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Abstract
The influence of small amounts of tantalum oxide as co-dopant on phase transformation and stabilization, microstructure 
and ionic conductivity of zirconia-10 mol% scandia is reported in this work. Cylindrical pellets were prepared by solid state 
synthesis with sintering at 1500 °C for 5 h. High relative density values (> 95%) were achieved. Reduction of the enthalpy 
for the cubic ⇌β-rhombohedral phase transformation was found for increasing amounts of the co-dopant. Full stabilization 
of the cubic structure at room temperature was obtained with only 0.45 mol% tantalum oxide addition. The ionic conductivity 
of sintered specimens was investigated as a function of the temperature and oxygen partial pressure by impedance spectros-
copy. The fully stabilized co-doped system revealed a pure ionic conduction behavior up to 800 °C with wide electrolytic 
domain. In the 700–800 °C range, the ionic conductivity of co-doped specimens is similar to that of pure zirconia-scandia.
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Introduction

Many functional ceramics achieve their special properties by 
doping. Zirconia-based ceramics are good examples, where 
dopants play a key role for determining their outstanding 
electrical and mechanical properties, leading to a wide 
range of technological applications [1, 2]. The high ionic 
conductivity of doped zirconias, for instance, is assigned 
to a substantial increase in the concentration of charge car-
riers (oxygen vacancies), with the introduction of specific 
amounts of acceptor dopants [2, 3]. The highest values of the 
ionic conductivity in zirconia systems are usually found for 
cubic stabilized ceramics, and close to the boundary between 
the tetragonal and cubic phase fields [2, 3]. Then, for those 
applications of doped zirconias foreseeing high ionic con-
ductivity, full stabilization at room temperature of the high 
symmetry cubic phase is required.

Among the zirconia systems, that containing scandium 
exhibits an intriguing behavior. The phase diagram reveals 

seven crystallographic phases: monoclinic (m), tetragonal 
(t), non-transformable tetragonal (t′), cubic (c), and three 
polymorphs with rhombohedral symmetry (β, γ, and δ) [4]. 
Moreover, a tetragonal (t″) is found in nanostructured zir-
conia-scandia [5]. Pure cubic phase in this system is barely 
obtained at room temperature at any scandium content under 
thermodynamic equilibrium. This effect may be understood 
taking into account the enthalpies of phase formation [6]. 
The ionic conductivity value is maximized in the 9–10 mol% 
scandium range. Nonetheless, thermal degradation of the 
ionic conductivity occurs at a non-negligible rate above 850 
°C mainly in the presence of t′ phase; and close to 10 mol% 
content, the cubic phase spontaneously transforms to the 
β-rhombohedral phase during cooling down from the sinter-
ing temperature [7].

The cubic⇌β-rhombohedral phase transformation in zir-
conia-scandia was studied by a number of techniques [7–9]. 
It was shown that this is a first-order and reversible phase 
transformation exhibiting thermal hysteresis in the 500 to 
600 °C range. The β-rhombohedral phase shows vacancy 
ordering [9], thereby decreasing the concentration of oxygen 
vacancies available for conduction, and consequently, it is a 
low conducting phase.

The main strategy to overcome these undesirable effects 
in zirconia-scandia and to stabilize at room tempera-
ture, the high ionic conductivity cubic phase has been the 
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introduction of a co-dopant. All investigated co-dopants have 
demonstrated to be efficient for stabilizing the cubic phase to 
some extent and to increase the ionic conductivity in the low 
temperature range (up to ~ 550 °C) [10–19]. Despite these 
regular features, the minimum co-dopant concentration for 
full stabilization of the cubic phase, the relative increase of 
the ionic conductivity at low temperatures, the degradation 
of the conductivity with subsequent thermal annealing, and 
the ionic conductivity at intermediate temperatures (from 
~550 to ~800 °C), seem to be characteristics of each specific 
co-dopant.

It is generally known that in polycrystalline materials, the 
bulk behavior of microstructure-dependent properties, such 
as the ionic conductivity, is often influenced by the grain 
boundaries [20]. Then, special care is worth with dopants 
and co-dopants to avoid adverse effects arising from exces-
sive concentrations. Recently, for example, it was shown that 
addition of iron oxide to 8 mol% yttria-stabilized zirconia 
should be limited to 500 ppm to optimize its electrical con-
ductivity [21].

In this work, small amounts of tantalum oxide were added 
as a co-dopant to zirconia-10 mol% scandia (10ScSZ), aim-
ing to determine its influence on phase transformation, 
and the minimum amount of co-dopant for stabilization of 
the cubic structure at room temperature. The effect of the 
co-dopant on the ionic conductivity of 10ScSZ was also 
investigated.

Experimental

Sample preparation

ZrO2-10 mol% scandia, 10ScSZ (99.99%, Daiichi Kigenso 
Kagaku Kogyo), and tantalum oxide,  Ta2O5 (99.9%, Alfa 
Aesar) were the starting materials. Solid electrolytes of 
10ScSZ-x mol%  Ta2O5 with x = 0.25, 0.35, and 0.45 nom-
inal contents were prepared by solid state reactions. The 
starting materials were dried, weighted in stoichiometric 
proportions, homogenized in an agate mortar with isopro-
pyl alcohol and dried at 40 °C for 1 h. Cylindrical (ϕ 5-mm 
and 3-mm thickness) specimens of pure 10ScSZ, and mixed 
powders were prepared by pressing followed by sintering 
at 1500 °C for 5 h, with 5 °C·min−1 heating rate and cool-
ing down to room temperature by turning off the furnace 
(BlueM, Lindberg).

Characterization

The c ⇌ β-rhombohedral phase transformation was studied 
by high-temperature X-ray diffraction, HT-XRD, using a dif-
fractometer (D8 Advance, Bruker-AXS) with θ-θ geometry 
and equipped with a Braun position sensitive detector and a 

heating stage (HTK 1400, Anton Paar). The measurements 
were carried out in the 47–54° 2θ range in 0.037° steps, 
from room temperature, RT (~17 °C) to 600 °C. Differen-
tial scanning calorimetry, DSC (404 Pegasus, Netzsch) was 
also used to investigate the phase transformation from room 
temperature to 800 °C. The thermal cycle was performed 
under synthetic air at a flow rate of 20 mL·min−1 and 10 
°C·min−1 heating rate, with alumina crucible. Spectroscop-
ically pure aluminum was used for DSC calibration. The 
enthalpy of phase transformation was calculated from the 
area under the peak recorded during heating. The apparent 
density of sintered specimens was determined by the immer-
sion method and compared to the theoretical density 5.731 
(PDF 89-5482) and 5.740 g·cm−3 (PDF 89-5483) of the 
β-rhombohedral and cubic phases, respectively. The appar-
ent porosity was calculated according to ASTM C20-00. 
The microstructure of sintered specimens was observed by 
field emission gun scanning electron microscopy, FEG-SEM 
(Inspect F50, FEI) with secondary electrons on polished and 
thermally etched surfaces. Room temperature X-ray diffrac-
tion, XRD, was carried out for lattice parameter calculation 
by the Rietveld refinement with GSAS [22]. Experimental 
patterns were fitted by a pseudo-Voigt function. In this case, 
the measurements were conducted in a diffractometer (D8 
Advance, Bruker-AXS) with θ-2θ geometry, operating at 
40 kV and 30 mA with Ni-filtered Cu  Kα radiation in the 
20° ≤ 2θ ≤ 80° range. The ionic conductivity was deter-
mined by impedance spectroscopy, IS, measurements. The 
 pO2 dependence of the ionic conductivity from 1 to approxi-
mately  10−24 atm at 600, 700, and 800 °C was measured 
by an impedance/gain phase analyzer (SI 1260, Solartron) 
in the 1-Hz to 10-MHz frequency range with platinum 
electrodes. Impedance spectra were analyzed with ZView 
(Scriber Associates Inc.) software. The temperature depend-
ence of the ionic conductivity at ambient pressure (0.21 
atm) was determined by IS with a LF impedance analyzer 
(4192A, HP) coupled to a 362 model controller in the ~400 
to 800 °C and 10-Hz to 13-MHz temperature and frequency 
ranges, respectively. Electrodes of silver (low temperatures, 
up to ~550 °C) and platinum (intermediate temperatures, 
from ~550 to ~800 °C) were utilized for electrical meas-
urements. Correction for inductive effects was performed, 
especially at high temperatures.

Results and discussion

Phase transformation

Figure 1 shows HT-XRD patterns of  Ta2O5-doped 10ScSZ 
specimens in the 47–54° range, where the cubic phase 
exhibits a single peak at 50.7°, and the β-rhombohedral 
phase displays two peaks at 50.1° and 51.3°, allowing a 
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straightforward identification of both crystalline phases. 
Miller indexes are shown in parenthesis in these plots, and 
the direction of the thermal cycle is indicated by arrows. 
HT-XRD patterns of specimens containing 0.25 (Fig. 1a) 
and 0.35 mol%  Ta2O5 (Fig. 1b), exhibit the (101) and 
(104) peaks of the β-rhombohedral phase at room tem-
perature and 400 °C during heating and cooling. At 600 
°C, these patterns show a single peak characteristic of the 
cubic structure (220), evidencing the phase transforma-
tion in these specimens. The HT-XRD pattern of 0.45 
mol%  Ta2O5-doped 10ScSZ (Fig. 1c) reveals a single peak 

during the whole thermal cycle corresponding to the cubic 
phase. These results suggest that the cubic structure of 
10ScSZ may be fully stabilized at room temperature with 
addition of only 0.45 mol%  Ta2O5.

The coefficient of thermal expansion estimated from 
HT-XRD increases with the co-dopant addition from 10.3 
.10−6/°C to 15.94.10−6/°C for pure and 0.45 mol% doped 
10ScSZ.

DSC curves of 0.25 and 0.35 mol%  Ta2O5-doped 
10ScSZ are shown in Fig. 2a and b, respectively. The 
reversible cubic ⇌ β-rhombohedral phase transformation 
is identified with the endothermic (heating) and exother-
mic (cooling) peaks recorded during the thermal cycle. 
The peak temperature of thermal events (indicated in 
the figure) for both specimens is lower than that of pure 
10ScSZ (560 °C during heating [13]). In addition, the 
maximum amplitude of thermal events decreases with 
increasing the co-dopant content, indicating a gradual 
reduction of enthalpy values for phase transformation in 
 Ta2O5-doped 10ScSZ specimens. It was already shown that 
the hysteresis of the phase transformation in pure 10ScSZ 
is about 30 °C [13]. In this case, the specimen with 0.25 
mol%  Ta2O5 exhibits a hysteresis of 49 °C revealing an 
increase of the cell volume, which occurs due to incorpo-
ration of the co-dopant into the crystal lattice. No thermal 
events were detected for 10ScSZ containing 0.45 mol% 
 Ta2O5 (Fig. 2c), as a further evidence of the cubic phase 
stabilization in agreement with HT-XRD results (Fig. 1c).

The calculated values for the enthalpy of phase trans-
formation are 8.78 and 3.20 J·g−1 for 0.25 and 0.35 mol% 
 Ta2O5-doped 10ScSZ, respectively. These figures are lower 
than those obtained for  Eu2O3-doped 10ScSZ [13] sup-
porting that tantalum oxide is more efficient than europium 
oxide for room temperature cubic phase stabilization of 
10ScSZ. In a first approach, this effect seems to be related 
to the ionic size of co-dopants and the host, such that the 
lower is the difference between the ionic radii, the lower 
is the enthalpy for phase stabilization. The mechanism 
underlying the cubic phase stabilization in co-doped zir-
conias is still under investigation, with emphasis on accep-
tor cations. For singly doped zirconias, the cubic phase 
stabilization is attributed to oxygen vacancies created as 
charge compensating defects. The distortion produced by 
these oxygen vacancies would account for the crystal lat-
tice to rearrange itself in a high symmetry structure [23]. 
In this case, the donor co-dopant with ionic radius (0.074 
nm) close to that of  Zr4+ (0.084 nm) is expected to reduce 
the elastic strain, leading to an increase in the degree of 
the short-range disorder in the anion sublattice. Similar 
finding was observed by neutron diffraction, molecular 
dynamic, and reverse Monte Carlo simulation for niobium-
doped zirconia [24].
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Fig. 1  HT-XRD patterns of a 0.25, b 0.35, and c 0.45 mol% 
 Ta2O5-doped 10ScSZ
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Microstructure

Table 1 lists density and porosity data obtained for sintered 
specimens. Relatively high densities (≥ 95% of the theo-
retical value) and low porosity (< 2%) were obtained for 
all pure and co-doped specimens.

Figure  3 shows typical FEG-SEM micrographs of 
 Ta2O5-doped 10ScSZ. The main microstructure features 
are large and polygonal grains with average size in the 
5–7-μm range. Pores are found along the grain bounda-
ries and inside the grains. No undesirable features like 
abnormal grain growth, cracks, or dopant segregation 
were found. Several grains of the specimen containing 
0.25 mol%  Ta2O5 (Fig. 3a) exhibit a herringbone structure 
characteristic of the c ⇌ β-rhombohedral phase transfor-
mation. The same occurs for 0.35 mol% (Fig. 3b) speci-
men, though to a less extent. This microstructure feature is 
not observed in the micrograph of 0.45 mol%  Ta2O5-doped 
10ScSZ (Fig. 3c) highlighting the absence of phase trans-
formation, in this case.

Room temperature XRD patterns of pure and 
 Ta2O5-doped 10ScSZ in the whole 2θ range are depicted 
in Fig. 4a, and the phase composition is summarized in 
Table 1. The XRD pattern of pure 10ScSZ corresponds to 
that of β-rhombohedral phase (PDF 89-5482), whereas that 
of specimen containing 0.45 mol% tantalum oxide agrees 
with the XRD profile of the cubic phase (PDF 89-5483). 
Other specimens show diffraction peak characteristics of a 
mixture of cubic and β-rhombohedral phases. These results 
are in general agreement with those of HT-XRD (Fig. 1) 
and DSC (Fig. 2).

The room temperature XRD pattern and the Rietveld 
refinement of 0.45 mol%  Ta2O5-doped 10ScSZ specimen 
are shown in Fig. 4b. Small marks in the bottom denote 
the Bragg position of the cubic phase, and the difference 
between the experimental and the refined profiles is the line 
below the diffractograms. The experimental and refined 
profiles agree with each other within experimental uncer-
tainties, with χ2 equal to 3.5. The calculated lattice param-
eter, 0.5086 nm, is slightly lower than that of pure 10ScSZ 
(~0.5092 nm [12]), due to incorporation of tantalum into 
the zirconia lattice.
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Fig. 2  DSC curves of 10ScSZ containing a 0.25, b 0.35, and c 0.45 
mol%  Ta2O5

Table 1  Density and porosity values of sintered pure and co-doped 
10ScSZ

Ta2O5 (mol%) Relative density 
(± 0.5%)

Apparent porosity 
(± 0.3%)

Phase composition

- 97.5 0.6 β
0.25 95.9 1.2 β + c
0.35 95.6 1.2 β + c
0.45 97.9 1.4 c

3922 Ionics (2022) 28:3919–3926
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Ionic conductivity

Figure 5a shows [−Z″(w) × Z′(w)] plots of co-doped 10ScSZ 
specimens, where −Z″(w) stands for the imaginary and Z′(w) 

for the real components of the impedance. The temperature 
of measurement was 406 °C, and the impedance compo-
nents were normalized for specimen dimensions. Numbers 
in these plots are the relaxation frequencies (Hz). Similar 
shape is exhibited by all impedance plots comprising a 
large arc at high frequencies, attributed to the bulk or grain 
resistivity, a low intensity arc in the intermediate frequency 
range, assigned to the grain boundary resistivity, and a low 
frequency spike, due to reactions at the electrolyte/electrode 
interface. The resistivity of each constituent of the electro-
lyte (bulk and grain boundary) was determined in the real 
intercept at the low frequency side of every component, and 
the relaxation frequency, f, obtained at the maximum ampli-
tude of arcs is characteristic of the corresponding phenom-
enon [25]. Some degree of overlapping is seen in these plots 
between the bulk and the grain boundary arcs.

Arrhenius plots of total electrolyte conductivity (bulk and 
grain boundary) in the low temperature (≤ 550 °C) range are 
shown in Fig. 5b. Experimental data are represented by sym-
bols and lines are the fitting. The sintered specimens display 

10 m

10 m

10 m

(a)

(b)

(c)

Fig. 3  FEG-SEM micrographs of a 0.25, b 0.35, and c 0.45 mol% 
 Ta2O5-doped 10ScSZ
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Fig. 4  a Room temperature XRD patterns of pure 10ScSZ and 
co-doped specimens, and b Rietveld refinement of the 0.45 mol% 
 Ta2O5-doped 10ScSZ
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a single straight line with an average activation energy value 
of 1.32 ± 0.08 eV, which agrees with previous reports on 
other co-doped systems [7, 11, 12]. In the restricted tem-
perature range of measurements, the conductivity of pure 
10ScSZ and that of co-doped specimens greatly differs. 
Pure 10ScSZ exhibits very low conductivity values consist-
ent with that of the β-rhombohedral phase. In contrast, co-
doped specimens exhibit higher values of ionic conductivity, 
achieving a maximum for 0.45 mol%  Ta2O5-doped 10ScSZ 
specimen. At 400 °C, for example, the total electrolyte con-
ductivity amounts 0.00247 (10ScSZ), 0.0493 (0.25 mol%), 
0.127 (0.35 mol%) and 0.464 mS·cm−1 (0.45 mol%).

The evolution of the relaxation frequency of the bulk, 
fb, is plotted in Fig. 6 for pure and co-doped 10ScSZ speci-
mens in the same temperature range (up to ~550 °C). For-
merly, this type of plot was used to highlight the closeness 
among the different components of total impedance [25]. 
In this case, this plot is utilized to evidence the progress of 
the relaxation frequency with the process of cubic phase 
stabilization. Different specimens with 0.45 mol%  Ta2O5 

(represented in this figure with dissimilar symbols) were 
measured to ensure reproducibility. At any fixed tempera-
ture, it may be noted the large increase of fb with increasing 
co-dopant content. That increase is very large from pure 
10ScSZ to 0.25 mol%  Ta2O5-doped 10ScSZ and slows down 
with additional increase of the co-dopant content. This kind 
of evolution of fb suggests saturation when the cubic phase 
is fully stabilized, and a straight relationship between this 
parameter and the concentration of oxygen vacancies avail-
able for conduction. These findings are further evidences of 
changes promoted by incorporation of tantalum oxide in the 
bulk of 10ScSZ.

The  pO2 dependence of the total electrical conductivity at 
600, 700, and 800 °C of the 0.45 mol%  Ta2O5-doped 10ScSZ 
specimen is shown in Fig. 7. Typical ionic behavior with 
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wide electrolytic domain is seen in these plots, evidencing 
no change of valence of the co-dopant even in severe reduc-
ing environments, such as that at the anode side of solid 
oxide cells.

It is generally recognized that introduction of a donor 
dopant or co-dopant into the zirconia lattice may lead to 
undesirable effects, such as reduction of the concentration 
of oxygen vacancies available for conduction and/or increase 
of the electronic conductivity with simultaneous decrease of 
the activation energy. In this case, those undesirable effects 
may be occurring, but simultaneously with the advantageous 
effect of cubic phase stabilization. In addition, considering 
the small amount of the co-dopant, those undesirable effects 
should be negligible. Other issues to be taken into account 
are cation coordination and interstitial oxygen occupancy in 
co-doped ceramics, along with reduction of defect associa-
tion. The latter was found in co-doped cerium oxide by high-
temperature oxide melt solution calorimetry, accounting for 
the high ionic conductivity of the doubly doped system [26]. 
All these features are able to change the ionic conductivity 
of solid electrolytes, and additional studies on both experi-
mental and modeling are worth to clarify their exact role in 
co-doped zirconia-scandia.

Figure 8 depicts Arrhenius plots of the bulk conductivity 
in the intermediate temperature range. The bulk conductivity 
of pure and co-doped 10ScSZ specimens exhibits interesting 
features. For temperatures up to ~600 °C, pure, 0.25, and 
0.35 mol%  Ta2O5-doped 10ScSZ display a jump in the con-
ductivity, whose magnitude and temperature depend upon 
the co-dopant content. That jump is barely seen for the 0.35 
mol%  Ta2O5-doped 10ScSZ specimen, whereas it amounts 
more than two orders of magnitude for pure 10ScSZ. Then, 

the lower is the fraction of co-dopant, the higher is the tem-
perature and the magnitude of the jump in conductivity. For 
temperatures above approximately 600 °C, the ionic conduc-
tivity of different specimens converges, and becomes similar 
under experimental uncertainties. This is probably due to the 
very low amounts of the co-dopant in 10ScSZ, and because 
at such temperature and above, the ionic conductivity cor-
responds to that of the cubic phase for all specimens.

The higher total ionic conductivity reported for several 
trivalent co-dopants (1 mol%) in 10ScSZ was found for 
 Yb2O3 (14 mS·cm-1 at 600 °C [12]). In this case, neglect-
ing the grain boundary contribution that is marginal for 
 Ta2O5-doped 10ScSZ (see Fig. 5a), the grain conductivity 
determined from Fig. 8 at 600 °C amounting 14.3 mS·cm−1, 
is similar to that of ytterbium co-doped zirconia-scandia.

The ionic conductivity and the activation energy for the 
bulk may be considered similar to the total conductivity, in 
the 700–800 °C range, since the blocking of charge carri-
ers at grain boundaries vanishes [11, 25]. Activation energy 
values determined in the 700–800 °C are 0.64 ± 0.05 eV 
corresponding to the oxygen vacancy migration energy, in 
agreement with previous reports [10, 11].

The overall results evidence the positive effects of tanta-
lum oxide for stabilization of the cubic phase at room tem-
perature and to increase the ionic conductivity of scandia-
doped zirconia at low temperatures. Moreover, co-doped 
specimens with 0.45 mol% reveal high ionic conductivity 
even in reducing  pO2, without reduction of the conductiv-
ity at intermediate temperatures. These findings turn this 
new co-doped system a candidate for application as solid 
electrolyte in solid oxide cells operating at intermediate 
temperatures.

Conclusions

Reduction of the enthalpy associated to the cubic ⇌ 
β-rhombohedral phase transformation of 10ScSZ was 
obtained with increasing amounts of tantalum oxide. Full 
stabilization of the cubic phase at room temperature was 
achieved with only 0.45 mol%  Ta2O5. The co-dopant was 
also responsible for increasing the ionic conductivity of 
10ScSZ in the low temperature range. The 0.45 mol% 
 Ta2O5-doped 10ScSZ showed a high resistance to reduction 
up to 800 °C in a wide range of oxygen partial pressures, 
ensuring the ionic character of the conductivity.
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