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Abstract

Macroporous yttria-stablized tetragonal zirconia has been synthesized combining the sol–gel with Pechini method. Polyacetylacetonato-

zirconium (PAZ) served as the zirconium precursor while polyvinyl alcohol (PVA) was used as pore template. The thermal behaviors of xerogel and

porous zirconia were determined by thermogravimetric/differential thermal analysis (TG/DTA). FT-IR, FE-SEM, and XRD analysis indicated that

the organic components of xerogel have been completely removed and porous zirconia was formed after annealing at 600 8C for 2 h in air. The

skeleton is composed of zirconia particles with diameter of about 60 nm and the pore diameter is about 68 nm. The surface area and pore volume of

the bulk macroporous yttria-stablized tetragonal zirconia are 9.4 m2/g and 0.016 cm3/g, respectively, evaluated from nitrogen adsorption/

desorption measurements.

# 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: Sol–gel; Macroporous; Zirconia xerogel; PAZ; Thermal behavior

www.elsevier.com/locate/ceramint

Available online at www.sciencedirect.com

Ceramics International 37 (2011) 2549–2553
1. Introduction

Zirconia has received much attention due to its important

applications in gas sensors [1], catalysts supports [2,3], solid

oxide fuel cells [4,5], biological materials [6,7], ceramic filter

and thermal barrier [8–10]. The researches of porous zirconia

materials are gradually considered to be more important since

the performance of zirconia materials depends not only on the

chemical composition and morphology, but also greatly on

surface area and pore characteristics. Zirconia porous materials

with tailored morphology, e.g., powder, film, and fiber, have

been widely studied for various practical applications [11–16].

However, few contributions have been presented for fabricating

bulk zirconia porous materials, which will be more useful in the

applications of catalysts supports, solid oxide fuel cells,

ceramic filter and thermal barrier. It is well known that ZrO2

containing more than 8 mol% Y2O3 stabilized the cubic phase

at room temperature, while 3 mol% Y2O3 doped ZrO2 is

tetragonal phase. When the doping amount of Y2O3 is between
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3 mol% and 8 mol%, a mixture of tetragonal and cubic phase

will be obtained [17,18].

In order to obtain yttria-stabilized porous zirconia materials

with chemical homogeneity and nanometric dimensions,

various techniques including solid state reaction process

[19], sol–gel method [20–22], tape casting [23], hydrothermal

treatments [24,25], thermal decomposition [26] and polymeric

routes [27,28] have been investigated. The Pechini method

provides a chemical route to distribute metal ions uniformly in

polymer or resin network at atomic scale [29–31]. The sol–gel

process is appropriate to fabricate powders with controllable

porosity since it provides not only good homogeneity of

different precursors but also better control of grain size and

pore distribution [3,32]. In the present study, bulk yttria-

stabilized tetragonal zirconia porous materials were prepared

via a revised sol–gel route combining sol–gel process with

Pechini method, in which polyacetylacetonatozirconium

(PAZ) was used as the precursor to provide Zr4+ ion and

polyvinyl alcohol (PVA) was added as pore template. The

formations of sol–gel, decomposition of xerogel, and crystal-

lization of zirconia have been investigated by DTA, FT-IR, and

XRD analysis. The morphology and porosity of final product

were also studied through SEM and nitrogen adsorption/

desorption measurements.
d.
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2. Experimental

2.1. Preparation of zirconia xerogel

The precursor PAZ (polyacetylacetonatozirconium) was

synthesized according to the procedure described in the previous

reports [33–35]. The experimental processes are depicted

schematically in Fig. 1. In a typical process, 4.3 g PAZ and

6 mol% yttrium nitrate as phase stabilizer were dissolved in

15 ml deionized water to form solution. 0.5 g PVAwas dissolved

in 15 ml deionized water at 80 8C under magnetic stirring. After

cooled to room temperature, the PVA solution was added into

PAZ and yttrium nitrate solution to obtain a viscous sol solution

after magnetic stirring for 2 h, and then the solution was

transferred into a vessel. The xerogel was obtained after the sol

solution was aged and dried at 60 8C for 100 h in an oven.

2.2. Fabrication of macroporous zirconia

Prior to calcination, the xerogel was heated to 200 8C for 4 h

to remove the absorbed water. The porous yttria-stabilized

zirconia (YSZ) bulk sample was obtained after the xerogel was

calcined at 600 8C for 2 h in air at a ramp rate of 10 8C min�1 in

a furnace to remove polymer PVA and acetylacetone ligand.

2.3. Thermal analysis

The thermal decomposition characteristics of the xerogel

were measured by thermogravimetric/differential thermal

analysis that is conducted on a diamond TG/DTA Perkin
Fig. 1. Schematic diagrams illustrating the synthesis of bulk macroporous

zirconia.
Elmer instrument at a heating rate of 10 8C min�1 under air

flux.

2.4. FT-IR measurements

The Fourier-transformed infrared spectroscopy (FT-IR) was

performed with a Thermo-Nicolet Avatar 370 infrared spectro-

meter in an IR detection range of 400–4000 cm�1.

2.5. FE-SEM and XRD characteristics

The microstructures of resultant products were examined by

using a JSM-6700F field emission scanning electron micro-

scope (FE-SEM) at an accelerating voltage of 20 kV and

electric current of 1.0 � 10�10 Å. The crystalline phases were

characterized by a Rigaku Dmax-rc X-ray diffractometer

(XRD) with Ni ltered Cu Ka radiation (V = 40 kV, I = 50 mA)

at a scanning rate of 48/min.

2.6. N2 adsorption/desorption measurements

The N2 adsorption/desorption isotherms of the bulk porous

zirconia sample were measured at 77 K on a Quadrasorb-SI

instrument. The specific surface area was calculated by N2

physisorption (SBET) and the pore size distribution was

calculated by the density functional theory (DFT) method.

3. Results and discussion

3.1. Thermal behavior

From the optical photograph as shown in Fig. 2, the xerogel

is observed to be transparent and remains intact after aging and

drying process in addition to slightly shrinkage in size due to
Fig. 2. Optical photograph of zirconia xerogel after aging and drying at 60 8C
for 100 h.



Fig. 3. TG/DTA curves of zirconia xerogel at a heating rate of 10 8C min�1

under air flux.
Fig. 5. X-ray diffraction pattern of 3 mol% yttria-stabilized macroporous

zirconia sintered at 600 8C for 2 h in air.
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the evaporation of solution. Fig. 3 shows the results of TG/DTA

analysis for the xerogel sample. Dehydration, oxidation, and

crystallization occurred in the calcination process [36] with

around 58% weight loss. Based on the analysis of TG and DTA,

the calcination process can be subdivided into four steps. In step

(a), from the room temperature to 200 8C, the weight loss was

about 16% corresponding to the desorption of physically

absorbed solvent in the gel. In step (b), an exothermic peak at

200–400 8C observed in the DTA curve accompanying with the

intensive 22% weight loss in the TG curve is attributed to the

bond breaking and oxidative decomposition of organic

components in PAZ precursor and PVA polymer to form

volatile species such as CO, CO2 and H2O, which result in the

removal of organic materials. In step (c) (400–610 8C), the

maximum exothermic peak detected in DTA curve with 20%

weight loss is mainly attributed to the combustion of organic

residues and the dehydroxylation of Zr–OH to form ZrO2

cyrstallines [29]. In the temperature range of 610–680 8C, there

is no apparent exothermal peak and weight loss, suggesting the

complete decomposition of organic components.

3.2. FE-SEM and XRD results

Fig. 4 shows the FE-SEM images of 3 mol% Y2O3 stabilized

zirconia samples. It is demonstrated that, with controlled PVA
Fig. 4. FE-SEM photographs (a and b) for 3 mol% yttria-stabil
amount, the wormhole-like zirconia has been prepared. Close

inspection reveals that the zirconia particles with diameter of

about 60 nm cohered together to form the skeleton in the

calcination process and the pore diameter is about 70 nm. The

formation mechanism of the macroporous zirconia can be

understood as follows: Firstly, the precursor (PAZ) and the

polymer (PVA) were dissolved in water homogeneously to form

sol solution. The bulk xerogel was obtained after the sol

solution was aged and dried in a vessel at 60 8C for 100 h. With

subsequent calcination at 600 8C for 2 h in air, PAZ precursor

was oxidized to form zirconia skeleton, and polymer PVA and

solvent were removed to generate the pores. As a result, the

porous zirconia with three-dimensional network architecture

was obtained. The phase and purity of the porous zirconia was

investigated by XRD. As shown in Fig. 5, all peaks could be

indexed as the tetragonal zirconia (JCPDS card No.42-1164),

and no peak of any other phase is detected indicating that Y2O3

as phase stabilizer was incorporated into the crystalline lattice

of tetragonal zirconia in the calcination process [37].

3.3. Characteristics of IR

To complement the XRD and TG/DTA analysis, FT-IR was

performed for the zirconnia xerogel and porous zirconnia in an
ized macroporous zirconia sintered at 600 8C for 2 h in air.



Fig. 6. FT-IR spectra of yttria-stabilized zirconia xerogel (a) and macroporous

structure (b).

Fig. 7. The nitrogen adsorption/desorption isotherms and the pore size distri-

bution (inset) for 3 mol% yttria-stabilized macroporous zirconia sintered at

600 8C for 2 h in air.
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IR detection range of 400–4000 cm�1. In Fig. 6(a), the FT-IR

spectra of zirconia xerogel showed that a broad peak at

3573 cm�1 was assigned to O-H stretching mode, and the peaks

between 2800 cm�1 and 3000 cm�1 are attributed to the C-H

stretching modes. The bands around 1597 cm�1 and 1533 cm�1

could be assigned to the metal bonded C–O vibration mode of

acetylacetone group in PAZ [38,39]. The peaks at 1357 cm�1,

1284 cm�1 and 1031 cm�1 are attributed to the C–C bonds. The

bands at 937 cm�1, 833 cm�1 and 650 cm�1 are characteristics

of Zr–O bonds forming bridges in a ring structure of PAZ

(shown in Fig. 1) [35]. After annealing at 600 8C for 2 h, all of

the organic species were completely removed, forming the

porous zirconia. The FT-IR measurement [Fig. 6(b)] confirmed

the complete removal of organic components based on the

disappearance of the C–H (2939 cm�1), C–O (1597 and

1533 cm�1), and C–C (1357, 1284, and 1031 cm�1) vibration

modes. The C and H elements were likely to react with oxygen

to form volatile species such as CO, CO2, and H2O, which

resulted in the removal of organic species. Moreover, the bands

associated with the vibration mode of O–Zr–O bonds of ZrO2

appeared in 400–500 cm�1 as shown in Fig. 6(b). The FT-IR

analysis indicated that the organic species of xerogel have been

removed and zirconia was formed after annealing, which are in

good agreement with the results of XRD and TG/DTA

measurements.

3.4. Surface area and pore size distribution

As shown in Fig. 7, the nitrogen adsorption/desorption

isotherms indicate that the isotherms of macroporous zirconia

sintered at 600 8C are typically IV type with large hysteresis

loops [40,41]. This kind of hysteresis results from the capillary

condensation associated with large pore channels, which agree

with the FE-SEM observation of porous zirconia sample [38].

The specific surface area of the obtained macroporous zirconia

is 9.4 m2/g, and the pore volume is about 0.016 cm3/g. The

corresponding pore size distribution is quite narrow with pore
radii about 68 nm (inset), consistent with FE-SEM results. In

order to adjust the pore volume of bulk porous zirconia, we also

carried out a series of experiments by varying the addition

quantity of pore template (PVA) while the other experimental

parameters were kept. Experimental results indicated that the

pore volume increased with increasing the addition quantity of

PVA. However, when 0.6 g PVAwas added into the sol solution,

the bulk porous zirconia was cracked after calcinations due to

the collapse of zirconia skeleton.

4. Conclusions

Polyacetylacetonatozirconium (PAZ) was used as zirconium

precursor and polymer PVA was added as pore template to

prepare bulk macroporous zirconia by a revised sol–gel

method. Porous zirconia with three-dimensional network

architecture was obtained after a calcination process, in which

PAZ precursor was oxidized to form zirconia skeleton, and

polymer PVA and solvent were removed to generate the pores.

3 mol% Y2O3 doped into zirconia stabilized the tetragonal

phase at room temperature. The obtained bulk macroporous

zirconia has surface area of 9.4 m2/g and pore volume of

0.016 cm3/g. This study provides a new feasible method to

prepare bulk macroporous zirconia, which has potential

applications in catalysts supports, solid oxide fuel cells,

ceramic filter and thermal barrier.
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