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ZnO nanoparticles as solar photocatalysts: Synthesis, effect of annealing temperature
and applications
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ZnO nanoparticles were prepared by a hydrothermal method from the source materials of Zinc acetylacetonate hydrate and ammonium hydroxide.
Further prepared samples were annealed at various temperatures for 3 hours. X-ray diffraction analysiswas employed to study the structure and
crystalline nature of synthesized nanoparticles. Scanning electron microscope images showed that the prepared ZnO nanoparticles acquired nano
needle, hexagonal disk and porous nanorods structures due to the effect of annealing temperature. The photocatalytic activity of the prepared ZnO
nanoparticles was evaluated for Methyl Blue (MB) dye which showed 94% of degradation and good stability for five cycles.
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1. Introduction

In recent years, the implementation of water reclamation and reuse is gaining attention rapidly world-wide due to
the water scarcity occurred as a result of climate change and poor water resource management (i.e. limited access to
clean water resources and water demands exceed the available resources). Access to clean water is becoming an ever
increasing problem in an expanding global economy and population countries [1]. One of the attractive solutions in
response to water issues is implementation of wastewater reclamation and reuse projects to ensure a sustainable water
development and management.

POPs (Persistent Organic Pollutants) are carbon-based chemical substances that are resistant to environment
degradation and have been continuously released into the environment. POPs can cause severe harm to human beings
and wildlife because of their poor biodegradability and carcinogenic characteristics in nature. Advanced treatment
technologies are crucial to ensure that the reclaimed water is free of POPs. Various water treatment techniques have
been employed to remove POPs from water streams including adsorption, membrane separation and coagulation [2];
however, these processes only concentrate or change the recalcitrant organic pollutants from the water to solid phase.
For this reason, advanced oxidation processes (AOPs) have been proposed for the elimination of recalcitrant organic
pollutants, especially for those with low biodegradability.

AOPs offer several advantages such as: (i) rapid degradation rate, (ii) mineralization of organic compounds to
green products, (iii) ability to operate under ambient temperature and pressure, and (iv) reduction of the toxicity of
organic compounds.

Photocatalytic oxidation (PCO) technology has been active in the field of pollution control since the 1980s due
to the sustained developments in the photocatalyzed degradation of aqueous pollutants. Photocatalytic oxidation
method finds wide applications in photocatalytic degradation of aqueous pollutants due to its high efficiency, low cost,
energy saving and production of no other secondary pollutants in this process. Over the past few decades broadband
semiconducting photocatalysis attracted great interest of many workers because of the potential of the process to
solve environmental problems [3, 4]. These photocatalysis exhibit appropriate energy potential to conduct oxidation
and reduction process on their semiconducting surface [5]. ZnO is one of the important II–VI groups of n-type
semiconductors which has direct band gap of 3.37 eV with large exciton binding energy of 60 meV. ZnO is proved
to be a promising material for various applications, such as gas sensors [6], transistors [7], solar cells [8], hydrogen
production [9] and photocatalysis [10] due to their electrical and optical properties.

Among the other semiconducting materials zinc oxide (ZnO) is extensively studied due to their unique physico-
chemical, piezoelectric, optical and catalytic properties [11, 12]. These properties are correlated with shape, size and
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morphology of ZnO nanoparticles [13, 14]. Santhosh et al. [15] reported that there are various proposed mechanisms
for the degradation of dyes using the photocatalyst materials. One mechanism suggests that the oxidation of organic
pollutants is first initiated by the free radicals, which are mainly induced by the electron-hole (e-/h+) pairs at the photo-
catalyst surface. Another mechanism states that the organic compound is firstly adsorbed on the photocatalyst surface
and then reacts with excited superficial e-/h+ pair or OH radicals to form the final products. Hence, the photocat-
alytic performance of nanoparticles is determined by their shape and dimension. In recent years, investigation on the
shape control synthesis of semiconducting nanostructures were carried out by many workers on ZnO nanostructures
which lead to the formation of nanowires [16], nanotubes [17], nanobelts [18] and nanodisks [19] structures. ZnO
nanostructures with different shapes and dimensions were developed by solution phase method such as sonochemical
route [20,21], sol-gel method [22,23], reflux method [24] and hydrothermal method [25,26]. Controlling the shape of
the ZnO nanostructures and fast synthetic route under the ambient condition have become an important topic of inves-
tigation in the field of materials chemistry. In the present work, the effect of temperature on the structural, optical and
morphological properties of ZnO nanoparticles prepared by hydrothermal method is presented and the photocatalytic
activity of the synthesized ZnO nanoparticles is analyzed against Methyl Blue dye.

2. Materials and methods

2.1. Synthesis method

ZnO nanopowders were synthesized by simple hydrothermal method using the aqueous solution of Zinc acety-
lacetonate hydrate (Zn(acac)2·H2O) and NH4OH. In a typical synthesis process, 1.3631 g of (Zn(acac)2) was dissolved
in 100 ml of distilled water and NH4OH was added dropwise to maintain the pH of solution 7 under constant stirring.
Then this solution was continuously stirred for 1 our and the resultant solution was transferred to Teflon-lined stainless
steel autoclave of 100 ml volume and maintained at 150 ◦C for 3 hours in muffle furnace. After the hydrothermal re-
action the autoclave was naturally allowed to cool to room temperature. The product of white precipitate was obtained
and washed with distilled water and ethanol several times and dried at hot air oven at 60 ◦C. The dried particles were
annealed at 300 ◦C for 3 hours. Similarly ZnO nanoparticles were prepared by hydrothermal method keeping the
above experimental condition the same but the annealing temperature of the prepared dried particles was varying 400,
500 and 600 ◦C. The prepared ZnO nanoparticles were characterized for their structural, optical, and morphological
properties and photocatalytic activities.

2.2. Characterization

Synthesized ZnO nanoparticles crystalline nature was analyzed by X-ray diffraction technique (PANalytical’sX’Pert
Pro with CuKα radiation). Field Emission Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy
(FEI Quanta FEG200) were employed to analyze the surface morphology and elemental composition of synthesized
samples. Shimadzu, UV-2600 spectrophotometer is used to measure the optical transmittance of the samples at wave-
lengths ranging from 300 – 1100 nm.

3. Results and discussion

3.1. XRD analysis

X-ray diffraction (XRD) pattern of synthesized ZnO nanoparticles are shown in Fig. 1 which confirm the forma-
tion of ZnO wurtzite (hexagonal)structure when compared with the corresponding peaks of JCPDS card no. 70-2205.
One can observe that the intensity of the XRD peaks of ZnO particles prepared samples is relatively high. Further, the
intensity of XRD peak of (101) plane is relatively stronger in all the samples. The average crystallite size (D) of the
synthesized ZnO nanoparticles was calculated from Debye–Scherrer formula from (101) plane:

D =
Kλ

β cos θ
.

The interplanar distance (d) was calculated from Bragg’s equation:

2d sin θ = n,

where θ is the angle of diffraction in degree, n = 1 and λ is wavelength of X-rays used (1.5406 Å). Lattice cell
parameters a(= b) A = πr2 and c were calculated from the relation:
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FIG. 1. XRD pattern of different annealed temperature ZnO

where d is the interplanar distance and h, k and l are Miller indices of the plane. The average crystallite size of (101)
plane was decreased from 46.01 to 33.85, 31.98 and 31.10 nm with increase in annealed temperature from 300, 400,
500 and 600 ◦C respectively. The calculated values are shown in Table 1.

TABLE 1. Variation of crystallite size and cell parameter of ZnO with different annealing temperatures

Temp ◦C
(101) Plane Cell parameters (Å)

2θ degree
Average crystallite

size D (nm)
Inter planner

distance d (nm) a = b c

300 36.26 46.0 2.476 3.2521 5.2080

400 36.26 33.8 2.476 3.2513 5.2065

500 36.35 31.1 2.470 3.2403 5.1963

600 36.36 31.9 2.471 3.2423 5.1963

3.2. SEM analysis

Details on the growth factors controlling the shape and size of ZnO nanostructures are presented in Fig. 2, which
shows the various morphology and shape selective synthesis of ZnO such as spindle like structure, hexagonal disks,
spheroidal structures,and elongated porous hexagonal nanorods structure. Fig. 2 presents the hexagonal structure
which shows the growth of ZnO nanorods obtained at 300 ◦C. Further increasing the temperature is suppressed the
growth and the formed hexagonal shaped nanodisks. Nanorods with porous structure are formed in 500 ◦C.

Energy dispersive X-ray analyses (EDAX) spectrum of the prepared nanoparticle at 300, 400, 500 and 600 ◦C are
shown in Fig. 3(a–d) respectively, which reveal the presence of Zn and O.
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FIG. 2. SEM Images of ZnO particles

FIG. 3. EDAX analysis
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3.3. Application of catalytic activity

The photocatalytic degradation of methylene blue by the prepared photocatalyst of ZnO/UV was studied under
sun light. In this experiment, ZnO weight (10 mg) were dispersed well in (100 ml) aqueous methylene blue solution
under stirring for (15 min) under dark conditions in order to make certain adsorption equilibrium on the surface of the
catalysts.

After every 20 min of irradiation, part of the solution was collected and sealed in separate containers. They
were centrifuged to separate the catalysts from the MB solution and then their UV-Vis spectra were recorded. Then
absorption spectra were recorded and the rate of decolorization was observed in terms of change in intensity at λmax

of the dyes. The efficiency of photocatalytic reaction was calculated from the following expression:

D % =
A0 −A
A0

× 100,

where A0 the initial dye absorbance (gm·L−1) and A is the dye absorbance after the treatment. It can be noted that
A0 −A is referred to the loosing in the absorbance of solution by degradation process.

3.4. The photocatalytic degradation of the Methyl Blue (MB)

3.4.1. Effect of catalyst loading under sunlight. A series ofexperiments was carried out to assess the optimum cata-
lystloading by the amount of catalyst 0.5 g of which the dye solution was prepared. The percent ages of photodegra-
dation under sunlight at 48 ◦C with ZnO were illustrated in Fig. 4. It was found that all samples give almost the same
percentage removal at a certain concentration, so we will discuss here only prepared nanoparticle at 500 ◦C. It was
observed that with an increased catalyst amount, the photodegradation increases. This could be attributed to the fact
that the number of active sites increased as the amount of the catalyst increased, up to a certain point, after which, the
higher concentrations of the catalyst increase the turbidity of the MB suspension and the penetration of sunlight.

FIG. 4. Degradation efficiency graph

3.4.2. Photodegradation properties. To study the photodegradation abilities of the undoped ZnO particles prepared
at various temperatures i.e. 300, 400, 500 and 600 ◦C; methyl blue (MB) dye was used as the model pollutant. The
photocatalytic activity was performed by dispersing the films in 10 mL aqueous solution containing 0.1 M MB dye.
After achieving adsorption-desorption equilibrium by stirring the dye solution with the catalysts in dark, they were
exposed to visible light. With an increase in irradiation time, the color of the dye solutions degraded drastically. The
order of the degradation ability after 120 min was as follows:

300 ◦C → 400 ◦C → 600 ◦C → 500 ◦C.

A complete clear solution was observed for the co-doped sample confirming its enhanced degradation ability. The
absorbance spectra taken at λ = 650 nm are displayed in Fig. 5(a) for the 300 ◦C ZnO, Fig. 5(b) for the 400 ◦C,
Fig. 5(c) for the 500 ◦C and Fig. 5(d) for the 600 ◦C ZnO photocatalysts.
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FIG. 5. Photocatalytic activity

Using the formula, η = (1− C/C0) × 100, (where C and C0 represents the dye concentration under light
and dark conditions), the degradation efficiency values of the tested catalysts were calculated and depicted in Fig. 6.
Unanimously, for all the irradiation time intervals, the 500 ◦C ZnO photocatalyst showed better degradation efficiency.

FIG. 6. C/C0 vs time

In general, the photocatalytic efficiency of the catalyst could be decreased because of the following possible
reason. (a) The continuous adsorption of dyes on the catalyst surface can reduce the active sites of the catalyst and
thereby decreases the photocatalytic activity. In addition, the surface adsorbed dye can decrease the incident light
penetration to the catalyst surface and it affects the electron-hole pair generation.
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To verify the reusable nature of the ZnO photocatalyst and durability of its catalytic activity in photodegradation
process, 5 successive recycle tests were conducted by removing the catalyst from the dye solution. No significant loss
was observed up to the first 4 cycles and a modest loss is observed in the 5th cycle (Fig. 7).

FIG. 7. Recycle test of the reused ZnO photocatalyst

4. Conclusion

In this work spindle like, hexagonal disk, porous nanorods structures are successfully obtained through a simple
hydrothermal method by varying the annealing temperature of the ZnO particles. The SEM images show that the
porous like nano structures in all the samples the increased porosity was observed in sample prepared at 500 ◦C. ZnO
nanoparticles possessing needle shaped structure showed 94 % photocatalytic activity at about 120 min against MB
dye. The 500 ◦C hydrothermal synthesized ZnO nanoparticles showed relatively high degradation of MB.
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