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Abstract

Zirconia stabilised by yttria has a high oxide ion
conductivity at high temperature and, therefore, is
currently used as electrolyte in Solid Oxide Fuel
Cells. Silica is normally avoided in this material
because formation of amorphous silica phases along
the grain boundaries causes an increased grain
boundary impedance. The present study examines
the e�ect of SiO2 and SiO2 with Mn-oxide on the
structure and resistivity of yttria stabilised zirconia
electrolyte materials. During fabrication of Solid
Oxide Fuel Cells, Mn readily di�uses from the
manganite-based cathode into the electrolyte. It is
shown that a grain boundary phase which causes an
insulating layer in the grain boundaries is formed
when both SiO2 and Mn-oxide coexist in the sam-
ples, whereas such e�ects are much less pronounced
when only SiO2 is present. # 1999 Elsevier Science
Limited. All rights reserved
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1 Introduction

Zirconia stabilised with yttria (YSZ) is the material
currently used as electrolyte in Solid Oxide Fuel
Cells (SOFC). The highest oxide ion conductivity
at 1000�C is found for ZrO2 with 8mol% Y2O3.

1

While high purity materials are generally required
for the SOFC applications, the use of powders with
minor impurities such as SiO2 would signi®cantly
reduce costs. It is, therefore, important to know the
e�ect of small amounts of silica on the structure
and on the electrical properties of YSZ, especially
in the presence of other elements introduced during
fuel cell fabrication.

Depending on the thermal history of the zirco-
nia, the silica will form an amorphous ®lm along
the grain boundaries or concentrate in the triple
points. It is well established that the presence of an
amorphous silica phase at grain boundaries causes
increased grain boundary impedance. Moreover,
the silica phase has been shown to concentrate
yttrium with respect to zirconium,2,3 and this also
adversely a�ects the electrical properties of the
stabilised zirconia.
It is known that Mn may di�use from the cath-

ode material into the electrolyte during fabrication
and operation of an SOFC.4 Mn has been shown
to cause grain growth in cubic YSZ5 and to stabi-
lise the cubic phase of zirconia, since its addition
causes disappearance of weak di�raction spots due
to tetragonal phase, as observed on micrographs of
pure YSZ6 obtained in the transmission electron
microscope. Therefore the e�ect of Mn on the
structure and conductivity of YSZ with impurities
of silica is very important to know.

2 Sample Preparation and Experimental
Techniques

A commercial Tosoh powder of yttria stabilised
zirconia of Y2O3 content 7.9mol% (13.6wt%) was
used for sample preparation. Some of the powder
was mixed with SiO2 by ball milling and the
resulting powders were tape cast by in-house
established techniques. The tapes were sintered at
1350�C for 8 h. A sample containing both Mn and
SiO2 was pressed into a pellet and sintered at the
same conditions as the tapes. The Mn was added as
MnCO3, which was converted to oxide during heat
treatment. The compositions of the examined
samples are given in Table 1.
Specimens were ground and polished and

examined in a Low Vacuum Scanning Electron
Microscope (LVSEM), JEOL LV5310, operated
in low vacuum mode or in an Environmental
Scanning Electron Microscope (ESEM) Electro-
scan2. For Transmission Electron Microscopy

Journal of the European Ceramic Society 19 (1999) 847±851

# 1999 Elsevier Science Limited

Printed in Great Britain. All rights reserved

P I I : S 0 9 5 5 - 2 2 1 9 ( 9 8 ) 0 0 3 2 9 - X 0955-2219/99/$ - see front matter

847

*To whom correspondence should be addressed.
yPresent address: Geological Survey of Denmark and Green-
land, Department of Geochemistry, DK-2400 Copenhagen
NV, Denmark.



(TEM) specimens were cut into discs with a dia-
meter of 3mm. These were ground, polished and
thinned by sputtering with Ar-ions to electron
transparency in parts of the sample. The TEM was
a JEOL 2000FX equipped with Energy Dispersive
X-ray Spectrometry (EDS). For impedance spec-
troscopy, the samples were painted with silver
electrodes. Measurements were made in air, in the
frequency range 0.1Hz to 1MHz using a Solartron
1260 impedance analyser and were converted to
units of resistivity based on the dimensions of the
sample. A measurement temperature of 300�C was
chosen to facilitate resolution of grain and grain
boundary relaxations. The software Equivcrt7 was
used to analyse the data.

3 Results and Discussion

The secondary electron signal in the ESEM was
used to examine the sintered surface of YSZSi
[Fig. 1(a)]; 1±2�m large, angular grains were
observed. This is similar to size and form of the
grains in YSZ (not shown). In YSZMnSi the grain
size is up to 10�m therefore it was possible on a

polished sample to see orientation contrast from
the grains by the backscattered electron signal
[Fig. 1(b)]. The grains are rounded and the triple
points show a dark contrast, signifying either that
they are pores, or that they are ®lled with a light
material with a low electron backscattering coe�-
cient. The centre of some of the YSZMnSi grains
appears porous while the edges are dense
[Fig. 1(b)].
YSZSi was examined by TEM. Crystalline

inclusions, some of them faceted, were found in the
cubic zirconia grains (Fig. 2). EDS analyses of the
inclusions showed that they contain Zr, Y and
small amounts of Si. A detailed examination of the
inclusions was not made. No glass phase was
observed along the grain boundaries. However, the
presence of a thin amorphous ®lm along the grain
boundaries cannot be excluded because this
requires high resolution TEM to be revealed. It
was expected that 0.1wt% SiO2 in YSZ would
produce an amorphous phase at grain boundaries
and in triple points as observed earlier in zirco-
nia.2,3,8 It was therefore as ®rst glance surprising
that crystalline silica-containing inclusions were
observed. The present observation can be
explained by the relatively low sintering tempera-
ture used (1350�C). Additionally, the YSZ has a
very low concentration of alkali metals such as Na
and K, which cause a decrease in the liquidus tem-
perature of SiO2.
TEM of YSZMnSi revealed cubic YSZ grains

with a mottled appearance. Forbidden di�raction
spots appeared in the di�raction patterns as

Table 1. Nominal composition of the examined samples given
in wt% (13.6 wt%&7.9 mol% Y2O3 in ZrO2)

Sample name ZrO2 Y2O3 Mn3O4 SiO2

YSZ 86.4 13.6 ± ±
YSZSi 86.3 13.6 ± 0.1
YSZMnSi 85.2 13.4 1.3 0.1

Fig. 1. SEM images of YSZSi and YSZMnSi sintered at 1350�C. (a) Secondary electron image of the surface of YSZSi. 1±2�m
large, angular grains are seen. (b) Backscattered electron image of YSZMnSi. The size of the rounded grains is up to 10�m.
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observed previously for pure YSZ and for YSZ
with 2mol% Mn (&1.3wt% Mn3O4) in solid
solution.6 An amorphous phase was observed at
the triple points (Fig. 3) and along some of the
grain boundaries. The compositions of the cubic
zirconia grains and the glassy phases were analysed
semi-quantitatively by EDS. The results are pre-
sented as ratios between the elements in the zirco-
nia grains and in glass phases (Fig. 4). This is
preferable, as point analyses by EDS in TEM often
contain information from the surrounding mate-
rial. Thus a low Si/Zr-ratio shows that the analysis
is made in a zirconia grain whereas a high Si/Zr-

ratio is observed when the SiO2 glass phase is ana-
lysed. A plot of Y/Zr versus Si/Zr shows that the
Y/Zr-ratio of the glass phase is considerably higher
than the Y/Zr-ratio of the cubic zirconia [Fig. 4(a)].
Additionally, Mn/Zr in the glassy phase increases
with increasing Si/Zr [Fig. 4(b)], this shows that
Mn and Y are concentrated in the glass phase in
the grain boundaries. 4±5 at% Mn were detected in
the glass, whereas less than 1 at% Mn (which is
less than the detection limit) was observed in the
cubic zirconia grains. Even small amounts of Mn-
oxide in SiO2 cause formation of a liquid phase at
temperatures below 1350�C as shown in the 2-
component phase diagram, Mn3O4-SiO2.

9 There-
fore the presence of both SiO2 and Mn-oxide in
YSZ causes formation of the glass phase and both
Mn and Y are concentrated in the amorphous
phase.
It is well established that changes in the phase

composition and structure of zirconia ceramics are
re¯ected in their impedance spectra.10,11 The high-
est frequency relaxation gives the resistivity of the
grain interior, while the second highest is related
to the structure and resistivity of grain boundary
phases.
Figure 5 shows complex resistivity spectra

obtained on the three types of sample studied. The
spectrum for pure YSZ [Fig. 5(a)] is typical for an
optimally sintered zirconia±yttria ceramic, with
grain boundaries making a relatively small con-
tribution to the total resistance. The YSZSi sample
[Fig. 5(b)] has a slightly increased grain boundary
contribution, indicating that a high resistivity
phase may be present at the grain boundaries. The
grain interior impedance of this sample is slightly
smaller than that of YSZ, which is puzzling, bear-
ing in mind that SiO2 is almost insoluble in YSZ
and, therefore, should not a�ect the bulk

Fig. 2. TEM bright ®eld image of YSZSi. Cubic zirconia grain with silica containing crystalline inclusions. The bright inclusions
(marked by arrows) have a size of approximately 100 nm.

Fig. 3. TEM dark ®eld image of YSZMnSi. Part of the elec-
trons scattered by the amorphous phase are used for the ima-
ging, therefore the glass phase in the triple points and the grain

boundaries appears bright.
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properties in any signi®cant way. Finally, the
impedance spectrum of YSZMnSi [Fig. 5(c)] shows
a greatly enlarged grain boundary arc, indicating
that the grain boundaries are highly covered by a
phase of poor electrical conductivity.
The grain interior and grain boundary relaxa-

tions observed in ceramic electrolytes can be mod-
elled by a circuit of two elements connected in
series; (RQ)(RQ) in the notation of Boukamp,7

where Q represents non-ideal capacitance. The Q-
values associated with each element are shown in
Fig. 6 for the samples examined. Addition of
impurities has little e�ect on the grain interior
capacitance, but the grain boundary capacitance is
increased by approximately one order of magni-
tude when both Mn and Si are present. This indi-
cates that the grain boundaries are covered by
an insulating layer, obviously the glassy phase
observed by TEM.

4 Conclusion

The e�ect of SiO2 and Mn-oxide on structure and
electrical properties of YSZ sintered at 1350�C has
been studied. Addition of SiO2 to an otherwise
pure YSZ only slightly increased the grain bound-
ary contribution to the total resistivity. Silica con-
taining crystalline particles were observed whereas
a continuous grain boundary was not found
although the presence of a thin grain boundary
®lm can not be excluded. However, when both Mn-
oxide and SiO2 were added to YSZ amorphous
phase is seen in the triple points and along the
grain boundaries, moreover the grain morphology
changed. The presence of the amorphous phase is
re¯ected in the impedance spectra where the grain
boundary contribution to the total resistivity
increased considerably due to the insulating grain
boundary phase. It has thus been shown how two
contaminants commonly found in operating SOFC

Fig. 4. Variations in element ratios obtained by EDS in
YSZMnSi. (a) Y/Zr increases with increasing Si/Zr. (b) Mn/Zr
increases with increasing Si/Zr. The plots show that Y and Mn

are concentrated in the glass phase.

Fig. 5. Complex resistivity spectra obtained at 300�C in air for
(a) pure YSZ, (b) YSZSi, (c) YSZMnSi. The latter shows an
enlarged grain boundary arc, indicating that the grain bound-
aries are covered by a phase of poor electrical conductivity.

Fig. 6. Values of non-ideal capacitance elements, Q, for grain
interior and grain boundary relaxations in the sample exam-
ined. The grain boundary value of Q is increased by an order

of magnitude when both Mn and Si are present.
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change the microstructure and cause degradation
of the electrical properties.
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