to be 1.3, 1.2 and 1.2, respectively. In addition to 
ZnO nanoparticles, elongated nanostructures formed by 
oriented attachment of ZnO nanoparticles can be clearly 
seen in the sample prepared using propanol as the solvent. 
 

 
 
Fig. 2. (a-b) Low magnification TEM images of ZnO nanostructure 
samples prepared using ethanol and propanol as solvent. (c-d) HRTEM 
images of ZnO nanostructures in samples prepared using ethanol and 
propanol showing the lattice fringes. (e-g) FESEM images of ZnO 
nanostructures in samples prepared using (e) ethanol, (f) propanol and (g) 
water as solvent. 

 
Optical properties 

UV-visible absorption spectra of nanostructured ZnO 

samples are shown in Fig. 3(a). All the samples show the 
characteristic excitonic absorption peak of ZnO in the UV 
region. The band gaps calculated using Tauc plots are 
estimated to be 3.4 eV, 3.14 eV and 3.14 eV for samples 
prepared using water, ethanol and propanol, respectively. 

Fig. 3(b) shows the Raman spectra of nanostructured ZnO 
samples. The strongest peak observed at 435 cm

-1 
is the 

characteristic E2
(high) 

peak for ZnO and is associated with 
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vibration of the oxygen atoms. The peak at 574.1 cm
-1 

is 
due to A1

(low)
/ E1

(low)
 mode. The peaks at 388 cm

-1 
and     

409 cm
-1 

correspond to A1(TO) and E1(TO) modes, which 
are the first order optical modes of ZnO. The peak at       
537 cm

-1 
is due to 2LA mode which is a second order 

feature due to multi-phonon process [49]. The intensity of 
E2

(high) 
and A1

(low)
/ E1

(low) 
peak is higher in case of ZnO 

prepared using propanol as compared to other samples. The 
observed enhancement indicates the increased crystallinity 
of the sample prepared in propanol. 
 

 
 
Fig. 3 (a) UV-visible absorption spectra of nanostructured ZnO samples 
prepared using different solvents. (b) Raman spectra of the nanostructured 
ZnO samples. 

 
Photocatalytic studies 

Fig. 4(a-c) and Fig. 5(a-c) show the absorption spectra of 

10 M MB and 10 M MO dye solutions, respectively with 
different photocatalysts under sunlight irradiation for 
different durations of time. The characteristic absorption 
peaks of MB at 664 nm and MO at 464 nm are monitored 
for different sun light exposure time. The absorption 
spectra clearly show that the characteristic absorption peaks 
diminish in intensity with increase in irradiation time and 
almost completely disappears after 20 minutes of 
irradiation. It is observed that ZnO nanostructures prepared 
using propanol as solvent exhibit the highest photocatalytic 
efficiency for photocatalytic degradation of both MB and 
MO dyes in water. The kinetics of photocatalytic 

degradation for all the photocatalysts are given in Fig. 4(d) 

and Fig. 5(d), which show the variation of photocatalytic 
efficiency with sunlight exposure time for different 
photocatalysts for the degradation of MB and MO dyes in 
water, respectively. To check the reusability of the 
photocatalyst, repetition tests were conducted for three runs 
using ZnO nanostructures prepared in propanol as the 
photocatalyst. The results of repetitive photocatalytic 

degradation studies on MB and MO are shown in Fig. 4(e) 

and Fig. 5(e), respectively. In all the runs the 
nanostructured ZnO photocatalysts showed excellent 
degradation efficiency, demonstrating its reusability and 
stability for practical applications. 
 

 
 
Fig. 4. (a-c) UV-visible absorption spectra showing temporal evolution of 
photocatalytic degradation of MB upon sun light irradiation using 
nanostructured ZnO samples as photocatalysts, (d) Variation of 
photocatalytic efficiency with sunlight exposure time for different 
photocatalysts and (e) Repetitive tests on nanostructured ZnO sample 
prepared using propanol for three runs of photocatalytic degradation of 

MB dye in water. 

 
When ZnO nanostructures with dye molecules adsorbed 

on their surface are exposed to sunlight, electron and hole 
pairs are generated in the conduction and valance band of 
ZnO, respectively. The electrons in the conduction band 
forms superoxide anion radicals (•O2

−
) by interacting with 

oxygen molecules while the holes in the valance band 
interact with surface hydroxyl groups to produce hydroxyl 
radicals (•OH). Hydroxyl radicals can also be formed by 
the dissociation of water by the holes in the valance band of 
ZnO. These highly reactive radicals react with the adsorbed 
organic dye molecules and leads to their degradation and 
mineralization. The equations summarizing the above 

processes [50] are given below and are schematically 

illustrated in Fig. 6. 
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Fig. 5. (a-c). UV-visible absorption spectra showing temporal evolution 
of photocatalytic degradation of MO upon sun light irradiation using ZnO 

nanostructure samples as photocatalysts, (d). Variation of photocatalytic 
efficiency with sunlight exposure time for different photocatalysts. (e) 
Repetitive tests for nanostructured ZnO sample prepared using propanol 
for three runs of photocatalytic degradation of MO dye in water. 

 

 
 
Fig. 6. Schematic band diagram showing the charge transportation 
processes in nanostructured ZnO photocatalyst leading to the 
photocatalytic degradation of dye. 

 
The effects of solvent on the morphology of ZnO 

nanostructures can be understood as follows. The 
interactions between the solvent and the ZnO nanocrystals 
during the wet chemical synthesis control the morphology 
of the nanostructures. The properties of the solvent such as 
molecular structure, viscosity, vapor pressure affect the 

formation and growth of ZnO nanostructures [51].  

Table 1 shows the values of viscosity of solvents used 
and the resulting size, lattice strain and photocatalytic 
efficiency of synthesized ZnO nanostructures.  

 
Table 1. Effect of solvent on photocatalytic efficiency of ZnO 
nanostructures. 
 

Solvent Viscosity 
(mPas) 

Crystallite size 
        (nm) 

Strain c/a Photocatalytic efficiency (%) 
MB MO 

 Water  0.467        14.1 0.0017 1.521 85 53.1 
 Ethanol  0.57         9.9 -0.00048 1.521 90.7 66.8 
Propanol  0.755       12.6 0.0013 1.52 98.1 82.1 

 
 

The rate of growth in a particular direction differs in 
different solvents with different polarities. Factors such as 
initial nucleation of the nanocrystal and the solubility of the 
precursors in the solvent decide the final morphology of the 

nanostructures [52]. In our study we have taken three 
solvents of decreasing polarity: water, ethanol, and 
propanol. Solvent with high polarity interacts strongly with 
the polar surface of ZnO, thus reduces the adsorption of 

growth molecules to the polar surfaces of ZnO [53]. Water 
having the highest polarity thus produces spherical particles 
and as the polarity decreases, the formation of anisotropic 
structures starts. In our case also, water mediated growth 
shows the presence of spherical nanoparticles and as the 
polarity decreases, nanosheets like structures form along 
with spherical nanoparticles. It can be seen that maximum 
efficiency is observed for propanol mediated growth of 
ZnO nanostructures. In the case of propanol mediated 
growth, nanostructures in the form of nanoparticles and 
nanosheets could be observed. Nanosheets provide higher 
surface area for adsorption of dye molecules, which leads 
to higher photocatalytic efficiency for degradation of dyes 
as observed in the case of ZnO nanostructures prepared 

using propanol. In our earlier study [16] we had reported 
that nanodisk like structure shows excellent photocatalytic 
degradation of organic dyes due to enhanced adsorption of 
dyes. In general, nanostructures having large surface area 
can provide larger number of active sites for adsorption of 
dye molecules as compared to spherical nanoparticles and 
in turn lead to efficient photocatalytic degradation of dye in 

water. Zeng et al. [54] synthesized ZnO nanodisks and 
nanowires and showed that photocatalytic activity for 
photodegradation of Rhodamine B dye was better for ZnO 
nanodisks with a high population of (0001) facets as 

compared to ZnO nanowires. Zhai et al. [55] synthesized 
ZnO nanodisks which have high photocatalytic efficiency 
towards degradation of MO. In our case, ZnO nanosheets 
formed by propanol mediated growth shows enhanced 
photocatalytic activities towards degradation of MB and 
MO dyes as compared to the other samples. It must be 
pointed out here that the smaller value of lattice strain in 
the ZnO nanostructures prepared using propanol also 
contributes to the enhancement in the photocatalytic 
activity. We attribute the enhanced photocatalytic activity 
of ZnO nanostructures prepared using propanol as solvent 
to the higher surface area of ZnO nanosheets which lead to 
enhanced adsorption of dye molecules and efficient 
catalytic activity of exposed facets leading to efficient 
sunlight driven photocatalytic degradation of MB and MO 
dyes in water. 

 

Conclusion  

In summary, we have synthesized ZnO nanostructures by a 
facile wet chemical method and studied the effects of 
solvents on the structural, optical and photocatalytic 
properties of ZnO nanostructures. ZnO nanostructures 
prepared using propanol exhibited highly enhanced 
photocatalytic efficiency, leading to almost complete 
photocatalytic degradation 10 µM of MB and 10 µM of 
MO dyes in only 20 minutes under sun light irradiation. We 
have demonstrated that propanol mediated growth leads to 
formation of ZnO nanosheet-like structures formed by 
oriented attachment of ZnO nanoparticles. We attribute the 
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highly enhanced photocatalytic activity of ZnO 
nanostructures prepared in propanol to the high surface area 
of nanosheet-like structures formed, which lead to 
enhanced adsorption of dye molecules resulting in efficient 
photocatalytic degradation of dyes upon sunlight 
irradiation. 
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