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ABSTRACT: In comparison to the previous researches, ZrO2 nanoparticles with higher surface
area (85 m2/g) have been synthesized in this research. The as-prepared ZrO2 nanoparticles by
co-precipitation method were characterized with X-Ray Diffraction (XRD), Scanning Electron
Microscopy (SEM) and Transmission Electron Microscopy (TEM). The surface area of the sample
was characterized by BET method. The effect of the growth parameters such as temperature, pH,
Zr4+/template ratio and kind of template on the growth and morphology of ZrO2 nanoparticles have
been investigated in detail. The results revealed that pH, temperature, Zr4+/template and kind of
template have an important effect on the morphology and size of the ZrO2 nanoparticles.
X Ray Diffraction (XRD) analysis of the superior nanoparticles that was prepared at pH=4,
Temperature=70 oC, Zr4+/template ratio=2 and by sorbitol as template indicates the formation
of nanocrystalline ZrO2 tetragonal phase structure. The average particle size of the product is about
4.45 nm that was calculated from XRD pattern by the Debye-Scherrer formula.
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INTRODUCTION
Specific properties of ZrO2 nanoparticles such as low
thermal conductivity, high coefficient of thermal
expansion, high thermal stability, high oxygen ion
conductivity, high strength, high fracture toughness and
high thermal shock resistance, enables it to be used
as thermal barrier coating, cutting tools, refractory material,
and catalyst support (stable under a reducing atmosphere
and photo irradiation) [1-3]. ZrO2 nanoparticles can be
used in fuel cells, sensors, advanced ceramics, transparent
and optical devices [4-7].
Increasing the specific surface area and enhancement
of the crystallinity increases its specific properties [8].
We are successfully prepared ZrO2 nanoparticles with
higher surface area (85 m2/g) in comparison to the
previous researches. Different methods have been

proposed by researchers for the synthesis of ZrO2
nanostructures such as sol–gel [9], hydrothermal [10],
sputtering [11], Chemical Vapor Deposition (CVD) [12]
and electrical arc discharge [13]. Many of these methods
results in amorphous structures but co-precipitation
method that was used in this research, produces
crystallized ZrO2 nanoparticles. Besides, compared with
other techniques, from point of economical view and
simple procedure, co precipitation is an attractive method
with high yield of nanoparticles and capability of scaling
up for mass production.
In the present study, we report a simple and
inexpensive synthesis route of ZrO2 nanoparticles with
higher surface area (85 m2/g) in comparison to the
previous researches by co-precipitation method. We have
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Table 1: Experimental conditions for the synthesis of the ZrO2 nanoparticles by co precipitation method.
Sample

Zr4+/template molar ratio

Kind of template

pH

Temperature (oC)

NO. 1

0.9

Sorbitol

10

70

NO. 2

2

Sorbitol

10

70

NO. 3

2

Poly Ethylene Glycol (PEG 4000)

10

70

4.15

NO. 4

2

Sorbitol

10

80

7.16

NO. 5

2

Sorbitol

10

60

3.58

NO. 6

2

Sorbitol

7

70

NO. 7

2

Sorbitol

4

70

NO. 8

2

Urea

10

70

Average particle size (nm)
4.10
6.59

studied the effect of different reaction parameters such as
temperature, pH, kind of template and molar ratio of
precursor and template on the product average particle
size and morphology.
EXPERIMENTAL SECTION
Materials and Characterization
All chemicals such as ZrCl4, polyethylene glycol
4000, Urea, sorbitol and ammonia were of analytical
grade and used without further purification.
The sample was characterized by Scanning Electron
Microscopy (SEM) using a Holland Phillips XL30
microscope. XRD patterns of the samples were recorded
in ambient air using a Holland Philips X-ray powder
diffraction (Cu K , =1.5406 Å), at scanning speed of
2o/min from 20o to 80o. TEM images of the samples
are prepared by Philips Analytical equipment (200 kV).
Surface area of the desired sample was determined by
Belsorp adsorption–desorption (BEL Japan Inc.).
Preparation of ZrO2 nanoparticles
An appropriate amount of ZrCl4 was dissolved in
300 mL distilled water in order to form 0.06 M solution
(Solution A). Different quantities of template (poly
ethylene glycol 4000, urea and sorbitol) was added
separately to the desired amount of ammonia solution and
well mixed by stirring for 5 min. The as-prepared solution
was added drop wise to the Solution A at room temperature
under stirring. The mixture was heated to reaction
temperature of 60, 70 or 80oC and kept for few minutes.
Experiments were carried out in two molar ratios of Zr4+
source/template including 0.9, and 2 while the pH value
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5.15
4.45
amorphous

was adjusted in 10 during the reaction time. As
the reaction completed, the as-prepared white solid products
were washed with distilled water and ethanol to remove
the ions possibly remaining in the final products, and
finally dried at 60oC. The product was calcined at 550 oC
for 2h. To study the effect of other growth parameters
on morphology and size of the ZrO2 nanoparticles, reaction
parameters such as kind of template, pH and temperature
were tuned during the synthesis to obtain the desired size
of nanoparticles that can be used for different
applications.

RESULTS AND DISCUSSIONS
Effect of template and Zr4+/template molar ratio
Table 1 depicts the experimental conditions studied
to achieve a controllable growth of ZrO2 nanoparticles
by finding the most effective parameters. Different sizes of
ZrO2 nanoparticles were obtained through the influence
of template. The average particle size of the products
was calculated from XRD pattern by the Debye-Scherrer
formula.
0.89λ
D=
(β cos θ )
Where the is X-ray wavelength (0.1540 nm for Cu-K ),
is the width at half maximum of the diffraction peak
and is Bragg diffraction angle.
Poly ethylene glycol 4000 (PEG 4000), sorbitol and
Urea were examined as template in the similar
experimental conditions. It is also worth nothing that
applying the sorbitol, decreases the cost of product.
The surface morphology of ZrO2 nanoparticles was evaluated
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by SEM and TEM. Figs. 1 & 2 show X-ray diffraction
patterns of all samples that were prepared in this research.
Most of the diffraction peaks in the XRD patterns
could be indexed to the tetragonal structure of ZrO2
nanoparticles (79-1769 JPDS card).
The results indicate that the variation of template
can alter the morphology and average particle size of ZrO2
nanoparticles. The formation of ZrO2 nanoparticles
may be due to the creation of nuclei by the addition of
template firstly [14]. Figs. 3 & 4 show Scanning Electron
Microscopy (SEM) images of all samples that were
prepared in this research. From the images, it can be seen
that by using PEG 4000 and sorbitol as template,
crystalline tetragonal ZrO2 nanoparticles and by using
urea amorphous ZrO2 were obtained. We suppose that
urea acted by different mechanism in this reaction.
In aqueous solution, the following reaction will be happen.
CO(NH2)2 + H2O → CO2 + 2NH3
Sorbitol and PEG 4000 have hydroxyl group and
can form suitable complexes with Zr4+(aq). On the other
hand, SEM images indicate that agglomeration of the
product nanoparticles will be observed by using
PEG 4000 as template. It may be due the polymeric structure
and high molecular weight of PEG 4000 that causes
stereo stric problems. As a result, sorbitol was selected
as the superior template in this reaction.
In order to investigate controllable growth of ZrO2
nanoparticles, different Zr4+ source/template ratios were
used, employing sorbitol as template. The ratios were 0.9
and 2. The SEM results showed that the growth of ZrO2
nanoparticles will be more uniform and individual
through tuning the ratio from 0.9 to 2 (Samples 1,2).
The effect of different ratios on the synthesis of nano
products has been discussed in the other research.
Zhang et al. [15] obtained a change in morphology
of products as a result of different ratios.
Effect of reaction temperature
It is expected that by increasing the temperature
reaction, the average particle size of the products will be
increased [16]. SEM images that was presented in
Figs. 3 & 4 emphasis this truth.
The possible reactions in an aqueous solution can be
expressed as follows:
NH3 + H2O

NH3.H2O

NH4+ + HO-

Zr4+ + 6 NH3

Zr(NH3)64+

Zr(NH3)64+ + 4HO4+

Zr + 6HO
Zr(OH)62-

-
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ZrO2 + 6NH3 + 2H2O

Zr(OH)62ZrO2 + 2H2O + 2 HO-

ZrCl4+C6H14O6+15/2 O2 → ZrO2+2Cl2+6CO2+7H2O
It can be seen that ZrO2 nuclei are obtained by the
dehydration of Zr(OH)62- or Zr(NH3)64+. It is expected
that adsorption of ions on the substrate will play an
important role in determining the particle size. For lower
density of nuclei (higher temperature) the crystal grows
larger in size before being blocked (the possibility of
getting blocked is low), in comparison to the situation
where a high density of nuclei (lower temperature) results
in small crystals before being blocked. The higher density
of nuclei enhances the possibility of a crystal to get
blocked [18]. By increasing the temperature, bigger
particles can be formed. In comparison to sample No. 2,
sample No.4 reaction at higher and sample No.5 reaction
at lower temperature were performed. As can be seen,
by increasing the reaction temprature, the product
particle size will be incresed and by decreasing
the reaction temprature, the product particle size
will be decreased.
Effect of pH
pH was found to be an important parameter affecting
ZrO2 nanoparticle synthesis.
Figs. 3 & 4 shows that the particles formed at pH=4
were predominantly spherical in shape, relatively uniform
in size, with average particle size about 4.46 nm (sample
No. 7). Nanoparticles synthesised at pH 7 (sample No. 6)
and pH=10 (sample No. 2) have average particle size
about 5.15 nm and 6.59 nm respectively. As a result
by increasing the pH, the average particle size of products
will be increased [17]. Addition of pH causes the
formation of bigger aggregates because of the stable
nuclei that was formed on the substrate during the
reaction lead to the formation of a contacting crystal
to which two or more crystals are associated at the higher
pH value of the solution [18,19].
The further characterization of the samples is performed
by TEM. Fig. 5 and Fig. 6 depict Transition Electron
Microscopy (TEM) images of samples 2 and 7 with
average particle size about 6.59 nm and 4.45 nm respectively
in comparison to the previous researches with reported
average particle sizes such as 20, 16.5, 26.5 nm [10,13,20].
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Fig. 1: XRD patterns of the as-prepared ZrO2 nanoparticles
(Samples 1,2,3,4).
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Fig. 2: XRD patterns of the as-prepared ZrO2 nanoparticles
(Samples 5,6,7,8).
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Fig. 3: SEM images of the as- prepared ZrO2 nanoparticles
(Samples 1,2,3,4).
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Fig. 4: SEM images of the as- prepared ZrO2 nanoparticles
(Samples 5,6,7,8).
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Fig. 5: TEM image of the as- prepared ZrO2 nanoparticles (Sample 2).

Fig. 6: TEM image of the as- prepared ZrO2 nanoparticles (Sample 7).

These samples indicated better properties such as
crystalline nanostructure with individual and distinct
nanoparticles in comparison to the other samples.
From the TEM images, it can be seen that the
morphology of the sample 7 is better than the sample 2.
This is logical result because the sample 7 was formed
in lower pH.
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CONCLUSIONS
In conclusion, a simple and economical method was
successfully utilized for the synthesis of ZrO2
nanoparticles, in which average particle size is 4.46 nm
with higher surface area (85m2/g) in comparison to the
previous similar researches. Effective reaction parameters
were investigated in detail. Average particle size
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of the product will increase at higher temperatures and
pH. Among the three kind of selected templates, sorbitol
is the best because of the formation of suitable complex
structure with Zr4+(aq.). By tuning of Zr4+/template from
0.9 to 2, the morphology of the product will be better and
more distinct and individual nanoparticles will be obtained.
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