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bstract

ure monoclinic zirconia nanopowders were synthesized via a simple, fast and low cost method; polyacrylamide gel method. Also, the effect of
nitial salt precursor on thermal behavior of gel network and structure of the synthesized nanoparticles was studied with thermogravimetric and
ifferential thermal analysis (TG-DTA), X-ray diffraction (XRD) and transmission electron microscopy (TEM) analysis. The XRD results showed
hat the presence of nitrate ions not only retarded the crystallization, but also delayed the tetragonal to monoclinic phase transformation of zirconia
anoparticles which resulted in smaller particle sizes in comparison with the chloride samples. However, TG-DTA analysis confirmed accelerator
ole of nitrate ions on degradation of polymeric network. Thus, it was expected that zirconia nanopowders synthesized by nitrate samples have

igger sizes than the chloride base powders. Therefore, the presence of nitrate ions affects the synthesized nanoparticle size via two different
echanisms: the retarded crystallization and polymeric network degradation. But, TEM images revealed that the controlling mechanism is the

ormer one.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

Due to possessing a combination of unique properties such as
xcellent refractoriness and chemical resistance, good mechan-
cal strength, high ionic conductivity, low thermal conductivity
t high temperature together with relatively high thermal expan-
ion coefficient and good thermal stability, ultrafine zirconia
ZrO2) particles have attracted much interest recently. Based
n the above mentioned properties, they have found a broad
ndustrial applications including: fabrication of dense ceramics,
ensors, batteries, capacitors, corrosion-resistant and thermal-
arrier coatings, fuel cells, solid electrolytes, catalysts, etc.1,2
t is well known that using nanocrystalline structure of zirconia
mproves its functional properties.3

∗ Corresponding author at: Research Center for Polymeric Materials, Sahand
niversity of Technology, P.O. Box 51335/1996, Tabriz, Islamic Republic of
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Zirconia exists in three crystalline forms of monoclinic,
etragonal and cubic structures at atmospheric pressure. The

artensitic transformation from the tetragonal to the mono-
linic structure has great importance in ceramic and catalytic
pplications of zirconia. Generally, the tetragonal phase of
irconia is preferentially formed relative to the monoclinic
hase during the crystallization of amorphous hydrous zirconia.
o, upon increasing calcination temperature, most amorphous
irconia precursors convert to the tetragonal phase first and
hen transform to the monoclinic phase at higher temperatures
∼600 ◦C). Above approximately 800 ◦C, transformation is
ompleted.1

Ultrafine zirconia particles have been synthesized via var-
ous methods such as sol–gel processing,4–6 chemical vapor
ynthesis,7 precipitation from inorganic salt solutions,1,6,8

icrowave plasma synthesis,9 inert gas condensation,10

ombustion synthesis,11 ultrasonically assisted hydrothermal

ynthesis12 and laser ablation.13

Sol–gel method is mostly used in order to obtain high purity,
omogeneity and well controlled properties. The complex
ol–gel process, a modified Pechini method, is a polymerized

mailto:a.babaluo@sut.ac.ir
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omplex method.14 This method is based on the formation of
solid polymer resin with cations chelated on it in a homo-

eneous manner. Cations in solution with a hydroxycarboxylic
cid (e.g. citric acid) as chelating agent mixed with a polyhy-
roxy alcohol (e.g. ethylene glycol) causes to polyesterification
t medium temperatures.15 The product is then heated to ele-
ated temperatures to remove organic residuals and the desired
toichiometric compounds are formed during the pyrolysis. This
ethod has been previously applied for the preparation of differ-

nt zirconia based powders such as yttria-stabilized zirconia16,17

nd ZrO2:Eu nanopowders using EDTA as complexing
gent.14

Polyacrylamide gel method is a new improvement of the
revious synthetic routes, in which a solution of the respec-
ive cations is soaked. In this method, direct pyrolysis of
olymeric network without separate drying step yields very
ne and highly dispersed powders.18–20 This method is time-
aving in comparison with the Pechini method because in
his method the formation of the artificial gel at low tem-
eratures is more rapid than the Pechini method.15 On the
ther hand, the original materials used in the polyacrylamide
el method are the aqueous solutions of inorganic salts. This
llows avoiding use of the expensive metal alkoxides, unlike
he other sol–gel methods.20 Although, this method has been
uccessfully applied in the synthesis of a considerable num-
er of ultrafine powders, but it has not yet been used in the
ynthesis of zirconia nanoparticles. Therefore, regarding to
his method benefits, synthesis of zirconia nanoparticles via
olyacrylamide gel method would be a novel and simple pro-
ess.

The main objective of the present work was synthesis of the
irconia nanoparticles via polyacrylamide gel method. In addi-
ion, the effect of zirconium source on properties of zirconia
alcined at different temperatures was investigated and charac-
erized by using X-ray diffraction (XRD), thermogravimetric
nd differential thermal analysis (TG-DTA) and transmission
lectron microscopy (TEM) techniques.

. Experimental
.1. Materials

The characteristics of the used materials are given in Table 1.

(

x

able 1
haracteristics of materials

aterials Function

crylamide (AM) Monofunctional m
,N′-Methylene bis acrylamide (MBAM) Difunctional mon
mmonium persulfate (APS) Initiator
,N,N′,N′-Tetramethyl ethylene diamide (TEMED) Accelerator
irconium oxychloride Initial salt
irconium oxynitrate Initial salt
ater Solvent

a E. Merck, D 6100 Darmstadt, Germany.
b BDH Laboratory Supplies Poole, BH151TD, England.
c Shahid Ghazi Pharmaceutical Co., Tabriz, Iran.
ean Ceramic Society 28 (2008) 773–778

.2. Synthesis procedure

AM and MBAM monomers with molar ratio of 2221 as
olymerization agents were added in an aqueous solution of zir-
onium oxychloride or zirconium oxynitrate. In all experiments,
otal concentration of the prepared solution and the weight
atio of monomers to salt were kept constant 50% (w/v) and
/1, respectively. The mixture was stirred up to the transparent
olution was observed. The free-radical crosslinking copoly-
erization of AM and MBAM was initiated by adding the

nitiator system (APS and TEMED) to the mixture. In this state,
transparent gel was rapidly obtained. The obtained xerogel was
omogenized in a ceramic mortar and submitted to one subse-
uent thermal treatment. The xerogel was heated in a laboratory
urnace (Ex.1200-2LA) and calcined at different temperatures
300–1000 ◦C). The thermal treatment was applied in a heating
ate of 5 ◦C/min up to the desired holding temperature during
h, followed by the same cooling rate.

.3. Characterization

Thermal decomposition behavior of the xerogels was eval-
ated with thermogravimetric and differential thermal analysis
RAS Diamond TG-DTA high temperature). The crystallite size,
ize distribution, structure and morphology of the zirconia pow-
ers were investigated from transmission electron microscopy
mages obtained with a Philips CM-200 FEG microscope. TEM
amples were prepared by suspending the powder in ethanol and
vaporating a droplet onto a carbon-coated copper grid. XRD
ata collection on the synthesized powders was carried out for
hase identification and crystallite size determination using a
hilips X-ray diffractometer, Model TW3710 using Cu K� radi-
tion in the range of 2θ = 20–70◦ with a 2θ step of 0.02 for 0.2 s
er point. The monoclinic and tetragonal contents can be cal-
ulated using the intensities of their corresponding peaks in the
RD patterns. The tetragonal and cubic phases are difficult to
istinguish by XRD patterns, due to their similar lattice param-
ters and the line broadening of XRD peaks in these patterns.11

olar fraction of m-ZrO2 and t-ZrO2 phases in zirconia samples

xm and xt) was estimated using equations proposed by Toraya12:

m = Im(1̄ 1 1) + Im(1 1 1)

Im(1̄ 1 1) + Im(1 1 1) + It(1 1 1)
(1)

Molecular formula Supplier

onomer C2H3CONH2 Mercka

omer (crosslinker) (C2H3CONH2)2CH2 Mercka

(NH4)2S2O8 Mercka

C6H16N2 Mercka

ZrOCl2·8H2O Mercka

ZrO(NO3)2·2H2O BDHb

H2O Ghazic
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t = 1 − xm (2)

here Im and It are the integrated intensities of the monoclinic
nd tetragonal phases, respectively. Furthermore, the crystal-
ite size of the zirconia nanopowders was estimated using the
tandard Scherrer’s formula22:

= 0.9λ

β cos θ
(3)

here D is the crystallite size (nm), λ is the radiation wave-
ength (0.15406 nm), θ is the diffraction peak angle and β is the
orrected half-width at half-maximum intensity (FWHM).

. Results and discussion

.1. Thermal analysis

TG and DTA curves of the pure polyacrylamide gel together

ith the same results for nitrate and chloride base xerogels are
resented in Fig. 1. As it can be clearly seen in Fig. 1(a), degra-
ation of polymeric network is a multi-step process, which is
ompleted at temperatures about 600 ◦C. The weak endothermic

ig. 1. TG (top) and DTA (bottom) curves under air flow at a heating rate
f 5 ◦C/min for: (a) pure gel; (b) oxynitrate salt xerogel; (c) oxychloride salt
erogel.
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ffect associated with a weight loss about 10% for temperatures
elow 250 ◦C, was attributed to departure of trapped moisture.
onsidering that the elimination of organics through oxidation is
n exothermic reaction, two strong exothermic peaks appeared
t about 330 ◦C (step I) and 500 ◦C (step II) were assigned to
he oxidative decomposition of organic residues. In addition,
he results show that the presence of nitrate ions accelerates the
egradation of polymeric network, while chloride ions effect on
he thermal stability of polyacylamide gel is not significant in
omparison with nitrate ions. It is interesting to note that the
oss of approximately 40% of the original mass for the former
ample has occurred at temperature about 280 ◦C, while for the
ater sample the same weight loss has occurred at temperature
bout 480 ◦C. This is supported by the presence of an exother-
ic peak at about 280 ◦C in the DTA curve of the nitrate sample

Fig. 1(b)). Knowing that the thermal stability of polymeric net-
ork can effectively inhibit the aggregation of powders at high

emperatures of calcination, it would be expected that zirconia
anopowders synthesized by nitrate samples have bigger sizes
n comparison with the chloride base powders.

.2. Crystallization

XRD patterns of the synthesized product with oxynitrate
alt are shown in Fig. 2. As can be seen, the synthesized zir-
onia powders have amorphous structure at 300 ◦C. By rising
he calcination temperature, a semicrystalline structure (only
etragonal phase) is formed at 400 ◦C. As the calcination temper-
ture increases to about 600 ◦C, both monoclinic and tetragonal
hases are detected. Further increasing of the temperature,
auses an increase in the proportion of monoclinic phase and

t temperature 800 ◦C the transformation to monoclinic phase
s completed. Using oxychloride salt precursor results in differ-
nt trend of phase transformation in the zirconia crystallinity
tructure. As shown in Fig. 3, crystallization initiates at lower

ig. 2. XRD patterns of nano-ZrO2 prepared by oxynitrate salt calcined at: (a)
00 ◦C; (b) 400 ◦C; (c) 600 ◦C; (d) 800 ◦C; (e) 1000 ◦C.
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Fig. 3. XRD patterns of nano-ZrO2 prepared by oxychloride salt calcined at:
( ◦ ◦ ◦ ◦ ◦
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a) 300 C; (b) 400 C; (c) 600 C; (d) 800 C; (e) 1000 C. The inset picture
orresponds to a magnification of the XRD pattern in the range between 29 and
5 (m: monoclinic phase).

emperatures (300 ◦C) unlike the oxynitrate salt. Appearance
f a weak hump near 2θ 31.4◦ observed in the XRD pattern
f (Fig. 3b) implies the presence of small amount of mono-
linic ZrO2 at temperature 400 ◦C. The presence of monoclinic
hase can be exactly clarified at temperature 600 ◦C, while from
00 ◦C to higher temperatures two salt precursors show the
ame behavior and the samples are comprised of nearly pure
-phase.
Fig. 4 illustrates the variation of the monoclinic phase content
s a function of calcination temperature for two different salts.
s mentioned before, increasing of calcination temperature

auses to increase the monoclinic phase content dramatically.
owever, the formation of monoclinic phase in oxychloride

ig. 4. Variation of the monoclinic phase amount as a function of the calcination
emperature for two salts.
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alt is initiated at lower temperatures than that of oxynitrate
alt. It can be concluded that the presence of nitrate ions delays
etragonal to monoclinic phase transformation of zirconia. Also,
hloride ions affect the crystallization temperatures, so that the
rystallization shifted to a lower temperatures and transition rate
f t → m phase increased. These results are in good agreement
ith the literature.23–26

.2.1. Effect of impurities
Nitrate and chloride ions were the only high concentration

mpurities in our precursor solutions. The suggested structure for
irconium oxynitrate precursor made up parallel cations chains,
ith the repeating unit [Zr(OH)2(OH2)2(NO3)]+, in which zir-

onium atoms are eightfold coordinated by four OH groups, two
ater molecules and one chelating nitrate. These chains are held

ogether by hydrogen bonds through additional water molecules
nd non-complexing nitrate groups located between the chains.
hus, half of the present nitrate groups are directly (covalently)
oordinated to the zirconium atoms and the other half are ioni-
ally bound in the crystal lattice between the chains. But anions
uch as Cl− do not give complexes with zirconium. In zirco-
ium oxychloride aqueous solution, the structure of the cyclic
etramer species, [Zr4(OH)8(OH2)16]8+ existed in solution, in
hich zirconium atoms are eightfold coordinated by four bridg-

ng OH groups and four terminal water molecules. Thus there is
o Zr–Cl bond in this system.27,28

There has been a wide range of effective parameters on the
ucleation and stabilization of the tetragonal phase, such as
attice defects, oxygen vacancies, structural similarity with the
morphous precursor, retention of various anions or water, strain,
urface energy, etc. The structure of the precursor material may
ell influence the size, strain defect density and surface energy
f the calcined crystals, all of which have been suggested to
etermine the stability of the tetragonal phase. It has been sug-
ested that nitrate ions, remaining from the original solution,
ould retard the nucleation and growth of monoclinic domains.
his impurity may act as point defects which inhibit the marten-
itic t → m transformation.27 Also, in other experiments,26 the
tabilization of tetragonal phase of ZrO2 by nitrate ions has been
onfirmed.

Although chloride is apparently not present as a bulk impurity
n ZrO2, the presence of chloride in precursor solution during
rocessing, does have a major influence on the crystalline struc-
ure. As mentioned in the literature, increasing of t → m phase
ransformation rate in the presence of chloride ions, may be
xplained by two mechanisms. The first is the effect of crys-
allite size on transformation pointed out by Garvie,29 which
robably the presence of chloride has lowered the critical crys-
allite size because of easier evolving of HC1 to the gas phase
n compare to H2O. The second is the effect of oxygen vacan-
ies, which may play an important role in the stabilization of
etragonal zirconia. It can be suspected that chloride also affects

he oxygen vacancies density, i.e. by increasing chloride impu-
ity content, oxygen vacancies density decreases significantly.25

he possibility remains that oxygen vacancies may act as point
efects, inhibiting the martensitic t → m transformation.27
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ig. 5. TEM micrographs of monoclinic zirconia nanopowders obtained by diff
alt, 800 ◦C; (c) oxynitrate salt, 1000 ◦C; (d) oxychloride salt, 1000 ◦C.

.3. Particle size and morphology

To determine the mean crystallite size of the monoclinic
hase, we selected the two strongest peaks assigned to the mon-
clinic phase (28.19, indexed as 1̄ 1 1, and 31.49, indexed as
1 1). The obtained results (Table 2) show that the crystallite size
f monoclinic phase is growing with increasing heat-treatment
emperature. Unlike the thermal analysis results, the crystal-
ite size of zirconia nanopowders synthesized from oxychloride
alt is bigger than the oxynitrate one which can be due to the

ormation of monoclinic crystals at lower temperatures with
xychloride salt precursors. The calculated crystallite sizes are
2 nm for the nitrate sample and 56–60 nm for the chloride sam-
le calcined at 800 ◦C. But for both samples heated at 1000 ◦C

able 2
verage crystallites size of m-zirconia (nm) as a function of temperature deter-
ined from XRD patterns

alcination temperature (◦C) ZrONa ZrOClb

D1̄ 1 1 D1 1 1 D1̄ 1 1 D1 1 1

400 – – – –
600 – – 35 37
800 42 42 60 56
000 72 65 72 68

a Zirconia prepared from oxynitrate salt.
b Zirconia prepared from oxychloride salt.
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salts and calcination temperatures: (a) oxynitrate salt, 800 ◦C; (b) oxychloride

he mean sizes of the crystallites is estimated about 70 nm. In
ther words, the zirconia nanopowders prepared from oxyni-
rate salt in the temperature region 800–1000 ◦C grow faster
han another salt.

Typical TEM images of ZrO2 powders synthesized by var-
ous salts at 800 and 1000 ◦C of calcination are presented in
ig. 5. The mean diameter of the particles as measured is about
5 nm for nitrate sample and 60 nm for chloride sample cal-
ined at 800 ◦C. Both samples calcined at 1000 ◦C are comprised
f particles with 85 nm sizes. These results are in good agree-
ent with that of estimated by X-ray line broadening. Also, the

ynthesized nanopowders are well crystallized without defects,
on-agglomerated with narrow size distributions.

. Conclusion

The polyacrylamide gel method has been successfully
mployed to obtain pure, homogeneous and nano-sized zirco-
ia powder. TG-DTA analysis confirmed the accelerator role
f nitrate ions on degradation of polymeric network. Due to
he thermal stability of polymeric network effect on the inhibi-
ion of powders aggregation at high calcination temperatures, it

as expected that zirconia nanopowder synthesized by nitrate

amples have bigger sizes in comparison with the chloride base
owder. However, the obtained XRD results showed that the
resence of nitrate ions, unlike the chloride ones, retarded the
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rystallization and delayed the tetragonal to monoclinic phase
ransformation of zirconia nanoparticles. This trend can be due
o the point defects arised in the presence of nitrate ions, stabi-
izing the tetragonal phase, while chloride ions decrease point
efects (oxygen vacancies), accelerating the martensitic t → m
ransformation. But, at higher calcination temperatures (approx-
mately 800 ◦C) only pure monoclinic phase was observed for
oth of the initial salts. Thus, as a result of the retarded crys-
allization mechanism, samples calcined at 800 ◦C and prepared
y oxynitrate salt had average particle sizes smaller than the
hloride samples. TEM images showed that the mean diameter
f nanoparticles as measured was about 45 nm for nitrate sam-
le and 60 nm for chloride sample. These results confirmed that
n this case, the retarded crystallization mechanism dominated
ver the polymeric network degradation.

cknowledgments

The Authors wish to thank Sahand University of Technology
SUT) for the financial support of this work. Also, thank co-
orkers and technical staff in the research center for polymeric
aterials of SUT for their help during various stages of this
ork.

eferences

1. Guo, G.-Y. and Chen, Y.-L., A nearly pure monoclinic nanocrystalline zir-
conia. J. Solid State Chem., 2005, 178, 1675–1682.

2. Liang, J., Jiang, X., Liu, G., Deng, Z., Zhuang, J., Li, F. et al., Characteri-
zation and synthesis of pure ZrO2 nanopowders via sonochemical method.
Mater. Res. Bull., 2003, 38, 161–168.

3. Sadykov, V. A., Zaikovskii, V. I., Zyuzin, D. A., Moroz, E. M., Burgina,
E. B., Ishchenko, A. V. et al., Nanoscale structural features of ultra-fine
zirconia powders obtained via precipitation-hydrothermal treatment route.
Mater. Res. Soc. Symp. Proc., 2005, E878, 481–486.

4. Stocker, C. and Baiker, A., Zirconia aerogels: effect of acid-to-alkoxide ratio,
alcoholic solvent and supercritical drying method on structural properties.
J. Non-Cryst. Solid, 1998, 223, 165–178.

5. Stefanc, I. I., Music, S., Stefanic, G. and Gajovic, A., Thermal behavior of
ZrO2 precursors obtained by sol–gel processing. J. Mol. Struct., 1999, 480,
621–625.

6. Wang, J. A., Valenzuela, M. A., Salmones, J., Vazquez, A., Garcia-Ruiz, A.
and Bokhimi, X., Comparative study of nanocrystalline zirconia prepared
by precipitation and sol–gel methods. Catal. Today, 2001, 68, 21–30.

7. Srdic, V. V. and Winterer, M., Comparison of nanosized zirconia synthe-
sized by gas and liquid phase methods. J. Eur. Ceram. Soc., 2006, 26(15),
3145–3151.

8. Wu, N. L. and Wu, T. F., Enhanced phase stability for tetragonal zirconia in
precipitation synthesis. J. Am. Ceram. Soc., 2000, 83(2), 3225–3227.
9. Vollath, D. and Sickafus, K. E., Synthesis of nanosized ceramic oxide pow-
ders by microwave plasma reactions. Nanostruct. Mater., 1992, 1, 427–437.

0. Nitsche, R., Rodewald, M., Skandan, G., Fuess, H. and Hahn, H., HRTEM
study of nanocrystalline zirconia powders. Nanostruct. Mater. B, 1996, 7(5),
535–546.

2

2

ean Ceramic Society 28 (2008) 773–778

1. Purohit, R. D., Saha, S. and Tyagi, A. K., Combustion synthesis of nanocrys-
talline ZrO2 powder: XRD, Raman spectroscopy and TEM studies. Mater.
Sci. Eng. B, 2006, 130(1–3), 57–60.

2. Meskin, P. E., Ivanov, V. K., Barantchikov, A. E., Churagulov, B. R.
and Tretyakov, Y. D., Ultrasonically assisted hydrothermal synthesis of
nanocrystalline ZrO2, TiO2, NiFe2O4 and Ni0.5Zn0.5Fe2O4 powders. Ultra-
son. Sonochem., 2006, 13(1), 47–53.

3. Lee, H. Y., Riehemann, W. and Mordike, B. L., Sintering of nanocrystalline
ZrO2 and zirconia toughened alumina (ZTA). J. Eur. Ceram. Soc., 1992, 10,
245–253.

4. Zhang, H., Fu, X., Niu, S., Sun, G. and Xin, Q., Synthesis and characteriza-
tion of ZrO2:Eu nanopowder by EDTA complexing sol–gel method. Mater.
Chem. Phys., 2005, 91, 361–364.

5. Tarancon, A., Dezanneau, G., Arbiol, J., Peiro, F. and Morante, J. R., Syn-
thesis of nanocrystalline materials for SOFC applications by acrylamide
polymerization. J. Power Sources, 2003, 118, 256–264.

6. Laberty-Robert, Ch., Ansart, F., Deloget, C., Gaudon, M. and Rousset, A.,
Powder synthesis of nanocrystalline ZrO2–8% Y2O3 via a polymerization
route. Mater. Res. Bull., 2001, 36, 2083–2101.

7. Zhen, Y. S. and Hardina, K., Process for preparing submicron/nanosize
ceramic powders from precursors incorporated within a polymeric foam.
US Patent 6,093,234 (2000).

8. Douy, A., Polyacrylamide gel: an efficient tool for easy synthesis of multi-
component oxide precursors of ceramics and glasses. Int. J. Inorg. Mater.,
2001, 3, 699–707.

9. Liu, N., Yuan, Y., Majewski, P. and Aldinger, F., Synthesis of
La0.85Sr0.15Ga0.85Mg0.15O2.85 materials for SOFC applications by acry-
lamide polymerisation. Mater. Res. Bull., 2006, 41, 461–468.

0. Wang, H., Gao, L., Li, W. and Li, Q., Preparation of nanoscale �-Al2O3

powder by the polyacrylamide gel method. NanoStruct. Mater., 1999, 11(8),
1263–1267.

1. Babaluo, A. A., Kokabi, M. and Barati, A., Chemorheology of alumina-
aqueous acrylamide gelcasting systems. J. Eur. Ceram. Soc., 2004, 24,
635–644.

2. Cullity, B. D., Elements of X-Ray Diffraction. Addison Wesley Publishing
Company, Inc., MA, USA, 1965.

3. Temuujin, J., Jadambaa, T. S., Mackenzie, K. J. D., Angerer, P., Porte, F.
and Riley, F., Thermal formation of corundum from aluminium hydrox-
ides prepared from various aluminium salts. Bull. Mater. Sci., 2000, 23(4),
301–304.

4. Rana, R. P., Pratihar, S. K. and Bhattacharyya, S., Powder processing
and densification behaviour of alumina—high zirconia nanocompos-
ites using chloride precursors. J. Mater. Process. Tech., 2007, 190,
350–357.

5. Karapetrova, E., Platzer, R., Gardner, E., Torne, E., Sommers, J. A. and
Evenson, W. E., Oxygen vacancies in pure tetragonal zirconia powders:
dependence on the presence of chlorine during processing. J. Am. Ceram.
Soc., 2001, 84, 65–70.

6. Tseng, T. Y., Lin, C. C. and Liaw, J. T., Phase transformations of gel-
derived magnesia partially stabilized zirconias. J. Mater. Sci., 1987, 22, 965–
972.

7. Southon, P., Structural evolution during the preparation and heating of
nanophase zirconia gel. Ph.D. Thesis. Sydney University of Technology,
8. Livage, J., Sol–gel synthesis of heterogeneous catalysts from aqueous solu-
tions. J. Catal. Today, 1998, 41, 3–19.

9. Garvie, R. C., Stabilisation of the tetragonal structure in zirconia microcrys-
tals. J. Phys. Chem., 1978, 82(2), 218–224.


	Synthesis of zirconia nanopowders from various zirconium salts via polyacrylamide gel method
	Introduction
	Experimental
	Materials
	Synthesis procedure
	Characterization

	Results and discussion
	Thermal analysis
	Crystallization
	Effect of impurities

	Particle size and morphology

	Conclusion
	Acknowledgments
	References


