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ABSTRACT

Inconsistent opinions in the literature on the impact of silica on the conductivity of
Y,03-ZrO, system become a motivating reason to reinvestigate this matter. Too low
a value of the grain boundaries” conductivity in the case of 3YSZ (3 mol% yttria-
stabilized zirconia) is a fundamental barrier to using this material in the solid oxide
fuel cell technology. The presence of silica is considered as the main cause of
blocking effect on grain boundaries. The main purpose of this study involved the
synthesis of nanomaterials, 3YSZ, with the addition of restricted amounts of silica.
Two series of samples were prepared and sintered at the temperatures of 1073 and
1473 K. Then the obtained materials were tested for their phase composition,
microstructure and electrical properties (based on analysis of the impedance spec-
tra). The SEM microphotograph analysis indicated the decrease in the grain sizes of
zirconia with the addition of SiO,. Moreover, X-ray diffraction measurements
showed the beginning of formation of zirconium silicate at 1473 K. The detailed
investigation of microstructures and electrical properties shows that the two factors
reported in the literature have an influence on grain boundary conductivity—grains
sizes and the amount of introduced silica. Presented studies shows that up to
temperature in which silica reacts with zirconia to form zircon (ZrSiO,), its presence
actually improves the grain boundaries conductivity due to decrease in particle size
of YSZ (pinning effect). The blocking effect of silica at the grain boundaries begins to
play a greater role causing the formation of glassy layers at a higher temperature.

Introduction Depending on the amount of Y,O; additives used as

a stabilizing agent, the appropriate crystallographic
Zirconia-based materials are one of the first well- forms of zirconia are obtained. The three basic zir-
known oxygen-conducting solid electrolytes belong-  conia-type materials are considered the potential
ing to the Y,03-ZrO,-based solid solutions. candidates by virtue of their extensive applications as
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engineering materials: fully stabilized zirconia (FSZ),
partially stabilized zirconia (PSZ) and tetragonal
zirconia polycrystals (Y-TZP). The fully stabilized
zirconia has a cubic structure as a result of the
introduction of 6-10 mol% Y,Os3. This form exhibits
high ionic conductivity at elevated temperatures,
but its use is limited due to poor resistance to
thermal shocks and low mechanical strength. Mate-
rials which contain 4-5 mol% Y,O3 (PSZ) consist of
a mixture of cubic and tetragonal phases, which
show good mechanical strength and toughness [1],
but exhibit lower ionic conductivity than the fully
stabilized system. The third-mentioned commer-
cially used material has 1-3 mol% Y,O5; content (Y-
TZP). This system has been found to have a sub-
micron tetragonal grain structure [2, 3], mechanical
strength (above 1GPa) and fracture toughness
(>4-6 MPa-m'’?) [4, 5].

The Yttria-Stabilized Zirconia (the acronym for YSZ)
is commonly used for the Y,O3-ZrO,-based solid
solutions, often taking into account the percentage of
Y,0; (e.g. 3YSZ, 10YSZ). Most discussed with regard
to the applications—especially in the solid oxide fuel
cells (SOFC) technology [6-8])—is 8YSZ; however,
studies are still being conducted continuously for
improving the properties of YSZ materials in order to
overcome the previously mentioned disadvantages of
this system. One way would be to use the appropri-
ately modified tetragonal system (as 3YSZ) in appli-
cations that require higher conductivity; so far, the
previous studies have only used the 8YSZ.

Badwal and Drennan [9] noticed that below 973 K,
the grain interior of 3YSZ has higher conductivity
(op) than that of 8YSZ or a mixture of both tetragonal
and cubic systems. The total conductivity of 3YSZ,
however, is smaller than that of cubic zirconia, which
is associated with the high contribution of grain
boundary resistivity (known as the blocking effect) in
the case of tetragonal system [10, 11]. According to
Guo and Zhang [12], the specific grain boundary
conductivity of YSZ systems is about two orders of
magnitude lower than its bulk conductivity. In gen-
eral, the literature cited two reasons for the blocking
effect.

The first one is connected with the presence of
impurities that are segregated on grain boundaries.
The most common contaminant of zirconia is silica.
According to some authors, S5iO, can form a glassy
layer that can completely cover zirconia grain [13],
and subsequently oxygen ion transport across grain

boundaries must proceed through this isolating
layer [14]. Some other authors postulate only partial
wetting of grain boundaries by silica [15] with some
direct grain-to-grain contact. This description of the
mechanism of silica influence leads to the conclu-
sion that oxygen ion conduction takes place
through direct contact between grains [16]. The
formation of zirconium silicate by the reaction of
ZrO, and S5iO, nanopowders after 1 h of sintering
even at 1473 K was confirmed by Pradhan and
Sinha [17].

In contrast to the first thesis, Guo and Zhang [12]
and Verkerk et al. [18] postulated the second reason
for the blocking effect based on observation of
yttrium cations’ segregation [19] on the ZrO, grain
boundaries. The mechanism of creation of the elec-
trical potential at grain boundaries results in cre-
ation of a barrier (Schottky barrier) to the ion
transport associated with the depletion of the posi-
tively charged oxygen vacancies on grain-to-grain
contacts [20]. As shown [12], the grain boundary
blocking effect reduces with the decreasing grain
size due to the increasing concentration of oxygen
vacancies.

So far, the reviews for these two pathways of
electrical potential at grain boundaries are highly
controversial. It should also be noted that, although
silica is considered as detrimental to ionic conduc-
tivity, it can be used to achieve densification (during
sintering) and for improving the superplastic prop-
erties of YSZ [21, 22]. In addition, in the case of the
tetragonal phase, the addition of silica prevents the
grain growth at critical sizes greater than ca. 0.3 pm,
where tetragonal zirconia is unstable while trans-
forming to the monoclinic phase.

As can be deduced from the above short review of
the literature, the role of silica in YSZ materials is
still controversial and yet to be resolved. Moreover,
taking into account the promising application of the
tetragonal zirconia, mainly as a solid electrolyte (in
the form of dense body) and/or as a component of
anode cermet material (in the form of porous
material) in the intermediate temperature solid
oxide fuel cells (IT-SOFC), the effects of the addition
of silica on grain growth should be analysed. Thus,
because the current study is focused on the analysis
of dense materials, this work presents an analysis of
the impacts of the addition of SiO, on properties
(structural and electrical) of the porous 3YSZ
materials.
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Materials and methods
Sample preparation

The modified citric method was used in order to
obtain series of samples with different compositions:
first one, 3YSZ—3 mol% yttria-stabilized zirconia
samples containing SiO, in various amounts—0.25,
0.5, 1.0 and 5.0 mass% SiOs,.

The saturated solutions of yttrium and zirconyl
nitrates were prepared and mixed in proper ratio in
order to obtain 3YSZ materials. All reagents used
were analytically pure (provided by Sigma—Aldrich),
and their compositions were analytically verified by
classical chemical analysis (mass method). Next, the
calculated amount of citric acid monohydrate (with
5 mol% excess) was added to the solution consisting
of mixed nitrates. The resulting solution was left for a
few hours on a hot plate (around 473 + 5 K) to
evaporate and then kept stirred. The final solution
turned to grey-brown gel, which was afterward
heated using the burner. In the next step, SiO,
(POCH, analytically pure, with nanosized particle
sizes in the range: 2-57 nm) was added to the pre-
pared material. The mixture was ball milled for 16 h
with isopropyl alcohol. Then it was calcined at 873 K
for 1 h.

The materials containing 0-5 mass % of SiO, were
pressed (under the pressure c.a. 5 10° Pa) and sintered
at 1073 and 1473 K in air atmosphere for 3 h. On the
other hand, the samples of 50 mol% 3YSZ-50 mol%
SiO, were sintered at 1473 and 1673 K.

It should be noticed that the materials obtained
with the described method, sintered at 1073 K, have
high total porosity (the relevant table is given in
Results section) as was obtained for the previously
materials with the analogous method [23].

Structural and morphological
characterizations

The phase composition of the products was deter-
mined by XRD analysis using a Philips X'Pert Pro
diffractometer within the range of diffraction angles,
20, from 20 to 100 with monochromatized CuKa
radiation. Crystallite sizes were determined from the
X-ray line broadening of the selected peaks by means
of the Scherrer approach.

Microstructural observations with chemical analy-
sis were carried out using scanning electron
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microscopy (SEM) NOVA NANOSEM 200 (FEI Eur-
ope Company) coupled with X-ray energy dispersive
spectroscopy (EDAX company apparatus). For mor-
phological observations, the samples were polished
and subsequently thermally etched at 1073 K for 1 h.
Such a procedure allowed grain boundaries to be
revealed and was useful for the determination of the
grain size and shape. Relatively low etching tem-
perature preserved the grain growth during this
process. SEM images after binarization were pro-
cessed using Image ] 3.14 program. This analysis
yielded the quantitative estimates of the grain size
and shape.

Impedance spectroscopy

Before performing measurements of conductivity, Pt
paste was applied as the electrode and fired at 1073 K
for 2 h. The conductivities of 3YSZ pellets and 3YSZ-
510, composites were measured in the atmosphere of
10 %H,/90 %Ar mixture at different temperatures of
823, 873, 923, 973 and 1023 K. The electrical proper-
ties were examined by means of impedance spec-
troscopy using a computer-controlled Solartron (FRA
1260 and dielectric interface 1294). The impedance
spectra were analysed using the ZPLOT software
package provided by Solartron. The measurements
were performed within the 0.1 Hz-1 MHz frequency
range, and the amplitude of the sinusoidal voltage
was set to 10 mV.

The impedance spectra were analysed using
ZView software.

Results

Structural and microstructural
characterizations

The X-ray diffraction analysis of the samples sintered
at 1073 K (Fig. 1) revealed the presence of the
tetragonal majority phase with a minor contribution
of monoclinic phase (which is connected with
incomplete stabilization of tetragonal phase in this
temperature). The presence of reflexes corresponding
to SiO,, ZrO; cubic, ZrSiO,4 or Y,0O3 phases was not
observed. On the other hand, all peaks of the XRD of
the samples containing 0.25-5 wt% of SiO, and sin-
tered at 1473 K (Fig. 2a, b) can be assigned only to the
tetragonal phase. The amounts of added SiO, in these
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Figure 1 X-ray diffractogram of 3YSZ samples with 0.25 wt%
Si0,, sintered at 1073 K. The pattern of tetragonal phase is given
at the bottom of the picture (T-ZrO,). Reflections with their
associated Miller indicators correspond to the monoclinic phase.

samples were too low to be identified, but there was
also the possible formation of a glassy silica layer
[13]. Moreover, for these samples, as in the case of
low-temperature-sintered samples, ZrSiO, phase is
not observed. Therefore, additional samples 3YSZ-
5i0, with a large amount of silica (50 mol%) were
synthesized. Figure 3a, b presents the XRD patterns
of the sample 3YSZ + 50 mol% SiO, sintered at
1473 K (Fig. 3a) and 1673 K (Fig. 3b). As can be
observed in the figure, especially in the case of the
samples sintered at 1473 K, not only the presence of
reflections originating from tetragonal ZrO, (3YSZ)
and cristobalite is observed, but also the peaks cor-
responding to the zircon (ZrSiO,) can be identified.
The detailed analysis using Rietveld method indi-
cated the amount of zircon to be 1.7 wt%. For the
sample sintered at 1673 K, all the three phases—te-
tragonal ZrO,, silica and tetragonal ZrSiO4—can be
clearly distinguished.

So far, the obtained results are consistent with
those postulated by Pradhan and Sinha [17] despite
the fact that the vast majority of authors have
reported that zircon can be formed at temperatures
above 1573 K. The presence of this phase in lower
temperature can significantly affect the properties of
3YSZ-5i0O, samples.

The determined values of the lattice constants of
3YSZ are compiled in Table 1. They are practically
independent of the added amounts of SiO,. They are
0.0025 nm—Iattice constant 2 and 0.0019 nm—Ilattice
constant ¢, higher than those of the existing literature
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Figure 2 X-ray diffractograms of 3YSZ samples, sintered at
1473 K containing a 1.0 wt% SiO,; b 5.0 wt% SiO,. The Miller
indicators were assigned to the corresponding reflexes. M mono-
clinic phase.

data for tetragonal zirconia [24-26]. These increased
values of lattice constants can be interpreted as due to
the substitution of zirconium ions (Zr**) by the big-
ger yttrium ions (Y*"). According to Vegard’s law,
we can expect

Ax = (rysy — Tzuy) * %, (1)
where Ax = Qexperimental_3YSZ — Qtetrag-ZrO, ~ Cexperimental_3YSZ
—Ctetrag-zr0,, and ry3pandrzy, are the ionic radii of
yttrium and zirconium with coordination number
equal to 8., and p is the atomic % of yttrium in zir-
conium sublattice. Taking into consideration the ionic
radii, as reported by Shannon and Prewitt [27] of Y**
and Zr4+, of 0.1015 and 0.084 nm, respectively, we
obtain from Eq. (1) that Ax = 0.0020 nm.
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Figure 3 X-ray diffractograms of 3YSZ with 0.25 wt% SiO,,
sintered at a 1473 K; b 1673 K. Description of reflexes: zircon
(2), silica (S).

XRD patterns were used for determination of the
crystallite size. Crystallite size (L) was calculated
using Scherrer equation:

0.94
4= A(20)cosh’ @)
where /4 = 0.154056 nm is the X-ray wavelength;
A(20) is the broadening of the XRD peak at the half of
its maximum intensity (FWHM); and 0 is the Bragg
angle. Parameter d was determined from the 3 to 5
peaks. Its mean value is presented in Table 1.

Samples sintered at 1073 K show smaller crystallite
sizes than those of the samples after sintering at
1473 K (which results from the process beginning
with grain growth at high temperature). On the other
hand, the crystallite sizes of the samples sintered at
1473 and 1673 K are practically the same and inde-
pendent of silica contents. Their mean value is
Amean = 28.6 £ 4.4 nm. Crystallite size of ZrSiO, is
about 40 nm.

@ Springer

Typical SEM micrographs of the samples 3YSZ and
3YSZ + 0.5 wt% SiO, sintered at 1473 K are pre-
sented in Fig. 4a, b, respectively. All the samples
exhibit comparable grain structures. The average
EDX analysis carried out during SEM observations
confirmed the presence of silicon in all the samples
except in the samples of pure 3YSZ.

The plot of the determined grain sizes versus SiO,
concentrations on the basis of SEM micropho-
tographs is presented in Fig. 5. The grain size
decreased monotonously with the increasing silica
content. This result is similar to that observed for the
8YSZ-5iO, samples [21]. It is caused by the grains’
pinning effect due to intergranular silica. For com-
parison, in Fig. 6, a typical micrograph of the
microstructures of the samples after heating at
1073 K is presented. The picture shows microstruc-
ture with the grain sizes of around 80 nm—about half
the size of a grain observed in the case of samples
sintered at 1473 K.

The total porosity values of the obtained materials
determined on the basis of mass and geometric
measurements are presented in Table 2. One can
observe that, in the case of sample sintered at 1073 K,
these values are comparable to each other, but for the
sample sintered at 1473 K, these values considerably
vary. The total porosity of samples sintered at 1473 K
decreases with the amount of SiO, added, which
confirms the densification effect of silica observed
and the previously considered in the literature
[21, 22].

Electrical properties

Figures 7 and 8 show examples of impedance spectra
measured for 3YSZ at different temperatures in Hy/
Ar atmospheres, for undoped 3YSZ sintered at 1073
and 1473 K, respectively. In this case, the separation
of high-frequency region corresponding to the bulk
properties and an intermediate-frequency region
corresponding to the grain boundary properties can
be distinguished for all presented temperatures. Two
arcs are visible with clearly higher diameter of arc
corresponding to grain boundary, which indicates
the blocking properties of grain boundaries. The
equivalent circuits presented in the both (Figs. 7, 8)
pictures were used for fitting procedure, where R;
and R, correspond to the resistances of CPE; and
CPE,, which are the non-Debye elements of grain
interior and grain boundary, respectively.
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Table 1 Crystallographic

properties of the 3YSZ-SiO, Sample Lattice constants Crystallite size (nm) Figures/References
samples a (nm) ¢ (nm)

3YSZ 0.5111 0.5201 98 £ 52 This work
Ts = 1073 K

3YSZ 0.5097 0.5178 183 +£ 7.1 This work
Ts = 1473 K

3YSZ + 0.25 wt% SiO, 0.5115 0.5206 16.6 £ 13.5 This work (Fig. 1)
Ts = 1073 K

3YSZ + 1 wt% SiO, 0.5128 0.5198 92 £+ 23 This work
Ts = 1073 K

3YSZ + 0.25 wt% SiO, 0.5096 0.5179 233 £ 55 This work
Ts = 1473 K

3YSZ + 1 wt% SiO, 0.5096 0.5179 354 £ 46 This work
Ts = 1473 K

3YSZ + 5 wt% SiO, 0.5094 0.5178 293 £ 65 This work (Fig. 2b)
Ts = 1473 K

3YSZ + 50 wt% SiO, 0.5104 0.5175 263 + 83 This work (Fig. 3a)
Ts = 1473 K

3YSZ + 50 wt% SiO, 0.5102 0.5156 28.7 £ 5.1 This work (Fig. 3b)
Ts = 1673 K
3YSZ phase

3YSZ + 50 wt% SiO, 0.5832 0.5196 394 £ 11.6 This work (Fig. 3b)
Ts = 1673 K
Z1Si0,4 phase

Tetragonal ZrO, literature 0.5070 0.5160 [24]

0.5094 0.5177 [25]
Tetragonal ZrSiO, literature 0.6580 0.5930 [26]

Bulk specific conductivity (opu) values were
determined from the relation:

I
Obulk = R %S’ (3)

where 1 is the thickness of the sample, and S is its
cross-sectional area.

Similarly, total grain boundary conductivity (oro-
tal, gb) Values were determined from the relation:

)
OTotal,gb = m (4)

Both bulk (dpui) and grain boundary (rotal, gb)
conductivities can be analysed as thermally activated
ionic transport and can be expressed as

To Eqct
- 5
kBTexp( kBT)’ ( )

g =

where kg is the Boltzmann constant, and E,. is the
activation energy.

Figure 9 shows electrical conductivities of 3YSZ in
Arrhenius representation (log(¢T) vs. T~'). The

determined activation energies E,. are listed in
Table 3 compared with the representative literature
data [12, 18, 21, 28-31]. As shown in the table, the
activation energies agree quite well to those of the
tetragonal YSZ. The activation energy of the grain
boundary conductivity is higher by about 15 % than
those of the bulk. Some differences in electrical con-
ductivity values and activation energies are observed
between the samples sintered at 1073 and 1473 K.
Based on the XRD analysis, we can conclude that the
results of the sample sintered at 1473 K are more
representative of the phase of tetragonal YSZ.

The specific grain boundary conductivity (o) is
the average conductivity of the grain boundary and is
given by [32]

0

Ogh = E * OTotal,gb s (6)

where § is the grain boundary thickness, d is the
average grain size, and GOrotalgp i the total grain
boundary conductivity which is calculated in respect

@ Springer
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Figure 4 SEM analysis of samples: a 3YSZ; b 3YSZ + 0. 5 wt%
Si0, sintered at 1473 K.

of the geometry of the sample and grain boundary
resistance values obtained based on the EIS
measurements.

Assuming equal values of the dielectric constant of
the bulk and grain boundary (this assumption is
commonly used in the literature), the grain boundary
thickness can be determined from the impedance
results using the relationship:

Chulk )

Ogp =d
gb *Cgb,

where Cpyic and Cgy, are the effective capacitances of
the bulk and grain boundary, respectively. They may
be calculated from the following relationship [33]:

Ci = (R A, (8)

where R; represents the resistance of the bulk (i = 1)
or grain boundary (i =2), and A; and n; are the
parameters of characterizing impedances of the CPE;
elements, ZCPE:

@ Springer
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Figure 5 Grain size versus SiO, concentration for 3YSZ SiO,
samples sintered at 1200 °C.

Figure 6 SEM microphotographs of 3YSZ + 0.5 wt% SiO,
samples sintered at 1073 K.

ZCPEi = A;1 (jw)_ni7 (9)

where i = 1 corresponds to the bulk, and i = 2 cor-
responds to the grain boundary. The dg, estimated
from the Eq. (7) is about (5.2 & 1.1) nm. This value
agrees with literature data for tetragonal YSZ mate-
rials: 8, = 4-6 nm reported by Ikuhara et al. [34];
dgb = 5.0 nm by Guo and Zhang [12]; 35, = 5 nm by
Lee and Kim [35].

Dashed lines in Fig. 9 illustrate the specific grain
boundary conductivities (Gg,) of both samples sin-
tered at 1073 K and 1473 K. The specific grain
boundary conductivity was about 20 — 40 times lower
than the bulk conductivity of the sample sintered at
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Table 2 Total porosity values

of the obtained samples Sample Total porosity [vol%]
Sintering temperature 1073 K Sintering temperature 1473 K
3YSZ 56 £2 26 £2
3YSZ + 0.25 % SiO, 54 +£2 23 £2
3YSZ + 0.5 % SiO, 54 £3 22+2
3YSZ + 1 % SiO, 5342 19+2
3YSZ + 5 % SiO, 50+ 3 17+ 2
3YSZ  Teint=1073 K D TEMPERATURE [K]
1x10° 4 Ri R _ 211 kHz 1000 900 800 700
g 1Hz T T T T T
N a0 < / 05
g CPE CPE, a i \/’/ ™ 1 3YSZ
N 1,26 MHz el 0.0 —
-0.5 H
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<
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Figure 7 Nyquist plots of the impedance of 3YSZ sintered at 2
1073 K at several temperatures. 20
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Figure 8 Nyquist plots of the impedance of 3YSZ sintered at
1473 K at several temperatures.

1473 K and 7-12 times lower than that of the sample
sintered at 1073 K.

The effects of the added silica on the electrical
conductivity grain boundary are presented in
Fig. 10a, b. First of all, it can be observed that specific
grain boundary conductivity for 3YSZ is higher for
the samples sintered at 1073 K than for those sintered
at 1473 K. This is consistent with expectations since
two orders of magnitude smaller grains sizes of
samples are obtained with modified citric method
and sintered at 1073 K. Above about 1423 K, shrink-
age of 3YSZ occurs, resulting in grain growth asso-
ciated with the decrease of porosity and total length
of grain boundaries. As a consequence, the specific

Figure 9 Temperature dependences of bulk and total/specific
(solid/dashed line) grain boundary conductivities for 3YSZ
samples sintered at 1073 and 1473 K.

grain boundary conductivity drops to lower values.
With the increasing amount of silica addition from
0.25 to 1 wt%, the decreases of the electrical con-
ductivities cgzp, are observed for both the series of
samples. This effect agrees with the postulated for-
mation of the insulating barrier layers. However, it
needs to be highlighted that the smaller effect of the
SiO, addition on the o, of the samples sintered at
1473 K is noted than that in the case of samples sin-
tered at 1073 K. Only the addition of larger SiO,
amounts (5 wt%) for the sample sintered at 1473 K
leads to a further reduction of specific grain con-
ductivity value. A similar drop of o4, (by around
one-and-a-half order of magnitude) for 3YSZ + 1.0
wt% SiO, sample sintered at 1073 K is observed.

It can be stated that the changes in the values of
electrical conductivity of grain boundary of the
samples sintered at 1473 K are the result of two
effects: a decrease in grain sizes with the amount of
introduced SiO, (Fig. 5) on the one hand and the
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Table 3 The comparison of

activation energies [eV] for Sample Ea b [eV] Ea gb [eV] References
YSZ materials 8YSZ 1.175 + 0.020 1.186 =+ 0.020 [18]
1.7-2.9 YSZ 0.83 £ 0.03 1.03 + 0.03 [28]
8YSZ 1.11-1.14 1.15-1.25 21]
3YSZ 0.92 1.13 [12]
3YSZ, micro 0.92 + 0.03 1.17 + 0.03 [29]
3.3YSZ, SC 0.92 + 0.04 - [30]
2.8YSZ - 1.22 + 0.04 [31]
3YSZ, Ts = 1073 K 0.940 + 0.01 1.108 =+ 0.047 This work
3YSZ, T = 1473 K 0.914 £ 0.007 1.081 + 0.011 This work
(a) -2 (b) 2
GB GB
TS =1073 K TS =1473K
— 4 -
— -4 -
5 5
p e
S £ 1023 K
£ £
E ) 873 K
g -6 o 6
A
-
\
A 673 K 473 K
T T T T T T T T - - T T T T T T T T T T T T T T
0.0 05 1.0 0 1 2 8 4 5 6
wt % S0, wt % SIO,

Figure 10 Electrical conductivities versus SiO, concentrations of the samples 3YSZ + xSiO, at 673, 873 and 1023 K: a oy, of the

sample sintered at 1073 K; b o, of the sample sintered at 1473 K.

beginning of ZrSiO, formation (Fig. 3a) on the other
hand. The formation of compact, glassy insulating
barrier at higher temperatures (as suggested by
other authors) can affect the lowering of grain
boundaries” conductivities in YSZ materials, but the
results presented above prove that the contribution
of this process should be even negligible (taking into
account the results of XRD analysis). It seems that in
the case of the presented materials, the effects of
small-sized grains and their further decreasing with
the SiO, addition (at the same time still having rel-
atively a large porosity) produce the dominant
influence on the reduction of o,z As can be con-
cluded, the Schottky barrier effect in the case of
porous YSZ materials can overcome the negative
influence related with the small contamination by
silica. However, the introduction of the large
amount of silica leads to a change in the conduction
mechanism as a result of glass-layer formation
around YSZ grains.

@ Springer

The dependences of activation energies for the
grain interior (bulk) and the grain boundaries (gb)
versus silica content are illustrated in Fig. 11a, b. As
can be observed, for both series of materials, the
dependences of the activation energy of grain
boundaries” conductivities (E,ct ) on the amount of
SiO, are completely different. In the case of samples
sintered at 1073 K, the E.. g values decrease with
the SiO, addition (up to 0.5wt% of SiO,) and then
slightly increase for the 3YSZ + 1.0 wt% SiO, sample.
It is worth noting that the introduction of already 0.25
wt% SiO; results in lower E, o, compared with pure
3YSZ. The other behaviour for the series of samples
sintered at 1473 K is observed—first with the
increasing the amount of SiO,, the values of E.q gp
increase up to 0.5 wt% SiO, composition, and then
decrease for the 3YSZ + 1.0 wt% SiO, and
3YSZ + 5.0 wt% SiO, samples. The nature of changes
in the values of E, gp in both series of samples
indicates different impacts of the additive on the
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Figure 11 Activation energy versus SiO, concentration of the samples 3YSZ + xSiO,; a samples sintered at 1073 K; b samples sintered

at 1473 K.

mechanism of conductivity depending on the sinter-
ing temperatures (and therefore the microstructure)
of the material. For the samples sintered at 1073 K,
silica probably acts only as a medium for separating
the 3YSZ grains (which prevents from the grains’
growth) and as a medium which reduces the grain
size. In the case of samples sintered at 1473 K, SiO,
simultaneously acts as a medium which reduces
grain size and also slightly reacts with YSZ (espe-
cially in the case of larger addition of SiO,). The
influence of silica dopant on the activation energy of
grain interior conductivity (E,. p) is actually opposite
to that with respect to E,.¢ gp- For the samples slightly
contaminated with silica and then sintered at 1473 K,
the decrease of E,. » can be noticed, while for the
samples sintered at 1073 K, the significant increase in
the values of E, ,, in the same range as that of SiO,
amount is observed. It should be noted that in the
case of 3YSZ + 0.25 wt% SiO, sintered at 1473 K,
Eact b assumes a very low value: 0.44 eV. This fact
make this sample a promising candidate for IT-SOFC.

Conclusions

The effects of the additions of various amounts of
silica and the influence of sintering temperature on
both the microstructures of ZrO, containing 3 mol%
Y,05 (3YSZ) and its electrical properties have been

studied. The microstructural investigation revealed
that SiO, addition to 3YSZ leads to reduction in the
sizes of zirconia grains. The impedance spectra
analysis shows that the two factors reported in the
literature have an influence on grain boundary con-
ductivity—grain size and the amount of introduced
silica. The samples heated at 1073 K reveal higher
values of grain boundary conductivity than that of
the samples sintered at 1473 K. This behaviour is a
result of small grain sizes (therefore, low grain
boundary resistance) of such obtained materials. In
the case of samples sintered at 1473 K, the effect of
glassy layer formation becomes competitive for pin-
ning effect.

In conclusion, from the viewpoint of potential
application of the tested 3YSZ system as a component
of the composite anode material (or electrolyte
material) for SOFC technology, a small impurity of
silica (up to 0.5 wt%) in 3YSZ should not significantly
affect the electrical properties of this system. What is
more, for the fine grain-sized 3YSZ materials, small
addition of SiO, should even improve the grain
boundary conductivities of these materials in com-
parison with pure Y,0;-ZrO, system. Moreover,
addition of silica to 3YSZ has beneficial effect,
because it prevents grain growth at critical sizes more
than ca. 0.3 pm, where tetragonal zirconia becomes
unstable and undergoes phase transition to
monoclinic.

@ Springer
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