
A

T
a
a
f
n
e
s
©

K

1

b
c
b
y
d
a
i
H
i
h
m
t
a
M
t

k

0
d

Available online at www.sciencedirect.com

Journal of the European Ceramic Society 28 (2008) 1161–1167

Thermal stability of ordered mesoporous yttria-stabilized zirconia

I-Ming Hung a,∗, Kuan-Zong Fung b,1, De-Tsai Hung b,1, Min-Hsiung Hon b,1

a Yuan Ze Fuel Cell Center, Department of Chemical Engineering and Materials Science, Yuan Ze University, No. 135,
Yuan-Tung Road, Chungli, Taoyuan 320, Taiwan

b Department of Materials Science and Engineering, National Cheng Kung University,
No. 1, Dashiue Road, Tainan 701, Taiwan

Received 4 May 2007; received in revised form 31 August 2007; accepted 10 September 2007
Available online 19 November 2007

bstract

he hexagonal mesostructured nanocrystalline 16 mol% yttria-stabilized zirconia (8YSZ) formed by using a Pluronic triblock copolymer F127
s template is reported as a function of temperature. The characterization of the samples is achieved using wide-angle XRD diffraction, small-
ngle XRD diffraction, nitrogen adsorption–desorption, and transmission electron microscopy. The mesostructured 8YSZ calcined at 500 ◦C is
ound to be based upon a 2D periodic array of mesopores with diameter around 6.4 nm and the 8YSZ framework is composed of about 4.8 nm

anocrystallites. The sample has a BET surface area of 124 m2/g with a narrow pore size distribution. The ordered mesoporous structure remained
ven after calcination up to temperature of 600 ◦C grew out collapsed gradually when calcined above 700 ◦C owing to the fact that the crystallite
ize of 8YSZ larger than the inorganic pore-wall thickness.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Since the successful preparation of ordered mesoporous silica
y scientists in Mobil Corp., the synthesis methods and appli-
ations for amorphous silica-based mesoporous materials have
een described in detail in several excellent reviews.1–3 In recent
ears, the preparation of mesoporous metal oxides has also been
ocumented because they have great potential in a wide range of
pplications, such as photovoltaics, biochemicals, the lithium-
on battery, the solid oxide fuel cell (SOFC), and sensors.4–9

owever, the difficulties of handling mesoporous metal oxides,
n part due to the variable valence, coordination number, and
igh hydrolysis/condensation reactivity, led to the slow develop-
ent in this field. Pinnavaia and co-workers10 clearly show that

here is a displacement mechanism caused by non-ionic micellar

ggregates resulting in wormlike surfactant micelles structure.
ost mesoporous transition metal (TM) oxides are less regular

han those in mesoporous silica-based materials (as determined
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y small-angle XRD and TEM), but still exhibit high specific
urface areas and narrow pore size distributions.

Yttria-stabilized zirconia (YSZ) is an important functional
xide for many structural and electronic applications, such
s solid oxide fuel cells (SOFCs), gas sensors, automotive
xhaust three-way catalysts substrates and membranes due
o its excellent chemical resistance, refractory character,
xygen ionic conductivity and polymorphous nature.11–15 For
he above applications, mesoporous YSZ with large surface
rea, high porosity and nanocrystallinity is highly favorable.
ifferent synthetic strategies have been developed using a
ariety of templates. Ozin and co-workers16 were first to
xtend the supramolecular template approach to the synthesis
f mesoporous 8YSZ using cetyltrimethylammonium bromide
[CH3(CH2)15N+(CH3)3Br−], CTAB) as the template and
sing a glycolate-modified inorganic solution as the metal
on precursor. Chen and Liu17 reported the preparation of
YSZ/NiO using Pluronic P103 as a structure-directing agent
nd inorganic chlorides as precursors in a non-aqueous medium.

edanken and co-workers18 reported that mesoporous 8YSZ
as obtained when octanoic acid (C7H15COOH) was used

s a templating agent and Zr(i-OPr)4 and Y2O3 were used as
etal ion sources. However, these mesoporous 8YSZ materials
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onsisted of crystallized particles in a wormhole-like meso-
orous structure. A periodically organized hexagonal/cubic
esoporous 20 mol% yttria-stabilized zirconia (10YSZ) with

rystallized walls was first developed by Soler-Illia and co-
orkers.19 The crystallinity and crystallite size of mesoporous
SZ in the pore-wall are very important because both the
otential applications and the periodicity of the mesoporous
tructure rely on the intrinsic properties of YSZ governed by
he nature of its crystalline phase and crystallite size.

Herein, we report the reproducible synthesis of cubic 8YSZ
resenting a periodically organized 2D hexagonal mesoporous
tructure with high surface area associated with nanocrystalline
norganic walls. In addition, the relation between the ordered

esoporous structure and the crystallite size of 8YSZ calcined
etween 500 and 800 ◦C was investigated by small-angle X-ray
iffraction (SAXD) in conjunction with high-resolution trans-
ission electron microscopy (HR-TEM).

. Experimental

The ordered mesoporous 8YSZ was prepared by evaporation-
nduced self-assembly (EISA).20 The molar ratio of Y/(Y + Zr)
as 0.148. In a typical synthesis, 0.0644 mole of zirconium chlo-

ide (99.9%, Alfa) and 0.0112 mole yttrium chloride (99.5%,
lfa) were added to the surfactant ethanol solution where
.49 g of poly(alkylene oxide) block copolymer Pluronic F127
EO106PO70EO106) (where EO is ethylene oxide and PO is
ropylene oxide) was dissolved in 140 g of ethanol (EtOH).
ater was added to this mixture solution (molar ratio of
2O/metal is 20), which result in a very acidic solution to prevent
recipitation. The solutions contain 1(Y + Zr):0.0047 F127:40
tOH:20 H2O. The resulting sol solution was gelled in an open
etri dish and underwent solvent evaporation at RH = 40% at
0 ◦C for 3 days. The as-made bulk samples were heat treated
t 500 – 800 ◦C for 4 h with a heating rate of 1 ◦C/min.

Small-angle X-ray diffraction was performed on the beam
ine 17A at the National Synchrotron Radiation Research Cen-
er (NSRRC) in Taiwan operated at an energy of 9.3 keV
λ = 1.33320 Å). The phase identification was performed by
ide-angle XRD using a Rigaku, Model Rad II diffractometer
ith Cu K� radiation (λ = 1.5406 Å) and Ni filter, operated at
0 kV, 20 mA with scanning rate of 1◦/min. The average crystal-
ite size was calculated using Scherrer’s equation from the (1 1 1)
eak with scanning rate of 0.1◦/min.21 High-resolution trans-
ission electron microscopy was performed using a FEI E.O
ecnai F20 G2 MAT S-TWIN Field Emission Gun Transmission
lectron Microscope. The nitrogen adsorption and desorption

sotherms were measured using a Micromeritics ASAP 2010
ystem at 77 K after the samples were vacuum-dried at 200 ◦C
vernight.

. Results and discussion
Fig. 1 shows the comparison of the wide-angle XRD pat-
erns of the 8YSZ samples as-synthesized and as calcined at
00 – 800 ◦C. As expected, the structure of the as-synthesized
ample is amorphous. The samples calcined at various tempera-

c
l
T
a

ig. 1. XRD patterns of mesoporous 8YSZ (a) as-synthesized and calcined at
b) 500 ◦C, (c) 600 ◦C, (d) 700 ◦C, and (e) 800 ◦C for 4 h.

ures indicate that mainly the cubic phase of 8YSZ was present,
he peaks including the (1 1 1), (2 0 0), (2 2 0), (3 1 1), (2 2 2) and
4 0 0) reflections (JCPDS no. 82-1246). The lattice parameter
for all samples is about 5.17 Å. It should be noted that broad

eaks corresponding to nanocrystalline 8YSZ in the pore-walls
ere observed upon calcination above 500 ◦C. The XRD peaks
ecome more intense and narrow with increasing calcination
emperature. The average crystallite size of 8YSZ samples cal-
ined at 500 – 800 ◦C as calculated from the Scherrer’s equation
sing the (1 1 1) diffraction peak of 8YSZ is shown in Table 1.

Energy dispersive X-ray spectroscopy (EDX) measurements
not shown here) reveal no detectable chloride ion, which is
ndicative of complete elimination of Cl− upon calcination. The
/(Y + Zr) mole ratio is 0.149 for the calcined samples, which

orresponds well with the original stoichiometry of reactants
uring the synthesis (Y/(Y + Zr) = 0.148), and may be denoted
s 8YSZ. The results of EDS and wide-angle XRD both indi-
ated that the yttrium cation is well-dispersed in the zirconia
atrix above 500 ◦C and consequently stabilized the cubic flu-

rite phase to room temperature.
Small-angle XRD patterns of as-synthesized precursor and

alcined samples are shown in Fig. 2. The as-synthesized pre-
ursor (Fig. 2a) shows an intense well-defined peak at 0.37◦
f 2θ angle with d = 207 Å. Samples calcined at 500 and 600 ◦C
resent very high order arrangement (Fig. 2b and c). The 500 ◦C-
alcined sample shows two well-resolved diffraction peaks,

ocated at 0.62◦ and 1.09◦ 2θ angles with d = 123 and 70 Å.
hese two peaks display a d-value ratio of 1 :

√
3, which can be

ssigned to (1 0 0) and (1 1 0) diffraction planes as is typically



I.-M. Hung et al. / Journal of the European Ceramic Society 28 (2008) 1161–1167 1163

Table 1
Specific surface area, pore size and crystallite size of samples calcined at various temperatures

Calcination temperature (◦C) SBET

(m2/g)
BJH pore
size (nm)

Pore sizea

(nm)
Pore-wall thicknessb

(nm)
Crystallite sizec

(nm)
Crystallite sized

(nm)

500 124 6.4 6.9 ± 0.3 5.5 ± 0.3 4.8 ± 0.5 4.5 ± 0.6
600 90 6.3 7.1 ± 0.4 6.5 ± 0.5 6.4 ± 0.9 6.7 ± 0.4
700 60 11.1 – – 8.3 ± 1.0 8.2 ± 0.5
800 29 18.4 – – 16.6 ± 1.5 17.8 ± 1.0

a Pore size was observed by HR-TEM.

o
s
w
s
c
w
t
m
t
t

F
5
t

b Pore-wall thickness was observed by HR-TEM.
c Crystallite size was observed by HR-TEM.
d Crystallite size determined by XRD.

bserved in the 2D hexagonal structure. The 600 ◦C-calcined
ample shows only one diffraction peak, located at 0.65◦ 2θ angle
ith d1 0 0 = 118 Å. The lattice constant, a calculated from the d-

pacing is 240 Å for the precursor, 142 and 136 Å for the samples
alcined at 500 and 600 ◦C, respectively. It is suggested that the
all restructuring is accompanied by pore shrinkage during the
emplate removal and higher calcination thermal treatment. The
easured d1 0 0 spacing of the precursor is about 8% larger than

hat previously reported for hexagonal mesoporous 10YSZ using
he same template, F127, and metal chlorides as the sources

ig. 2. SAXD patterns of mesoporous 8YSZ (a) precursor and calcined at (b)
00 ◦C, (c) 600 ◦C, (d) 700 ◦C, and (e) 800 ◦C for 4 h. The insert in part (c) is
he schematic diagram for 2D hexagonal structure.

Fig. 3. Nitrogen adsorption–desorption isotherms of mesoporous 8YSZ cal-
cined at various temperatures for 4 h.

Fig. 4. BJH pore size distribution of mesoporous 8YSZ calcined at various
temperatures for 4 h.
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n the alcohol solution.19 A large and repeated lattice usually
ontributes to the presence of reflections at small angles. The
resence of these reflections suggests that these samples may
onsist of a highly regular or ordered structure. However, on
lose inspection it can be seen that only the most intense fea-
ure (1 0 0) can be observed. It is suggested that the pores do not
erfectly parallel each other and that there is lack of directional
niformity over long length. In comparison to the data presented

16
y Ozin and co-workers, the small-angle XRD data shown in
ur text is of very high quality. A very broad and low inten-
ity peak can be observed at 700 ◦C (Fig. 2d) located at 0.58◦
θ angle, which means that the ordered mesoporous structure

S
m
s
c

ig. 5. TEM images of mesoporous 8YSZ calcined at (a and b) 500 ◦C, (c and d) 60
he following direction: (a and c) [1 0 0] and (b and d) [1 1 0].
eramic Society 28 (2008) 1161–1167

ollapsed gradually. As calcined at 800 ◦C (Fig. 2e), there is no
eak observed on the small-angle XRD pattern. These results
ndicate that the mesoporous structure is completely lost above
00 ◦C.

Fig. 3 shows the nitrogen adsorption–desorption isotherms
or the mesoporous 8YSZ calcined at various temperatures. The
amples calcined at 500 and 600 ◦C exhibited a distinct large
ysteresis loop from 0.4 to 0.8 of relative partial pressure (P/P0).

uch a behavior is the typical characteristic of mesoporous
aterials namely a type IV isotherm assigned to mesoporous

tructure. The nitrogen adsorption–desorption gives a BET spe-
ific surface area 124 m2/g and a pore volume of 0.15 cm3/g for

0 ◦C, (e) 700 ◦C, and (f) 800 ◦C for 4 h. The images are projections parallel to
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he sample calcined at 500 ◦C and 90 m2/g and a pore volume
f 0.14 cm3/g for the sample calcined at 600 ◦C. It was found
hat the hysteresis loop shifts to higher P/P0 with increasing cal-
ination temperature. As the calcined temperature increased to
00 ◦C, the sample shows a very poor isotherm, accompanied
y a decreased in BET surface area of 75% from 124 to 29 m2/g
nd a decrease in pore volume of 27% from 0.15 to 0.11 cm3/g.

Fig. 4 shows the Barret-Joyner-Halenda (BJH) pore-size
istribution for the mesoporous 8YSZ calcined at various tem-
eratures. A BJH analysis indicates that the samples calcined at
00 and 600 ◦C exhibited rather narrow pore size distribution
ith the mean pore size being 6.4 and 6.3 nm, respectively, and

he half-width at half-maximum intensity (FWHM) being1.9 and
.1 nm. The narrow pore size distribution implies that the sam-
les have very regular pore channels in the mesoporous region.
he samples calcined at 700 and 800 ◦C exhibited mean pore size
f 11.1 and 18.4 nm and the FWHM is 6.0 and 6.2 nm, respec-
ively. This result indicated that the arrangement of mesopores
n the samples calcined at 700 and 800 ◦C is disordered.

TEM images of calcined 8YSZ powders shown in Fig. 5.
ig. 5(a)–(d) reveal a well-defined 2D hexagonal mesoporous
tructure along the (1 0 0) and (1 1 0) plane in the samples cal-

ined at 500 and 600 ◦C from which all of the surfactant had
een removed. They were arranged in arrays and exhibit regular
ong-range ordered patterns in large domains, which is consis-
ent with the result from SAXD. Numerous highly ordered pores

d
a
t
t

Fig. 6. HR-TEM images of mesoporous nanocrystalline 8YSZ calci
eramic Society 28 (2008) 1161–1167 1165

ave mean pore size of ∼6.9 and 7.1 nm for 500 and 600 ◦C-
alcined samples that nicely match the BJH pore size analyses.
n the sample calcined at 700 ◦C (Fig. 5(e)), the pores do not
arallel consistent each other well and the ordered mesoporous
tructure has gradually collapsed with the result of small-angle
RD in Fig. 2 (d), which shows a broad and low intensity peak.
nly aggregated and sintered nano-particles were observed and
ost of the ordered arrangement of the mesopores has been

ost, but the porosity is still present in the sample calcined
t 800 ◦C.

In order to take a closer look at the microstructure and crystal
ize of the mesoporous 8YSZ calcined at various temperatures,
R-TEM investigations are provided as shown in Fig. 6. It can
e observed that the calcined samples are totally composed
f highly ordered 8YSZ nanocrystallites. A fully crystallized
YSZ framework with orderly arranged mesopores connecting
n between was clearly observed for the samples calcined at 500
nd 600 ◦C. Clear lattice images along the various directions
ere clearly observed. The crystallite size of 8YSZ samples

alcined at various temperatures measured from HR-TEM is
hown in Table 1. It was found that the crystal size of meso-
orous 8YSZ measured from HR-TEM is consistent with the

ata calculated from XRD. The sizes of the calcined at 500
nd 600 ◦C are in the range of 4.8 – 6.4 nm, which is smaller
han the thickness of the pore-walls (∼6.5 nm). The nanocrys-
allites do not significantly grow as the calcination temperature

ned (a) 500 ◦C, (b) 600 ◦C (c) 700 ◦C, and (d) 800 ◦C for 4 h.
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1
in solid oxide fuel cells (SOFC). J. Eur. Ceram. Soc., 1997, 17, 1523–
ig. 7. The schematic diagram for the structure change of mesoporous YSZ
uring calcination process.

ncreased to 700 ◦C; the crystallite size is about 8.3 nm, which is
little larger than the thickness of the pore-walls. However, heat-

ng to 800 ◦C causes the crystallites to grow to approximately
6.6 nm. The growth is likely to be hindered by the wall-pore
oundaries. Therefore, it is believed that the degradation of the
esopore ordered arrangement is directly dependencies on the

anocrystalline size. As the crystal size exceeds the thickness
f the inorganic wall thickness, the well-ordered mesostructure
radually collapsed. That is why mesoporous silica exhibited
etter thermal stability than the mesoporous oxides, because
he inorganic framework domains in mesoporous silica retain
heir amorphous structure. The schematic diagrams for the struc-
ure change of mesoporous 8YSZ during calcination process are
hown in Fig. 7.

From the results described above, the thermal stability of the
rdered mesoporous structure may be attributed to the presence
f inorganic walls with a thickness of around 6.5 nm. Notably,
he main degradation of such an ordered mesoporous structure
ccurs at the same time as the crystallite growth become larger

han the thickness of the inorganic walls. Therefore, the ordered

esoporous structure collapse is directly related to the crystal-
ization and growth of crystallites, which are apt to exceed the
eometry of the inorganic framework. It is suggested that the

1

eramic Society 28 (2008) 1161–1167

atio of the thickness of pore-wall to the crystal size of inor-
anic compound is an important factor to retain the ordered
esostructure at high temperatures.

. Conclusion

We have presented a highly ordered 2D hexagonal meso-
orous 8YSZ based on the EISA method using non-ionic
mphiphilic triblock copolymer Pluronic F127 as the templating
gent. The thermal stability of the ordered mesoporous structure
s related to the crystallite size and the thickness of the inorganic
ore-walls. It is demonstrated that as long as the crystallite size
f 8YSZ becomes smaller than the thickness of pore-walls, the
YSZ obtained exhibits very well-ordered mesoporous struc-
ure with nanocrystalline pore-walls. On the other hand, as the
rystallite size is larger than the thickness of the pore-walls, the
rdered arrangement of mesopores collapses.
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