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Effect of calcination temperature on morphology
of mesoporous YSZ
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Abstract

A nano-structured mesoporous yttria-stabilized zirconia (YSZ) powders were prepared for the first time using cetyltrimethylammonium bro-
mide (CTAB) as the surfactant and urea as the hydrolyzing agent and using ZrO(NO3)·6H2O and Y(NO3)3·6H2O as inorganic precursors. The
Brunauer–Emmett–Teller (BET) surface area, Barrett–Joyner–Halender (BJH) pore size distribution and crystallite/particle size of mesoporous
YSZ varied with calcine temperatures were studied. Characterizations revealed that the mesoporous YSZ powder calcined at 600 ◦C was weakly
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gglomerated and had a high surface area of 137 m2/g with an average grain size of ∼5.8 nm. It was demonstrated that the mesoporous structure
emained up to 900 ◦C. The low-densified YSZ sample with porosity as high as 33% was prepared from mesoporous YSZ powder sintered at
500 ◦C for 6 h.

2005 Elsevier Ltd. All rights reserved.
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. Introduction

ZrO2-based oxide is an important material due to its excellent
hemical resistance, refractory character, oxygen ionic conduc-
ivity and polymorphous nature. It had been widely used for
everal practical applications, such as solid oxide fuel cells
SOFCs),1 gas sensor2,3 and automotive exhaust three-way
atalysts.4 In view of these applications, controlling the porosity
f these systems is very important.

Since the discovery of the novel mesoporous silica by Kresge
t al.,5,6 much effort has been dedicated to exploiting their
ormation mechanism, surface modification and inclusion chem-
stry. Recently, a variety of mesoporous transition metal (TM)
xides7 have been synthesized using the self-assemble of sur-
actant molecules as a template and applied on the promise
pplications, such as photovoltaic,8 biochemical,9 lithium-ion
attery,10 SOFC11–14 and sensor.15,16 However, the synthesis
f mesoporous TM oxides is more difficult than that of silica-
ased materials, in view of the complexity of TM chemistry,

such as their variable valence and coordination number, and high
hydrolysis/condensation reactivity. In most cases, the meso-
porous structure collapsed due to crystallization of metal-oxo
during the subsequent calcination.17–19

Ozin and co-workers20,21 were first to extend supramolec-
ular template approach to the synthesis of mesoporous yttria-
stabilized zirconia (YSZ) using cetyltrimethylammonium bro-
mide ([CH3(CH2)15N+(CH3)3Br−], CTAB) as the template and
using glycolate-modified inorganic solution as the metal ion pre-
cursors. Liu and co-workers22 reported the preparation of meso-
porous YSZ/NiO using Pluronic P103 as a structure-directing
agent and inorganic chlorides as precursors in a nonaqueous
medium. Gedanken and co-workers23,24 reported that meso-
porous YSZ was obtained when octanoic acid (C7H15COOH)
was used as a templating agent and Zr(i-OPr)4 and Y2O3 were
used as metal ion sources. However, the morphology evolution
of mesoporous YSZ with calcination temperature has not been
investigated in detail.

SOFC based on anode supported structure and a dense thin-
film electrolyte can be operated at intermediate temperature and
yet achieve high power density as demonstrated by Souza25 and
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Virkar. Most of thin-film type cells are supported by porous
anode. Among various processes developed for fabricating high
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porous anode, graphite or polymer was added as the porous
former. However, it is difficult to homogeneously mixture the
porous former and ceramic powders due to the density differ-
ence. It is therefore of great practical importance to prepare the
porous anode without adding porous former. Up to now, con-
trol of porosity and morphology of anode after sintering at high
temperature is still one of the challenges for SOFC anode.

In this study, urea is used as a precipitating agent to promote a
uniform base condition that avoid localized precipitation which
gives wide particle size distribution, as well as a slow polymer-
ization. The decomposition reaction is a function of temperature
and expressed as following27:

(H2N)2CO + 3H2O → CO2 + 2OH− + 2NH4
+ (1)

The CTAB surfactant is used as the template for preparing
mesoporous YSZ. The purpose of the present work is: (i) to
investigate the morphology evolution and crystallite growth at
the nano-level of the mesoporous YSZ powders as a function of
calcination temperature; (ii) to prepare highly porous YSZ with
open channels which may be suitably used as the anode support
for SOFC.

2. Experimental
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given by:

β2 = β2
m − β2

s (2)

where βm is the measured FWHM and βs is the FWHM of a
standard YSZ sample which was prepared by solid state reac-
tion method. The nitrogen adsorption/desorption isotherms and
specific surface area were performed by Micromeritics ASAP
2010 instrument at 77 K. The measured specific surface areas
were converted to equivalent particle size according to the fol-
lowing equation:

DBET = 6 × 103

(ρSBET)
(3)

where DBET (nm) is the average particle size, SBET is the spe-
cific surface area expressed in m2/g, ρ is the theoretical density
of YSZ expressed in g/cm3. The morphology of calcined pow-
ders was carried out by transmission electron microscopy (TEM,
Model HF-200, Hitachi, Japan). The samples for TEM were
prepared by dispersing the calcined powders in carbon-copper
grids.

In order to further investigate the high temperature behavior
of this mesoporous YSZ powders, disk-shaped samples of 8 mm
diameter and 1 mm thickness were prepared by cold isotropic
pressing (CIP) at 250 MPa. Subsequently, the sample was sin-
tered at 1500 ◦C for 6 h.
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In this method, cetyltrimethylammonium bromide (CTAB,
luka, 99%) was used as surfactant template, urea (J.T. Baker,
9%) was used as the precipitant agent and the ZrO(NO3)·6H2O
Aldrich, 99.9%) and Y(NO3)3·6H2O (Alfa, 99.9%) were used
s sources of zirconium and yttrium ions, respectively. The molar
atio of Y/Zr was 1/2, and the molar ratio of (Y + Zr)/CTAB/urea
as 1/4.06/43.48. Typically, 1.672 g ZrO(NO3)·6H2O and
.780 g Y(NO3)3·6H2O were dissolved in 100 ml de-ionized
ater. Subsequently, 9.891 g CTAB and 18 g urea were added

nd stirred for 1 h. The precipitate reaction was employed at
0 ◦C for 6 h and the suspension was filtered and dried at 60 ◦C
or 12 h. Finally, the products were calcined at various temper-
tures from 600 to1200 ◦C for 4 h.

Thermogravimetric analysis (TGA) was carried out using
etaram, Setsys Evolution Version 16 instrument. The sample
as heated with a rate of 10 ◦C/min from 25 to 800 ◦C in air.
he phase identification was performed by X-ray diffraction

XRD) using a Rigaku, Model Rad II diffractometer with Cu
� radiation (λ= 1.5406 Å) and Ni filter, operated at 30 kV,
0 mA. Lattice constants were determined by a least-squares
efinement of the d-spacing, which were measured in compari-
on with an internal standard of pure Si. The crystallite size of
he calcined powders was calculated by the X-ray line broaden-
ng technique performed on the (1 1 1) diffraction of YSZ using
cherrer equation28:

XRD = (0.9λ)

(β cos θ)
(1)

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

Thermogravimetric analysis of YSZ precursor consisting of
TAB surfactant, urea and nitrates is shown in Fig. 1. The initial
eight loss occurring between 25 and 100 ◦C corresponds to the

emoval of residual water. The weight loss observed between 150
nd 250 ◦C was caused by the elimination of the trimethylamine
ead group, via Hofmann degradation, which lead to a hydro-

Fig. 1. The TGA curve of YSZ precursor with heating rate of 10 ◦C/min.



I.-M. Hung et al. / Journal of the European Ceramic Society 26 (2006) 2627–2632 2629

Fig. 2. The XRD patterns of YSZ powders calcined at (a) 600 ◦C; (b) 800 ◦C;
(c) 1000 ◦C; and (d) 1200 ◦C.

carbon chain. The weight loss between 250 and 300 ◦C resulted
from a successive carbon chain fragmentation or decomposition
with early oxidation of different fragments.29 Some cracking
reactions on the hydrocarbon chain might occur as well. Finally,
the weight loss, between 300 and 500 ◦C, was caused by the
removal of the remaining organic constituents. From the TGA
analysis, it was known that the template may be removed com-
pletely above 500 ◦C. Thus, the thermal stability of mesoporous
YSZ was investigated at calcination temperatures above 600 ◦C
in this study.

The XRD patterns, as shown in Fig. 2, of samples calcined
at various temperatures indicate that mainly the cubic phase of
YSZ (JCPDS no. 77-2112) was present. The line broadening
in the XRD pattern indicated that the powder consists of nano-
crystallites. The decrease in the FWHM of peaks with increasing
calcination temperature indicates an increase in the YSZ nano-

Fig. 3. Nitrogen adsorption/desorption isotherms of YSZ powders calcined at
various temperatures.

crystallite size as the calcination temperature increased. The
lattice parameter for all samples is ∼5.15 Å which implies that
the yttrium ion completely dissolved in zirconia structure above
600 ◦C and the cubic structure was stabilized to room tem-
perature. The stabilization mechanism can be traced from the
following defect reaction:

Y2O3−→
ZrO2

2Y′
Zr + Vo

•• + 3OxO (3)

Based on this reaction, the addition of Y2O3 into ZrO2
was able to increase the average cationic radius because rY3+
(1.019 Å, coordination number, CN = 8) is greater than that of
rZr4+ (0.84 Å, CN = 8) and enhance the concentration of oxy-
gen vacancies. Consequently, cubic ZrO2 was fully stabilized to
room temperature by the addition of Y2O3.

The BET surface area, crystallite and particle size of sam-
ples calcined at various temperatures are shown in Table 1.
The ψ = (DBET/DXRD)3 as a factor to reflect the partial sinter-
ing extent of the primary crystallites.31 The crystallite size of
sample calcined at 600 ◦C was calculated to be 5.8 nm accord-
ing to the Scherrer equation. The measured BET surface area is
137 m2/g, which is equivalent to a particle size of 7.5 nm. The

Table 1
Crystallite/particle size of the YSZ powders calcined at various temperatures

Calcination temperature (◦C) SBET (m2/g) Pore size (nm) Crystallite/particle size (nm)

600 137 5
700 124 5
800 66 14
900 40 23

1
1
1

D y BE
000 17 43
100 5.9 –
200 3.3 –

XRD is crystallite size determined via XRD. DBET is particle size determined b
DXRD DBET ψ

5.8 7.5 2.2
7.3 8.3 1.5

10.0 15.7 3.8
16.2 25.9 4.1
26.6 60.8 12.0
41.2 175.3 77.3
47.2 313.4 292.6

T. Ψ = (DBET/DXRD)3.
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crystallite size (DXRD) determined via XRD and the particle
size (DBET) determined via BET data show small discrepancies
below 700 ◦C, indicating that the primary crystallites are essen-
tially non-partial sintering. As the samples calcined at 800 and
900 ◦C,ψ value is 3.8 and 4.1, respectively, which meant that the
powers are light-partial sintering. Above 1000 ◦C, the difference
between DBET and DXRD is apparently enlarged. The ψ value
apparently increased to 292.6, indicating that the powders were
virtually hard-sintered. From the above-mentioned results, crys-
tallite growth may be divided into three different ranges between
600 and 1200 ◦C. In the temperature range of 600–700 ◦C,
where the mesoporous structure still remain intact, the crystal-
lite growth was slow and the BET surface area remained as high
as 137 and 124 m2/g, respectively. The low crystallite growth
implied that the growth of crystallite is less dependent on the
temperature and may be suppressed by the presence of meso-
pores which act as the second phase and prohibits the growth
of crystallite.15 In the temperature range of 700–900 ◦C, when
the pores gradually collapsed and the crystallite was able to
grow faster without the inhibition of meso-pores. At tempera-
ture greater than 900 ◦C, the subsequent sintering occurred. That
is the reason why the particle size is larger than the crystallite
size and the BET surface area apparently decreased.

The adsorption/desorption isotherms and BJH pore size dis-
tribution of mesoporous YSZ calcined at various tempera-

Fig. 4. BJH pore size distribution of YSZ powders calcined at various temper-
atures.

tures are shown in Figs. 3 and 4, respectively. The isotherm
for the mesoporous YSZ calcined at 600 ◦C exhibits distinct
hysteresis loop in the P/Po ranging from 0.4 to 0.9, which
is the typical characteristic of mesoporous materials.30 The
Fig. 5. TEM images of YSZ powders calcined at (a) 6
00 ◦C; (b) 700 ◦C; (c) 900 ◦C; and (d) 1000 ◦C.
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Fig. 6. The SEM micrograph of mesoporous YSZ as sintered at 1500 ◦C for 6 h.

Barrett–Joyner–Halender (BJH) pore distribution is narrow with
a mean pore size at 5.0 nm. The mesoporous structure remain
intact even the calcination temperature increased to 700 ◦C. Nei-
ther the shape of isotherm nor the distribution of pore size signifi-
cantly alters. For instance, the BET surface area for mesoporous
YSZ powders calcined at 600 ◦C was 137 m2/g and the total
pore volume as high as 0.21 cm3/g. After calcining at 700 ◦C,
the BET surface area and total pore volume slightly decreased to
124 m2/g and 0.2 cm3/g, respectively. For the sample calcination
at 800 ◦C, the BET surface area rapidly decreased to 66 m2/g
and the hysteresis loop apparently shifted to higher pressure,
indicating that the larger pore sizes formed. Such pores can be
classified as the mixture of type H1 and type H2. The evolution
of pore morphology is attributed to partial degradation of the
walls surrounding meso-pores leading to an extended network-
ing of pores. The mean pore diameter increased to 10 nm. As the
calcination temperature increased to 900 ◦C, a similar isotherm
was observed and the mean pore size increased to 17.4 nm. As
the sample calcined at 1000 ◦C, the hysteresis loop was no longer
observed and the BJH pore size distribution showed a broaden
peak. Such a wide pore size distribution was caused by the col-
lapse of the mesoporous structure and the subsequent formation
of a bottleneck structure.

The evolution of mesoporous structure of YSZ was further
examined by TEM. TEM images of mesoporous YSZ powders
calcined at 600, 700 and 900 ◦C are shown in Fig. 5(a)–(c).
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YSZ powder was consumed at low temperature. Subsequently,
these interconnected open channels prohibit the further den-
sification of YSZ samples. Such an open structure may be
used as the skeleton of SOFC electrodes in order to reduce
the concentration polarization. Further coming, mesoporous
Ni/YSZ anode cermet will be prepared by this method and
its effect on the concentration polarization will be investi-
gated.

4. Conclusions

The nanocrystalline mesoporous YSZ was successfully pre-
pared using CTAB as the surfactant and urea as the hydrolyzing
agent. Mesoporous YSZ exhibits high specific surface area of
137 m2/g at 600 ◦C and highly stable mesoporous structure,
in which the meso-pores can be retained up to 900 ◦C. The
crystallite size of mesoporous YSZ in the range of 5.8–47.2 nm
under the calcination temperatures ranging from 600 to 1200 ◦C.
At high temperature, the meso-pores in YSZ grew into large
connected channel. The surface area energy of mesoporous
YSZ powder was consumed at low temperature. These intercon-
nected open channels prohibit the further densification of YSZ
sample.
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