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Abstract

Three-dimensionally ordered macroporous (3-DOM) yttria-stabilized zirconia (YSZ) was prepared by aqueous organic gel method
through the interstitial spaces between polystyrene spheres assembled on glass substrates. The morphologies and pore size of the porous
YSZ were characterized by scanning electron microscope (SEM) and nitrogen adsorption. The thermal behavior, the phase and chemical
composition of PS/YSZ composite were investigated by Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD) and
X-ray photoelectron spectroscopy (XPS). The results show that porous YSZ has been formed with the pores arranged in an ordered
close-packed three-dimensional structure. Ni/YSZ cermet was also prepared by immersing the 3-DOM YSZ into the solution of nickel
nitrate and urea. The electrical conductivity of Ni/YSZ was about 400 Scm™' between 600 and 800 °C.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Porous yttria-stabilized zirconia (YSZ) is becoming
increasingly important because of a variety of applications,
such as separation media for liquid or gas filtration
processes, thermal insulators, sensors and supports for
solid oxide fuel cell (SOFCs) [1,2]. According to their
applications, the fabrication process must be carefully
controlled to obtain sufficient porosity, different pore sizes
and microstructure. In the past few years, a new approach
using colloidal crystals as self-assembled templates for
macropores has been used to prepare macroporous
materials with well-defined pore sizes and controlled
three-dimensional ordering [3-6]. A typical procedure
to prepare three-dimensionally ordered macroporous
(3-DOM) materials with colloidal crystals templates
includes three steps, i.e. self-assembly of the template,
infiltration of the desired precursor and removal of the
template. Wet chemistry techniques, such as sol-gel
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process, have been successfully applied to prepare the
precursor of macroporous solid materials [7-12]. However,
the major disadvantage of the alkoxide-based sol-gel
process is that the alkoxide precursor solution is extremely
sensitive to moisture and has to be processed under a
strictly dry atmosphere. It becomes more difficult to fill the
voids, if the hydrolysis and condensation rates are too
rapid. Moreover, the high cost and difficulty of obtaining
some commercial metal alkoxides hinder the research
progress in the fabrication of 3-DOM materials.

Aqueous organic gel method, based on complex between
metal cations and hydroxycarboxylic acid, is an alternative
to sol—gel process [13—15]. This method has the advantages
of using common reagents, low cost, homogeneous mixing
at molecule level, good stoichiometric control, low proces-
sing temperature, use of an aqueous based processing
system and no need for a special atmosphere. Despite these
advantages, to the best of our knowledge, there are no
papers that describe the preparation of 3-DOM YSZ
materials by using aqueous organic gel method. In this
work, YSZ aqueous precursors were first introduced into
the spaces between the templating polystyrene (PS) sphere


www.elsevier.com/locate/jssc
dx.doi.org/10.1016/j.jssc.2007.11.007
mailto:jpzhao@hit.edu.cn

240 J.P. Zhao et al. | Journal of Solid State Chemistry 181 (2008) 239-244

arrays and well-ordered macroporous YSZ was prepared.
The thermal decomposition of PS/YSZ composite and
phase transformation during the calcination process were
reported. In addition, Ni/YSZ cermet was prepared and
the electrical conductivity was measured.

2. Experimental
2.1. Preparation of macroporous YSZ and Ni/YSZ

The starting materials used were styrene (CgHsg,
99.99%), potassium persulphate (K;S,0g, 99.99%),
ZrOCl, - 8H,0 (99.99%), Y(NO3);-6H,O (99.99%), Ni
(NO3),-6H,O (99%), nitric acid, citric acid, urea and
ammonia solution.

Monodisperse PS spheres with an average diameter of
510+ 10nm and relative standard deviation smaller than
4% (on the diameter) were obtained by using an emulsifier-
free emulsion polymerization technique [16]. Then, aqu-
eous PS latex was centrifuged at 3000 rpm for 5h and
allowed to dry under vacuum to form PS macropore
templates.

For the preparation of YSZ precursor, zirconium
oxychloride and yttrium nitrate were dissolved in citric
acid aqueous solution with the molar ratio of citric
acid:metal cations = 1.5:1. The pH was raised to 8 by the
addition of ammonia solution. The solution was then
evaporated at 80°C to obtain a viscous YSZ precursor,
which can be used to infiltrate into the voids of the
templates. The concentration of the precursor was varied
by dilution with water and methanol. The addition of
methanol can increase the wetting between the precursor
and template.

The PS templates were then soaked in the YSZ precursor
for 12h and excess solution was removed by vacuum
filtration. The obtained PS/YSZ composites were subse-
quently dried for 6 h and heated in air up to 700 °C for 4h
at a heating rate of 1°C/min to remove the PS templates
and obtain porous structure of YSZ. Porous YSZ was then
immersed in an aqueous solution of Ni nitrate and urea.
Heating the solution at 100 °C led to the formation of a
precipitate. After calcination at 700 °C, the impregnated
YSZ was pressed in the shape of a rectangular bar and
sintered at 1350 °C for 6 h to form a NiO/YSZ cermet. The
air-sintered samples were then reduced under H, and Ar
atmosphere at 800 °C to reduce NiO to metallic Ni.

2.2. Characterization

The phase composition of the porous YSZ was analyzed
by using X-ray diffraction (XRD) on a Phillips X Pert
diffractometer equipped with CuKa radiation in the range
of 20 = 20-80°. Infrared spectroscopy was used for study-
ing the coordinated structure of PS/YSZ composites. The
samples, mixed with 99 wt% KBr, were pressed into pellets
for IR examination in the frequency range 350-4000cm ™.
Morphological investigation was performed using a

LEO-15 FEG-SEM scanning electron microscope. The
samples were sputter-coated with gold before examination.
X-ray photoelectron spectroscopy (XPS) analysis was
performed on a Perkin-Elmer PHI 5000 C XPS system
with a monochromatic MgKa source and charge neutra-
lizer. All the binding energies were referenced to C 1s peak
at 284.6eV of the surface adventitious carbon. The
nitrogen adsorption—desorption data were obtained from
a Micromeritics ASAP 2010. Electrical conductivity was
measured using a four-probe method. Platinum paint was
used as a contact for electrical measurements.

3. Results and discussion
3.1. Morphology of porous YSZ

SEM image of the PS/YSZ composite, i.e. after
infiltration of YSZ precursor but before template removal
is shown in Fig. 1(a). The filling of the YSZ precursor has
occurred through all the layers of the template and the
ordering of the spheres has been maintained, while there
are some cracks which have not been infilled. SEM
images of porous YSZ calcined at 600 °C are shown in
Fig. 1(b) and (c). Well-ordered hexagonal structures can be
observed in the top-view images. A second layer of the
network, with the same ordering structure, can also be
observed through the first layer (Fig. 1(c)). The hexagonal
packing of the PS spheres replicated in the pore arrange-
ment of YSZ. The center-to-center distance between the air
spheres is measured as 375nm, which is about 26.5%
smaller than the diameter of PS spheres used to form
templates.

Nitrogen adsorption—desorption measurements were
performed on 3-DOM YSZ. The isotherm shows mono-
layer—-multilayer adsorption at low pressure and a steep
slope at high pressures associated with capillary condensa-
tion (Fig. 2). The hysteresis loops between adsorption and
desorption modes are associated with capillary condensa-
tion in the mesopore structure. This behavior suggests that
the porous networks consist of mesopores, which have
diameter smaller than that of the main voids. The BET
surface area is about 45m?/g and the average BJH pore
diameter is about 32.5 nm.

3.2. Thermal behavior of PS/YSZ composites

In order to investigate the phase development of PS/YSZ
composite with increasing calcination temperature and the
interactions between PS templates and YSZ precursor, the
composites were dried at 60 °C and calcined at 200-600 °C
for 4h, respectively. The obtained samples were characte-
rized by IR. Figs. 3 and 4 show the IR spectra of pure PS,
PS/YSZ composite and the samples calcined at different
temperatures. The peaks at 3082, 3059, 3024cm™" can be
assigned to the stretching vibration of C—H in the benzene
ring of PS (Fig. 3(a)). The absorption bands at 2920 and
2848cm™' can be attributed to —~CH,— symmetric and
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Fig. 1. SEM micrographs showing the surfaces of (a) PS/YSZ composite, (b and c¢) 3-DOM YSZ structure at different magnifications. The inset in (c) is a

magnified top view.
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Fig. 2. N, adsorption—desorption isotherms of 3-DOM YSZ.

asymmetric stretching vibrations. Three peaks at 1600,
1492 and 1451cm™! can be attributed to benzene ring
vibrations of PS. The bands at 756 and 695cm ™' can be
assigned to flexural vibrations of benzene ring.

For the spectrum of PS/YSZ composite dried at 60 °C
(Fig. 3(b)), because citric acid is excessive, a signifi-
cant shoulder at 1730cm ™! is assigned to the v(C=0)
stretch of citric acid. Moreover, a characteristic band
appears at 1393cm™' corresponding to the symmetric
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Fig. 3. IR spectra of (a) pure PS and (b) PS/YSZ composite dried at 60 °C.
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Fig. 4. IR spectra of (a) PS/YSZ composite calcined at 200 °C, (b) YSZ
precursor calcined at 200 °C, (c) PS/YSZ composite calcined at 300 °C, (d)
YSZ precursor calcined at 300°C, (e) PS/YSZ composite calcined at
400 °C and (f) PS/YSZ composite calcined at 600 °C.

COO™ stretching vibration in carboxylate group
(v(COO™). However, the broad band at 1600cm™"' is
probably an overlap of the v,{(COO™) stretching vibration,
so it is difficult to determine v,((COO™) accurately.
Meanwhile, the characteristic bands of PS at 3059, 3024,
756 and 695cm ™" are still found.

For a better characterization of the structure of YSZ
precursor, the pure YSZ precursor was calcined at 200 and
300 °C, respectively. The IR spectrum of the pure YSZ
precursor calcined at 200 °C is shown in Fig. 4(b). The
v(C=0) stretching band at 1730 cm™" of pure citric acid is
absent. Instead, two characteristic bands appear at 1580
and 1393cm™' corresponding to the symmetric and

asymmetric COO™ stretching vibrations in carboxylate
group (vs(COO™), v,i(COO™)). This indicates the coordi-
nation of the citric acid to metal cations. From the
wavenumber separation, 4, between v,o(COO™) and
vs(COO™), the coordination type can be interpreted [17].
The carboxylate group may bind to a metal cation in either
a monodentate, bidentate or bridging fashion. As
A~180cm™", it indicates that bridging coordination forms
between Zr*" and the COO™ group of citric acid. In
comparison to Fig. 4(b), the major difference between
Fig. 4(a) and (b) is that there are characteristic bands of PS
in the spectrum of PS/YSZ composite (Fig. 4(a)). The
bands at 1580 and 1393 cm ™! corresponding to vy(COO™),
v.s(COO™) can also be observed. These findings would
suggest that citric acid has coordinated to metal ions to
form a complex, while chemical interactions do not occur
between the YSZ precursor and PS spheres in the PS/YSZ
composite.

In the spectrum of the composite calcined at 300 °C
(Fig. 4(c)), small characteristic bands of PS at 2920 and
2848 cm ™! still remain, indicating that PS is not completely
removed at this temperature. The absorption bands at 1580
and 1393 cm ™! related to a COO™ stretching mode remain
in the spectrum of the sample, but the intensity of the
stretching is reduced. This demonstrates that at this
temperature a partial decomposition of the organic
components is occurring. At 400 °C (Fig. 4(e)), vibrations
at about 520 cm ™! associated with metal oxygen stretching
are observed, which indicates the presence of YSZ phase.
Vibration bands relative to PS disappear, evidencing the
complete removal of the organic template by this process.
On further heating to 600°C (Fig. 4(f)), the bands of
organic compounds disappear and the band of Zr—O
stretching vibration at 520 cm™' becomes prominent.

Fig. 5 shows the XRD patterns of the PS/YSZ composite
calcined in air at 300, 400, 600 and 700°C for 4h,
respectively. The results indicate that the precursor is
amorphous when heat-treated at and below 300 °C.
Precursors heat-treated at 600 °C can form the desirable
phase. With rise in the temperature of heat treatment, the
degree of crystallinity of YSZ increases. The porous
samples are polycrystalline with cubic YSZ phase, which
has been formed directly from the thermal decomposition
of the precursors without passing through any intermediate
phases.

The samples calcined at 400 and 600 °C were investigated
by XPS. In Fig. 6, the XPS survey spectra of porous YSZ
are shown. According to the result, the sample contains
only Zr, Y, O as well as a small amount of carbon. The
binding energies of the peaks associated with Zr, Y and O
are the same for both the spectra, while the peak intensity
increases with the temperature. The existence of C ls peak
is mainly caused by CO,, which is absorbed by the surface
of the sample.

In Fig. 7(a)—(c), detailed high-resolution spectra of Zr 3d,
Y 3d and O 1s core levels at 45° takeoff angles are shown.
The position of the Zr 3d;, peak in ZrO, is found at
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184.4eV. The Y 3d5), peak appears at a binding energy of 536 ' Sé4 ' 552 ' séo ' 558 ' Sé6 ' 524
158.8eV (E, for pure Y,O3 is 158.4¢V). The binding Binding EnergyleV

energies of Zr 3d and Y 3d peaks indicate that the samples
consist of Y,03 and ZrO,. There is no clear change for the
XPS spectra of O 1s energy levels at 400 °C (not shown) and
600 °C (Fig. 7(c)). The oxygen ls signal can be resolved into
two peaks, where the main peak at a binding energy of
529.4¢V refers to the lattice oxygen of YSZ and a smaller
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Intensity/a.u

Fig. 7. XPS spectra of (a) Zr 3d doublet, (b) Y 3d doublet and (c) O 1s in
3-DOM YSZ calcined at 400 and 600 °C.
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Table 1
XPS composition results for 3-DOM YSZ calcined at 400 and 600 °C

Sample (at%)

Zr Y O C

400°C 10.8 2.3 48.9 38.0
600 °C 15.2 33 60.3 21.2

2.70

2.68
2.66
2.64 1
2.62

2.60 A

logo (S/cm)

2.58
2.56 1
2.54

2.52

2.50 T T T T T T T T T T
0.8 1.2 1.6 2.0 2.4 2.8

1000/T(K™"

Fig. 8. The relation between electrical conductivity and temperature of
Ni/YSZ cermet.

one at 531.8eV can be ascribed to adsorbed oxygen. In
Table 1, the concentrations of elements determined from the
XPS spectra at different temperatures are listed as atomic
ratios. It is clearly seen that the concentrations of oxygen,
zirconium and yttrium increase by increasing temperature.
This suggests that the YSZ organic precursor completely
decomposes into oxides at elevated temperature.

3.3. Electrical conductivity of Ni/YSZ

The electrical conductivity is shown in Fig. 8 as a function
of reciprocal of the temperature. It shows a nonlinear
relationship between log ¢ and 1/7, which indicates that the
ionic conductance exists resulting from the continuous
network of YSZ. The electrical conductivity decreases with
increasing temperature, demonstrating the electronically
conductive characteristics of a metal. The conductivity is
about 400Scm™' between 600 and 800 °C, which is an
intermediate value compared with that of Ni/YSZ cermet
prepared by the other methods [18,19]. Further research
should be done to find the optimal processing parameter
that will increase the Ni/YSZ conductivity.

4. Conclusions

Ordered macroporous YSZ is achieved by filling PS
templates with YSZ aqueous organic precursor via a

transformation process. Nitrogen adsorption—desorption
measurements show that the porous networks consist of
mesopores having diameters smaller than those of the main
voids. The results of FT-IR, XRD and XPS have
confirmed that in the YSZ precursor, citric acid has
coordinated to metal ions to form a complex. No chemical
interactions occur between the YSZ precursors and PS
spheres in PS/YSZ composite. The desirable cubic phase
has formed after calcination at 600 °C. The oxidation level
of YSZ is verified by XPS and the binding energies are in
agreement with Y,O3; and ZrO,. Ni/YSZ cermet was also
prepared and the electrical conductivity was about
400Scm™' between 600 and 800°C. Further research
should be done to find the optimal processing parameter
that will increase the Ni/YSZ conductivity.
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