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1 Introduction
In order to reduce production costs and to enhance 

adhesion between the electrodes and electrolyte in Solid 
Oxide Fuel Cells (SOFC) it is of great interest to perform 
a single sintering process of the whole cell. The main 
obstacle to perform the single sintering is the temperature 
needed to densify the electrolyte, since it is usually a high 
refractory ceramic. The high temperature needed to densify 
the electrolyte lead to secondary phase formation in the 
electrode/ electrolyte interfaces, increasing its electrical 
resistance, decreasing the cell performance.

One way to reduce the sintering temperature is using 
sintering additives, such as transition metal oxides. In general, 
by using these additives, it is possible to attain dense ionic 
conductor electrolytes in temperatures up to 300 °C lower 
when compared to samples which these sintering additives 
were not used. The main issue when using sintering additives 
in ionic conductor electrolytes is that depending on the 
quantity used, besides lowering the sintering temperature, 
it also influences the electrical properties.

ZnO is widely used in protonic conductor perovskites, 
such as doped BaCeO3 and BaZrO3 

1–7. In order to 
achieve high densities, these materials must be sintered at 
temperatures as high as 1700 °C. Using ZnO as a sintering 
additive, the sintering temperature can be lowered down to 
1500 °C. The sintering mechanism is probably via liquid, 
since there is a low temperature euthetic formed by BaO.
ZnO. The backdrop is that, since BaO from the perovskite 
is being consumed to form the liquid phase, the perovskite 
structure destabilizes, forming secondary phases which are 
detrimental to the electrical properties. The final electrical 

conductivity will be dependent on the amount of ZnO used 
and the sintering programm. It was also reported that at a 
concentration higher than 4 mol% lowers the ionic transport 
number of these electrolytes, probably due to a ZnO rich 
film in the grain boundaries, forming a percolated network 
of an n type semiconductor 3,5,6.

ZnO has also been used as sintering additive on rare-earth 
doped ceria electrolytes 8,9. In the ZnO- rare earth doped ceria 
electrolytes, the sintering temperature was lowered from 
1500 °C down to 1350 °C. The lattice parameter of rare earth 
doped ceria samples decreases as ZnO content increases up 
to 0.6 mol%, remaining constant at higher concentrations due 
to ZnO solubility limit at this concentration, confirmed by 
the detection of a secondary phase in concentrations higher 
than 0.8 mol% by SEM images. The final electrical properties 
of ZnO/ rare earth doped ceria electrolytes will depend on 
the powder synthesis route and the ZnO concentration. 
ZnO influences the electrical properties of this electrolyte 
system in two ways, the first one is increasing the electrical 
conductivity simply by the increase of density and the second 
one is decreasing the electrical conductivity due to defect 
interaction. In order to obtain samples sintered at lower 
temperatures with electrical conductivity similar to the 
ones without sintering additive it is important to optimize 
the contribution of both effects.

YSZ is the state-of-the-art electrolyte for SOFC. It is 
chemically stable under the fuel cell working conditions, 
but during sintering it can react with Cr- based electrodes. 
Lowering its sintering temperature would avoid this reaction, 
enhancing the electrode/ electrolyte interface electrical 
conductivity. There are several studies showing the use of 
sintering additives in YSZ 10–14. In a nutshell, the main issues 
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when using sintering additives in YSZ are destabilization 
of the cubic phase and secondary phase formation, both 
decreasing total electrical conductivity.

Using ZnO as a sintering additive in YSZ was reported 
by Liu, Lao15. In their work it was reported that ZnO is 
soluble up to 10 wt% in the YSZ lattice. Using ZnO, it was 
possible to decrease sintering temperature from 1500 °C 
down to 1300 °C and the electrical conductivity increased 
when using small amounts of ZnO, up to 0.5 wt%.

Fleger et al., 16 analysed the influence of several 
sintering additives on cubic zirconia added from barium, 
bismuth, calcium, cobalt, copper, iron, lithium, magnesium, 
manganese, nickel, strontium or zinc nitrates ranging from 
1 to 3 at%. It was found that Fe, Mn, Ni, Co and Zn were 
confirmed to enhance 8YSZ sintering without destabilizing 
the cubic structure.

Despite the interesting results from Liu, Lao 15, in order 
to use YSZ- ZnO solid solutions as SOFC electrolytes, it is 
important to evaluate the YSZ- ZnO electrolytes under the 
SOFC reducing atmosphere working conditions, since ZnO 
is a well known n-type conductor in reducing atmospheres.

This work will evaluate the influence of ZnO as a sintering 
additive on the microstructure and electrical properties of 
YSZ and its prospect to be used as SOFC electrolytes.

2 Experimental
Proper amounts of YSZ, with yttrium content ranging 

from 3 to 10 mol% (Tosoh TZ3Y, TZ8Y and TZ10Y) and 
ZnO(Sigma Aldrich), content ranging from 0 up to 5 wt% 
were dispersed in iso-propanol containing PVB (Solutia B98) 
as dispersant. This suspension was homogenized for 6 h in a 
vibratory mill. After drying and granulating using a 140 µm 
sieve, the powder was isostatic pressed at 200 MPa into 
cyllindrical pellets, of 10 mm diameter and ca. 1.3 mm height. 
These pellets were subsequently sintered at 1300 °C/ 2 h. 
As a reference, a ZnO free TZ8Y sample was produced the 
same way and sintered at 1400 °C/ 2 h, temperature which 
ZnO doped YSZ and ZnO free YSZ samples present present 
densities higher than 95%.

2.1 Electrical Characterization
After sintering, platinum electrodes were painted on 

both faces of the pellets and spectroscopy impedance was 
performed using a HP 4192 gain phase analyser, in the 
temperature range from 300 to 800 °C, sinusoidal perturbation 
voltage of 100 up to 500 mV and frequency ranging from 
5 Hz to 13 MHz. The results were independent of applied 
perturbation voltage, but the spectra taken at 500 mV 
presented better noise to signal ratio, so they were used for 
data processing and fitting.

In order to evaluate the electrical behavior under 
reducing atmosphere, the samples were soaked at Ar and 
Ar/ H2 atmospheres for 2 h at 800 °C in order to achieve 
equilibrium. Oxygen partial pressure was monitored using 
a zirconia oxygen sensor of the outlet gas mounted in a 
furnace at constant temperature. After equilibrium was 
achieved, impedance spectroscopy was performed using the 
same parameters described before. The data from impedance 
spectroscopy analysis were fitted using ZView, Scribdner 
Associates.

2.2 Microstructural Characterization
In order to evaluate the influence of the sintering additive 

on the microstructure the sintered samples were grinded and 
polished downt to 1 µm diamond paste. After polishing, 
the samples were thermally etched at 1200 °C/ 30 min. 
The polished samples were analyzed by SEM coupled with 
EDS. Quantitative image analysis was performed using 
ImageJ (National Institute of Health) 17 .

The samples were also submitted to X ray diffraction 
analysis to detect the phases formed, Siemens D5000, CuKα 
radiation 0.1541 nm, 2θ ranging from 15 to 90 °, 0.033 ° step 
and 1 s acquisition time at room temperature.

For a finer analysis, Raman spectra were recorded 
at room temperature in back scattering geometry with a 
T64000 Jobin-Yvon triple spectrometer equipped with a 
CCD detector using the green line of an Ar+ laser (excitation 
wavelength 514.5nm).

3 Results and discussion
As can be seen in figure 1, sintering of YSZ, both with 

and without ZnO, starts at 1100 °C. When using ZnO as 
sintering additive, sintering ends at 1300 °C, while it only 
ends at 1400 °C in the reference. Besides lowering the 
temperature that sintering is completed, the density versus 
temperature curve is steeper when ZnO is added.

A similar phenomenum is observed by Dong et al., 18 
and Kleinlogel, Gauckler 19 which is attributed to a liquid 
phase formed between the sintering additive and the matrix in 
nanosized ceria solid solutions. It has already been proposed 
by Liu, Lao 15 that the sintering mechanism when using ZnO 
as sintering additive is viscous flux, but it was not found 
any data about liquid formation neither between ZnO and 
ZrO2 

20 nor between ZnO and Y2O3. A possible source for the 
liquid phase is SiO2 impurities, since the system SiO2- ZnO 
presents an euthetic at 1510 °C 21, that can be lowered by 
the presence of other oxides.

XRD diffractograms do not show any secondary phase, 
figure 2. Since the ionic radii of Zr4+ and Zn2+ are similar, 
0,84 and 0,74 Å respectively 22, solid solution formation does 
not change considerably the cubic lattice parameter, table 1.

SEM images show that up to 3.0 wt% ZnO there are only 
two phases present, figure 3. It can be seen from these images 
a bimodal grain size distribution, with large grains, ~1 µm, 

Figure 1: Relative density as a function of sintering temperature of 
TZ8Y and TZ8Y+ ZnO solid solutions. The samples were soaked 
for 2 h in each temperature presented.
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Raman spectra shows that when using either TZ3Y or 
TZ8Y as matrix, the presence of ZnO shifts the equilibrium 
of the partially stabilized zirconia, destabilizing the cubic 
structure to the tetragonal structure, and the tetragonal 
structure to the monoclininc structure. On using a matrix with 
higher yttrium content, TZ10Y, the ZnO effect on shifting the 
equilibrium and destabilizing the cubic structure is hindered. 
By comparing SEM images with Raman spectra, it can 
be assumed that the small spheres are either tetragonal or 
monoclinic zirconia particles. Since neither of these phases 
were detected by XRD, its volume is probably lower than 5% 
(lower detection limit of XRD equipment), and it would not 
affect the electrical properties as discussed elsewhere 23,24.

ZnO affected the electrical properties of the TZ8Y 
samples, figure 5. When ZnO is dissolved into the TZ8Y 
lattice it yields:

ZnO → ZnZr”+ Vo
°° (1)

increasing the oxygen vacancy concentration, which 
would increase conductivity. On the other hand, the volume 
of the liquid phase responsible for lowering the sintering 
temperature increases as the ZnO content increase. The higher 
its volume, the higher is the blocked area at grain boundaries 
due to this isolating liquid phase. These two effects, increase 
of electrical conductivity due to charge carrier concentration 
and decrease due to a blocking secondary phase at grain 
boundaries, must be balanced in order to obtain the desired 
properties, in this case, high ionic conduction.

The impedance spectra from figure 5 were fitted using 
the equivalent circuit from figure 5e and Zview software. 
In this circuit R1 is the bulk resistance, which is a function 
of composition and R2 is the blocker resistance, which is a 
function of microstructural features such as grain size, grain 
boundary thickness, porosity, inclusions, voids and so on [24]. 
Constant phase elements CPE1 and CPE2 are also related to 

Figure 2: XRD diffractograms of TZ8Y sintered at 1400 °C/ 2 h 
and TZ8Y+ZnO solid solutions sintered at 1300 °C/ 2 h.

Table 1: Lattice parameters calculated from X ray diffractograms.

Sample Lattice parameter (nm)
TZ8Y 0,5134 ± 0,0007

TZ8Y+ 0.5 wt% ZnO 0,5134 ± 0,0005
TZ8Y+ 3.0 wt% ZnO 0,5139 ± 0,0002

homogeneously distributed and 100 nm spheres usually at 
grain boundaries. Due to the small size of these spheres it 
is not possible to determine its chemical composition via 
EDS. Since their size is smaller than the beam interaction 
volume, the point measurement would give the chemical 
composition from the matrix plus the secondary phase.

In order to understand the nature of these spheres, 
zirconia with several yttria contents were used. When 
comparing the microstructure from TZ10Y+5.0 wt% ZnO 
and TZ8Y+5.0 wt% ZnO, figures 3d and 3e respectively, 
it can be noticed that the spheres are present in the sample 
with TZ8Y and are not present in the sample containing 
TZ10Y. As an attempt to identify this secondary phase, 
Raman spectroscopy was performed on these samples and 
samples containing different amounts of yttrium, figure 4.

Figure 3: SEM images of samples sintered at 1300 °C/ 2 h containing (a) TZ8Y+ 0.5 wt% ZnO (b) TZ8Y+ 1.0 wt% ZnO (c) TZ8Y+ 3.0 wt% ZnO 
(d) TZ10Y+5.0 wt% ZnO (e)TZ8Y+ 5.0 wt% ZnO (f) TZ8Y sintered at 1400 °C/ 2 h.
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bulk and blocker features respectively. CPE is a non-ideal 
capacitor. To calculate capacitance from CPE, we used 25:

1 1

2

n
nn nC = R Q sin π

-
 
 
 

 (2)

where C is the capacitance, R is either the bulk or the 
blocker resistance, Q is the CPE pre-factor and n is the 
CPE exponent. The exponent n can vary between 0 and 1 
(ideal capacitor) 25.

On analysing the impedance spectra, figure 5, it can be 
seen from the fitting results, table 2, that the blocking factor 
(αr) from samples TZ8Y+ 0.5 wt% ZnO is higher than the 
blocking factor from TZ8Y, 0.20 and 0.14 respectively. 
This result shows that the microstructure plays a bigger role 
on the electrical conductivity of 0.5 wt% samples than on 
our reference sample (ZnO free TZ8Y), but since the bulk 
resistivity from 0.5 wt% samples is much lower, the total 
resistivity is much lower, ~42 kΩ.cm against ~24 kΩ.cm 
for TZ8Y+ 0.5 wt% ZnO at 350 °C.

When ZnO content is higher than 0.5 wt%, the number of 
mobile charge carriers decreases, increasing the bulk resistivity. 
The blocking factor increases, since the secondary phase 
volume also increases, thus reducing electrical conductivity 
to levels lower than the reference. Liu, Lao15 have shown 
similar results, where samples containing 0.5 wt% presented 
electrical conductivity 1.5 times higher than the reference 
YSZ at 800 °C.

Since ZnO is a well known n-type semiconductor, 
specially at low oxygen partial pressure, it was measured the 
electrical conductivity under reducing atmosphere, figure 6. 
It can be seen that even at low Po2, the conductivity remains 
stable, showing that ZnO in solid solution does not cause 
n-type electronic conductivity in TZ8Y.

Since TZ8Y+ 0.5 wt% ZnO samples present conductivity 
30% higher than the reference TZ8Y sample at 800 °C and is 
stable in a high range of Po2 (0.2- 10-24 atm) it is a potential 
material to be used as SOFC electrolytes.

It is also important to notice that adding only 0.5 wt% of 
ZnO to TZ8Y represents about 0.75 mol% of ZnO in relation 

Figure 4: Raman spectra of TZ8Y sintered at 1400 °C/ 2 h and 
TZ8Y+ 5 wt% ZnO, TZ10Y+ 5 wt% ZnO, TZ3Y+ 5 wt% ZnO 
sintered at 1300 °C/ 2 h.

Figure 5: Impedance spectra measured at 350 °C, the small numbers are the log of frequency, for (a) TZ8Y sintered at 1400 °C 
(b) TZ8Y+ 0.5 wt% ZnO sintered at 1300 °C/ 2 h (c) TZ8Y+ 1.0 wt% ZnO sintered at 1300 °C/ 2 h (d) TZ8Y+ 3.0 wt% ZnO 
sintered at 1300 °C/ 2 h (e) equivalent circuit used for data fitting
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to TZ8Y. According to equation (3), adding 0.75 mol% of 
ZnO to TZ8Y would represent an increase of about 10% on 
the oxygen vacancy concentration. Electrical conductivity 
is defined as:

= z eσ µµ  (3)

where z is the ion charge, e the charge of an electron, 
µ the charge carrier mobility and n the charge carrier 
concentration. Our results have shown that at 350 °C 
the electrical conductivity of TZ8Y+ 0.5 wt% samples 
are 80% higher than the reference TZ8Y samples, 
4.23x10-5 S.cm-1 and 2.37×10-5 S.cm-1 respectively, while 
the bulk conductivity is 84% higher, 5.26x10-5 S.cm-1 for 
0.5 wt% ZnO co-doped samples and 2.86x10-5 S.cm-1. 
At 800 °C the electrical conductivity is around 30% higher 
for the ZnO co-doped samples.

Using ImageJ 17, it was measured an average grain size 
of 0.7 ± 0.2 µm in the TZ8Y+ 0.5 wt% ZnO sample sintered 
at 1300 °C/ 2 h and an average grain size of 1.6± 0.3 µm 
in the reference TZ8Y sample sintered at 1400 °C/ 2 h. 
Since both samples have similar porosity and similar grain 
size, i.e., similar microstructural features, it is expected 

Figure 6: Conductivity at 800 °C under several Po2 of TZ8Y sintered 
at 1400 °C/ 2 h and TZ8Y+ ZnO solid solutions sintered at 1300 °C.

that this difference in electrical conductivity is not due to 
microstructural differences.

From equation 3, an increase of conductivity would be 
due to an increase in charge carrier concentration or charge 
carrier mobility. Since the increase in conductivity is much 
higher than the increase in charge carrier concentration 
(30% increase in conductivity at 800 °C and 84% increase of 
the bulk conductivity at 350 °C against 10% increase in charge 
carrier concentration!) it is possible to affirm, using equation 
3, that besides an increase in charge carrier concentration, 
there is also an increase in charge carrier mobility. The cause 
of the enhancement in charge carrier mobility is still under 
investigation and will be published elsewhere.

4 Conclusions
ZnO is an efficient sintering additive in YSZ. The sintering 

temperature needed to achieve density > 95% drops from 
1400 °C to 1300°C. When its added up to 0.5 wt%, besides 
lowering the sintering temperature, it also enhances its electrical 
conductivity when compared to a reference TZ8Y sample 
sintered at 1400 °C, . When higher amounts of ZnO are used, 
the electrical conductivity will be dependent on the sample 
thermal history since there is a blocking secondary phase 
formation that aids sintering. The electrical conductivity will 
be dependent on this secondary phase morphology. Despite 
ZnO is a well known n-type semiconductor, when used up 
to 3.0 wt%, its presence does not affect the solid solution 
electrolytic domain, what makes YSZ- ZnO solid solution a 
potential candidate to be used as SOFC electrolytes.
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Table 2: Fitted impedance data using semicirquit from figure 5e. elements. Solid State Ionics doi: 10.1016/j.ssi.2009.04.002

Sample
Bulk 

resistivity ρg 
(Ω.cm)

Bulk relative 
permitivity 

(εr)

Relaxation 
frequency f0 

(Hz)

Blocker 
resistivity ρgb 

(Ω.cm)

Blocker 
Relaxation 

frequency f0 
(Hz)

Total 
resistivity 
ρt(Ω.cm)

Blocking 
factor  

αr (ρgb/ρt)

TZ8Y 35012 61 8.4x105 7230 3.6x103 42242 0.17
TZ8Y+ 0.5 wt% ZnO 18999 57 1.6x106 4617 9.0x103 23617 0.20
TZ8Y+ 1.0 wt% ZnO 34185 69 7.5x105 8814 6.9x103 42999 0.20
TZ8Y+ 3.0 wt% ZnO 38239 69 6.5x105 12511 7.0x103 50750 0.25
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