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ABSTRACT t-ZrO2 nano crystalline photocatalyst have been synthesized by a simple co-precipitation method.
The crystal structure, morphology, size, and elemental composition of ZrO2 nanorods were determined using
XRD, SEM, EDX analysis. The optical properties and photocatalysis were analyzed using UV-Vis spectroscopy.
The investigation of XRD pattern indicates tetragonal (t-ZrO2) and monoclinic phases (m-ZrO2) for the anneal-
ing temperatures 500 and 900 ◦C respectively. SEM images depicts rod like morphology. UV-Vis spectra
illustrates that the synthesized samples have wide band gap. t-ZrO2 photocatalyst degrades methylene blue
dye with 80 % removal efficiency in 180 minutes.
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1. Introduction

In the current decade, industrialization is rapidly increasing all over the world. The increase in industries leads to the
contamination of water. The main cause for water contamination is the waste effluents from chemical, textile, medicine,
manufacturing, and petroleum industries [1]. Important organic compounds which contaminate groundwater resources
are dyes, pesticides, aromatic solvents. These organic compounds affect the aquatic life and human health. Most of the
contaminations are removed using conventional wastewater management systems [2, 3]. Around 700,000 tons of dyes
were produced annually for industrial purpose. Dyes used by the textile industry are one important factor which affects
the aquatic life [4]. To prevent the contaminations of water and conserve the aquatic ecosystem, there is the need for the
research of wastewater treatment options such as coagulation, flocculation, precipitation, adsorption, ion exchange and
membrane processing. Advanced Oxidation Process (AOP) is one fundamental water treatment method which has been
efficiently developed. AOP is performed at room temperature and normal pressure. A hydroxyl radical is created on the
catalyst surface which then acts as oxidizing agent for the decontamination of water [5]. Photocatalysis is a phenomenon
in which the valance band electrons are excited into the conduction band when a semiconducting material absorbs a light
that is higher than its energy band gap value [27]. Various semiconductor nano metal oxides such as TiO2, ZnO, SnO2,
have been studied for their photocatalytic ability to degrade pollutants [6]. N-type semiconductor Zirconia has also been
used as a photocatalyst [7,8]. An attempt has been made to investigate the photo degradation of methylene blue (MB) dye
using zirconium oxide.

Zirconia is the most popular ceramic oxide used in a variety of applications such as engineering, science and medical
fields. The important properties of zirconia are high density, high fracture toughness, high temperature capability and
low thermal conductivity [9]. Because of its photochemical stability, high refractive index, large band gap, transparency
in the visible and near-infrared regions of the spectrum, and low phonon energy, zirconia is the best optical medium for
lanthanide ions among p-type semiconductors. It also has a low phonon energy, which reduces the likelihood of non-
radiative transitions due to multiphonon relaxation [31]. Zirconia (ZrO2) has a high bandgap energy and is a chemically
stable material. It exhibits more oxygen vacancies on its surface. Since it has high ion exchange capacity and redox
activities, it is used as a photocatalyst. The optical photon energy of zirconia relies on its crystalline structure. This
enhances the light absorption ability and charge separation due to the surface modification, which increases the photocat-
alytic ability. Zirconia is polymorphic, and shows different phases at different temperatures. Also, it shows three crystal
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structures, namely tetragonal, monoclinic and cubic. Zirconia was used in monoclinic phase which was stable at tem-
perature T < 1170 ◦C. The stable properties of this material are not consistent at room temperature. The phase stability
mainly depends on the preparation of the material [10]. The material was prepared at various temperatures and also in
three different phases [11, 12]. Tetragonal ZrO2 was formed at 700 ◦C by co-precipitation method and it was formed at
the same temperature by a microemulsion refined precipitation technique [13]. Only few researchers have reported on
the photocatalytic activity of ZrO2 [20]. ZrO2 nanoparticles played a major role in the area of photocatalysis with the
amalgamation of other visible light active semiconductors. ZrO2 has negative flat band potential and wide band gap. The
conduction band has the lowest potential and the valance band has the highest potential. The reduction potential of e−

in the conduction band was more negative than potentials of H2/H2O and CO/CO2. Due to this, the oxidation potential
of H+ in the valance band was more positive than the potential of O2/H2O. This property of ZrO2 makes it a better
photocatalyst [28]. Zheng et al. synthesized Nanocrystalline ZrO2 by the L-lysine-assisted hydrothermal method and the
photocatalytic activity was studied using Rhodamine B (Rh B) as a model pollutant [21]. Olga Długosz et al. proposed
ZrO2–ZnO nanoparticles for the degradation of MB solution. Since ZnO has broad energy gap, it limits the photocatalytic
property. To enhance the photocataytic efficiency, ZrO2–ZnO nanoparticles were used [22].

In this research article, zirconia (ZrO2) nanoparticles are synthesized by co-precipitation method under various an-
nealing temperatures such as 500, 700, and 900 ◦C. The obtained nanoparticles are characterized by XRD, UV-vis, EDX
and stockticker SEM analysis. Photocatalytic activity of synthesized ZrO2 nanoparticles on the degradation of MB is
analyzed. MB is a phenothiazine derivative, used for dying textiles, and it is highly toxic and carcinogenic. An oxidation
process is frequently required to degrade contaminants. Thus, we have chosen MB for the degradation process [29].

2. Materials and method

Nanorods of ZrO2 are prepared by simple co-precipitation method. An aqueous solution of zirconium oxychloride
and sodium hydroxide were taken in the ratio of 0.5:2 M (8.056 g ZrOCl2: 4 g NaOH /50 ml distilled water) to maintain a
pH 12. Aqueous solution of zirconium oxychloride was magnetically stirred at 60 ◦C. NaOH solution was added dropwise
to adjust to pH 12 and stirred constantly for 2 hours at 60 ◦C. The presence of chloride and sodium ions in the final product
were controlled by filtering the obtained precipitate followed by repeatedly washing with distilled water and then finally
with acetone. Thereafter the precipitate was dried at 150 ◦C by using a hot air oven. After drying the obtained precipitate
was ground by using mortar and pestle to afford a fine powder. The ZrO2 thus obtained was divided into three parts. One
part was annealed at 500 ◦C, another at 700 ◦C, and the third part at 900 ◦C for 2 hours.

X-Ray Diffraction (XRD) analysis with an XPERT-PRO diffractometer was used to determine the crystallite size and
proper phases that exist in the zirconia nanorods in the diffraction angle 2θ ranging from 10 to 80◦. Optical properties are
analyzed using UV-VIS spectrum taken from Perkin Elmer Lambda 35 spectrophotometer. The photocatalytic activity of
synthesized ZrO2 nanoparticles annealed at 500 ◦C on the degradation of MB was analyzed. An aqueous solution of MB
(0.1 M, 50 ml) was taken and 0.2 g of the photocatalyst was suspended in that solution. The experiment was done under
UV light irradiation. The continuously stirred solution was irradiated with a 50 W halogen lamp. For every 60 min, 4 ml
of dye solution was taken from the system and the dye removal efficiency was analyzed by a UV-Vis spectrometer.

3. Results and discussion

UV-VIS spectrum taken from Perkin Elmer Lambda 35 spectrophotometer describes the absorbance and transmit-
tance properties of zirconia nanorods and is also used to study the removal efficiency of the photocatalyst. Scanning Elec-
tron Microscope (SEM) images and EDAX analysis of the nano zirconia is characterized using EV018 (CARL ZEISS)
and Quantax 200 with X Flash 6130 microscope.

3.1. Crystallinity, phase and structural studies

The wide band gap zirconia nanorods were synthesized using a co-precipitation method. The XRD pattern of the
initial powder for zirconia nanoparticles is shown in Fig. 1 and identified amorphous state of the particle. The peaks at 32,
48, and 57 are in good accord with the standard JCPDS no. 87-2105 and are indexed as orthorhombic ZrO2. The element
is annealed at various temperatures and examined to obtain a definite structure. The X-ray diffraction pattern obtained for
ZrO2 nanoparticles annealed at 500, 700 and 900 ◦C are shown Fig. 2. The XRD pattern was used to identify the phase
of nanoparticles and it confirmed pure tetragonal phase (JCPDS-50-1089) for zirconia annealed at 500 ◦C. The peaks are
indexed as follows: 30.24◦ (011), 34.97◦ (002), 35.31◦ (110), 50.59◦ (112), 59.92◦ (013), 63.04◦ (202) and 74.34◦ (220).
The average crystallite size of the sample at 500 ◦C was 29.74 nm.

The XRD pattern of ZrO2 annealed at 700 ◦C confirms both tetragonal and monoclinic phases. The phase composition
at 700 ◦C consists of 87 % monoclinic and 13 % tetragonal phases.

The highest peak in the pattern is indexed as tetragonal phase (JCPDS-50-1089) corresponding to the angle 30.3◦ (011).
The remaining peaks are indexed as the monoclinic phase (JCPDS-65-1025). The major peaks of the monoclinic phase
are 50.67◦ (122), 50.21◦ (220), 60.08◦ (302), 28.28◦ (111), and 59.88◦ (131). The average crystallite size of the sample
at 700 ◦C is 42.5 nm.
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FIG. 1. XRD pattern of as prepared sample

FIG. 2. XRD pattern of ZrO2 calcined at (a) 500 ◦C and 700 ◦C, (b) 900 ◦C

The peaks of the XRD pattern of ZrO2 annealed at 900 ◦C are indexed as monoclinic phase (JCPDS-65-1025). The
major peaks of the monoclinic phase are 28.30◦ (111), 31.59◦ (111), 50.24◦ (220), 49.39◦ (022), and 34.24◦ (020). The
average crystallite size of the sample at 900 ◦C is 63.84 nm. The average crystallite size,phase and energy gap parameters
of ZrO2 with various annealing temperature are listed in Table 1. The XRD patterns of all three samples reveal that the
tetragonal phase is transformed into the monoclinic as the annealing temperature is increased from 500 to 900 ◦C. The
faster phase transformation is due to the increase of calcination temperature [23, 24].

Annealing temperature has a significant role on the structural modification of the nanoparticles. It was observed that
the crystallite size increased with increasing temperature. Generally, calcination decreases the lattice defects and strains;
however,on the other hand, higher temperatures may cause crystallites to coalescence, which leads to an increase in the
crystallite and nanoparticle sizes [26]. The average crystallite size (D) of ZrO2 powder was calculated using Scherrer’s

formula, D =
0.9λ

β cos θ
, where, λ is the wavelength of the X-rays; θ is the Bragg’s diffraction angle, and β is the full width
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TABLE 1. The average crystallite size, phase and energy gap parameters of ZrO2 with various annealing temperatures

Annealing
temperature

Average
Crystallite size,

D (nm)
Phase

Energy gap parameters, eV

Eg1 Eg2

500 ◦C 29.74 t 4.7 4.6

700 ◦C
36.09 (t)

50.45 (m) t + m 4.6 4.4

900 ◦C 63.84 m 4.4 4.3

at half maximum (FWHM) of the diffraction peaks (in radians) [30, 33]. The diffraction pattern shows sharp and well
defined peaks, which indicate the highly crystalline nature as well as purity of the sample [14].

3.2. Optical studies

Figure 3 shows the optical absorbance spectrum of ZrO2 at different annealing temperatures such as 500, 700, and
900 ◦C. The strong absorbance peak for ZrO2 annealed at 500 and 700 ◦C occurs at 375.2 nm. The strong absorbance peak
occurs at 278.6 nm, for the sample prepared at 900 ◦C. So it is noted that, the absorbance increases when the annealing
temperature increases.

FIG. 3. Optical absorbance spectrum of ZrO2 at different calcination temperatures

The band gap energy of the prepared samples is calculated by using Tauc relation:

αhν = A(hν − Eg)
n, (1)

where, hν is the energy of photon, Eg is the band gap energy, A is the proportionality constant, n takes the value 1/2 for
direct allowed transitions and α is the absorption coefficient [15]. The absorption coefficient α is determined using the
formula:

α =
2.303 log (1/T )

t
, (2)

Here, T represents transmittance and t represents the thickness of sample (t = 1 mm) [16]. The Tauc plot is drawn to
determine the band gap of ZrO2 at different annealing temperatures and it is shown in Fig. 4. It is identified that, the
variation of (αhν)2 with respect to hν is linear which reveals the transition is a directly allowed transition. The band gap
energy was calculated from the x-axis intersection point of the linear fit of the Tauc plot. The band gap energy of ZrO2 at
different annealing temperature was determined from the Tauc plot and is listed in Table 1. Eg values of the synthesized
nanostructures are found from 4.3 to 4.7 eV.

The energy gap of ZrO2 decreases with respect to an increase in the temperature. This is due to the increased
crystallite size, increased inter-atomic space and surface defect such as oxygen vacancies [24]. The variation of electronic
levels that arises between the conduction band and valance band is due to the presence of oxygen vacancies [25].
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FIG. 4. Tauc’s plot of ZrO2 at different annealing temperatures to determine the band gap energy

3.3. SEM and EDX analysis

The morphology of the synthesized ZrO2 nanoparticles at 500, 700, and 900 ◦C was analyzed with scanning electron
microscopy (SEM) taken at different magnification scales, and is the results are shown in Fig. 5. The synthesized samples
were observed to have a rod-shaped morphology. The first stage of the growth of nanorod is isotropic which has the
growth of seed particles. The second stage of the growth is anisotropic which has the growth in one direction. The third
stage of the growth is rod shaped particle. The approximate values of the average lengths and widths of the nanorods at
500, 700, and 900 ◦C are 222, 159, 102 nm and 31, 14, 17 nm respectively.

The EDX characterization depicts the elemental composition of the prepared ZrO2 nanoparticles at 500, 700, and
900 ◦C. The EDX characterization spectrum is shown in Fig. 6. High intense peak was identified for zirconium (Zr)
and oxygen (O) elements. These results are also in agreement with the SEM-EDX mapping images shown in Fig. 7.
Furthermore, these images confirm that Zr and O elements are homogeneously dispersed.

3.4. Photocatalytic performance

The photocatalytic performance of the prepared catalyst ZrO2 was experimentally determined by the degradation of
MB organic dye. The optical absorbance spectra of the degradation of MB dye using ZrO2 nanoparticles annealed at
500 ◦C is shown in Fig. 8. An aqueous solution of MB (0.1 M, 50 ml) was taken and 0.2 g of photocatalyst zirconia was
added. The experiment was done under UV irradiation at 350 nm. The solution is exposed to halogen lamp of 50 W with
continuous stirring. For every 60 min, 4 ml of dye solution is taken from the system and the degradation percentage is
analyzed by UV-Vis spectrophotometer. From the absorbance spectrum, the strong peak is identified at 663.25 nm which
is the absorption wavelength of MB dye. The following equation provides the removal efficiency (E) of MB degradation:

E =
C0 − C

C0
× 100 %, (3)

where C0 is the initial concentration of dye and C is the concentration of MB after UV irradiation. It was observed
that, 53 % of MB dye degraded after 1 hour and 80 % of MB dye was degraded after 3 hours. This is mainly due to
high crystallinity nature of t-ZrO2 prepared at 500 ◦C, small crystallite size and well defined morphology and surface
properties. The normalized residual concentration of MB dye is estimated using:

Ct

C0
=
At

A0
,

where C0 and Ct are the initial and residual concentration of MB dye, At and A0 are the absorbance intensity at time t
and at time t = 0 obtained from UV-absorbance spectrum [17].

The growth of the rod shaped particle is greater in one direction with respect to the growth of the particle in other
dimensions [18]. Since, the morphology of the prepared nanoparticle is rod shape; the surface area of the particle is
high. The high surface area provides more active sites for the reaction of photodegradation [19]. Due to this property, the
efficiency of the degradation of MB is high for zirconia even though it has wide band gap. The decomposition of MB dye
by ZrO2 with respect time is shown in Fig. 9. In addition to particle size, phase composition, and optical characteristics,
there may be other parameters that influence photocatalytic activity [32].
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FIG. 5. SEM image of ZrO2 at (a), (b) 500 ◦C, (c), (d) 700 ◦C and (e), (f) 900 ◦C

FIG. 6. EDX characterization spectra of ZrO2 at (a) 500 ◦C, (b) 700 ◦C, and (c) 900 ◦C
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FIG. 7. EDX mapping of ZrO2 at (a) 500 ◦C, (b) 700 ◦C and (c) 900 ◦C

4. Conclusion

Zirconium oxide nanorods have been successfully synthesized by a co-precipitation method under various annealing
temperatures such as 500, 700, 900 ◦C. XRD analysis confirmed the tetragonal phase (t-ZrO2) at 500 ◦C. Both the tetrag-
onal and monoclinic phases were present when annealed at 700 ◦C. The pure monoclinic phase (m-ZrO2) was identified
at 900 ◦C. The crystallite size increased at higher annealing temperatures. The band gap energy was calculated from UV-
Vis absorption spectrum and it was found to decrease with increases in annealing temperature. Rod shaped morphology
was observed in SEM images, ans therefore, the particles had high surface area. This enhances the removal efficiency
of the photocatalyst. The elemental composition of the synthesized nanoparticles was found using EDX analysis. The
nanoparticles synthesized at 500 ◦C provide small crystallite size and high crystallinity and rod shaped morphology and
therefore used as photocatalyst for degradation of MB dye. This photocatalyst degrades 80 % of MB dye in 180 minutes
under UV irradiation.
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FIG. 8. Optical absorbance spectra of
MB dye using ZrO2 at 500 ◦C

FIG. 9. Removal efficiency of ZrO2
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