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This paper is devoted to the study of the electrical conductivity of tantalum-doped zirconia ceramics prepared by
spark plasma sintering. In this study, the temperature dependence of conductivity in as-prepared specimens and
in those previously annealed in air is determined and compared. A semi-empirical model, which is based on the
oxidation states of the cations, has been developed and successfully assessed. According to this, the conductivity

is basically controlled by the diffusion of tetravalent zirconium cations in both cases, although the concentration
of these species varies drastically with the amount of induced oxygen vacancies. This is a quite unexpected fact,
since conductivity is normally controlled by anionic diffusion in zirconia ceramics. This option is forbidden here
due to the presence of substitutional pentavalent cations. Therefore, conductivity values are much lower than
those reported in trivalent or divalent substitutional cation doped zirconia ceramics.

1. Introduction

Zirconia ceramics are among the most prominent engineering ce-
ramics. This is due to their good structural properties together with
excellent electrical conductivity when doped with aliovalent cations
such as Mg?", Ca?* or particularly Y>* [1]. The reason for the enhanced
ionic conductivity is explained in terms of the increase of anion va-
cancies produced by the substitutional bivalent or trivalent cations in
the cation sub-lattice for electric charge compensation [2]. The appli-
cability of this system relies on excellent structural integrity as well as
preservation of the good electrical conductivity. As a consequence of
their high oxygen ion conduction, these phases are being widely used in
solid oxide fuel cells [3], high temperature electrolysers [4], gas sensors
and also in the field of electrocatalysis as an electrolytic support in
catalytic applications [5].

In the hope that doping with pentavalent cations would allow the
meta-stability of the tetragonal phase at low temperatures under several
external conditions, such as high stress or chemically aggressive envi-
ronments, the ceramics community has moved their attention to
Zr02-M30s5 systems [6]. They belong to a domain in which the lack of
scientific knowledge is still immense. The most studied system so far is
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the Ta doping zirconia (TazOs-ZrOs), with controversial conclusions
regarding crystallographic aspects and homogeneity range [7-9].

Quite recently, the potential use of spark plasma sintering for the
fabrication of fully dense pieces of Ta-doped zirconia (Ta-ZrO; from
now on) was successfully reported. The specimens were structurally
characterized, particularly their crystallography, oxidation states of the
cations in the as-prepared specimens and in those annealed in air. The
high-temperature plasticity of those samples is extensively discussed in
another publication [8].

This manuscript will cover the lack of information regarding the
electrical conductivity of the SPS-ed Ta-ZrO; and the role played by the
air annealing after sintering. The same type of samples prepared before
[7] are used in this work. We will try to elucidate the role of Ta oxidation
state on the ionic conductivity. It will be emphasized that conductivity is
controlled by the cation sub-lattice, a fact which is quite unusual in
zirconia-based ceramics.

2. Experimental procedure

The experimental procedure for sample sintering was previously
described [7]. For the sake of clarity to the reader, it is important to
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point out some experimental issues which will be necessary for model-
ling afterwards:

Firstly, the SPS-ed specimens of 16 mol%Ta-ZrO, were sintered at
1250 °C for 5 min under 75 MPa external pressure and they turned black
in colour. This is a consequence of the electrochemical blackening
typically observed in doped-zirconia ceramics, which occurs under high
operation DC electric potentials in reducing/inert atmospheres [10], or
also during flash sintering [11] or SPS sintering [12]. The oxidation state
of tantalum is predominantly Ta*" and zirconium is extensively reduced
to Zr>*, which induced additional oxygen vacancies. This is confirmed
by microanalysis of the samples by XPS and XRD, where the amount of
oxygen vacancies was ~19%. We will identify them as “black speci-
mens” or “black set” from now on. Oxygen vacancies compensate the
effective negative charge of the Zr>" cations, i.e. there is one oxygen
vacancy per two cations.

Secondly, several SPS-ed specimens were annealed in air at 1100 °C
for 12 h. These annealed samples turn to get white in colour, a fact which
is clearly associated to the elimination of oxygen vacancies, i.e., increase
of the oxidation state of the cations. Indeed, XPS results show that the
vast majority of tantalum and zirconium are present in the forms Ta>"
and Zr** respectively. We will call them as “white specimens” or “white
set” in what follows. Zr>* cations compensate the positive charge of
Ta* ones, i.e. there is one Zr®" cation per Ta>* one.

Assuming these facts, we have measured the temperature depen-
dence of DC and AC conductivity. DC electrical conductivity measure-
ments were performed using the four-probe method from room
temperature (RT) up to 910 °C using a heating/cooling rate of 2 °C/min.
Specimens were placed into a ProboStat™cell in order to perform the
electrical measurements. A current of £100 mA was applied while the
voltage was monitored. Impedance spectroscopy measurements where
performed on pellets of 10 mm in diameter and 1 mm in thickness.
Platinum electrodes were applied using Pt/Ag paste (ESL9513, Electro
Science) deposited on both sides of the pellet, followed by firing at
900 °C for 1 h. Measurements were performed under argon atmosphere
for the non-annealed sample and under oxygen atmosphere for the
annealed sample. A sinusoidal amplitude of 50 mV was applied, and the
frequency was varied from 500 kHz down to 1 Hz. Samples were firstly
heated up to 900 °C and them measured down to 600 °C at intervals of
about 40 °C. Samples were left for about 1 h to assure temperature
stabilization.

Microstructural analyses were performed on polished surfaces by
scanning electron microscopy (HITACHI S5200, Japan). The grain size
was determined from the SEM pictures. The polished surfaces were
thermally etched.

3. Results and discussion

Fig. 1 (a) and (b) show scanning-electron microscopy images of the
polished surface of the SPS-ed Ta-ZrO, ceramic and after air annealing,
respectively. It can be observed that they are dense since essentially
there are no pores. Grain size distributions fit to lognormal fitting with a
mean grain size ~250 nm in both cases.

Regarding conductivity, the frequency response showed that resis-
tance values are independent of the frequencies at about 1 Hz. There-
fore, these values were taken as the resistance of the samples. The
electrical conductivity versus the temperature ranged from 600 °C to
910 °Cis plotted in Fig. 2 for both samples. Arrhenius-type dependences
fit both sets of data, presenting significantly different activation en-
ergies: air-treated specimens (white sample) give a value of 1.61 eV,
whereas the activation energy for the black sample is much smaller:
0.93 eV. Surprisingly, both conductivities do not numerically differ each
other. Even more, they are essentially the same when the temperature is
approximately T* = 980 K. At temperatures lower than T*, the con-
ductivity in black specimens is higher, and the opposite takes place in
the high-temperature range, i.e. values higher than T*.

This figure is quite remarkable and intriguing. At first sight, a
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Fig. 1. Scanning electron microscopy micrographs of Ta-ZrO, (a) the SPS-ed
specimen and (b) after air annealing. The aspect ratio and mean grain size is
essentially the same for both sets of specimens.
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Fig. 2. Temperature dependence of the electrical conductivity for white (air
annealed) and black (as SPS-ed) specimens. Both sets of data fit to Arrhenius
plots within the temperature range of the experimental set-up. The activation
energies are significantly different: 1.61 eV for white specimens compared with
0.93 eV for the black ones. The temperature of iso-conductivity is indicated
with a dashed vertical line.

classical explanation in terms of oxygen vacancies-driven conductivity
may be the first try. To put into few words, the data fits into Arrhenius
plots with activation energies which are in the order of those for oxygen
diffusion in other zirconia systems.

However, there is a deep inconsistency which has not been
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considered and it makes this system quite singular. If oxygen vacancies
were responsible for the conductivity, the values for the black samples
necessarily should be much higher than those of the white ones at any
temperature. This is because oxygen vacancies are certainly present in
the black specimens whereas they are virtually absent in the white ones.

Explanation is subtler, and it requires a deeper insight into the
oxidation-reduction processes of the different species into play.

Let us assume that oxygen vacancies are not involved into the elec-
trical conductivity, as they are probably accumulated near the surface.
This seems quite surprising at first sight: from a purely theoretical point
of view, the contribution of oxygen vacancies to the conductivity should
not be discarded. However, in this case this contribution seems to be
extremely low according to the experimental pieces of evidence. Indeed,
if there were a contribution of oxygen vacancies, that would reach a
maximum value in black samples at high temperatures. At this tem-
perature range, the conductivity of black specimens would be much
higher than those of white ones. This is contrary to the experimental
facts.

At this regard, it is important to emphasize that the value of the
conductivity of one chemical species does not depend on the activation
energy only. It is also critical the probability of jump to a neighboring
position. In this special case, the formation of oxygen vacancies is not
favored and very probably they will be partially blocked by the presence
of Zr**, which has an effective negative charge. In the case, the fre-
quency of jumps would be quite small.

Therefore, Zr** species are the main responsible for conductivity.
This is consistent if we consider that Zr>* is species playing a role for
charge compensation. Therefore, they are probably associated to posi-
tive species such as Ta>" in white samples or oxygen vacancies in black
ones. In consequence, their mobility must be much smaller compared
with the case of Zr** ones. We will prove that no other assumption can
account for the experimental facts later. The reader must be aware that
Zr** diffusion is equivalent to the motion of Zr** vacancies, because the
formation of interstitials of Zr** is very unlikely. The concentration of
Zr** vacancies is obviously proportional to the amount of Zr**cations.
The Arrhenius term with the enthalpy of formation is included in the
corresponding diffusion coefficient of Zrtt: Dz, [13].

Under these assumptions, the electrical conductivity in white and
black doped ZrO, samples must follow the Nernst-Einstein [14] equation
and it would be given by the following expressions:

DZr:& 2
- o

(2, —x7) Dz (1a)

N
O\vhite = Ecqz (x; —x3) T

N, ,
Oblack = Equ (Xz - x3)

DZr _& 2 ( _ 2N0xa> DZr (1b)

- \T N )

For the sake of simplicity, the meaning of all the mathematical
symbols used in this work are ordered and collected in Table 1.

The condition of electroneutrality in black specimens has been used
in Eq. (1b). In other words, the electric charge of the Zr3* cations per
unit cell, which is given by N¢x,/£2, is compensated by the oxygen va-
cancies present in one unit cell, i.e. NoX,/£. In other words:

Nec o N,
E)@ =2 Ex(, 2)

A straightforward algebra with Eqs (1a) and (1b) allows obtaining
the following relationship:
O\vhite 2 [\%)_X(, —Xr

=1+
N,
OBlack Xz — ZN—;x,,

3)

This equation has strict implications. At sufficiently low tempera-
tures, the concentration of oxygen vacancies is low enough to ensure
that 2Noxo/N¢ < xr. When it happens, Eq. (1) predicts that 6ynire < Gpiack-
On the contrary, at high temperatures: 2Noxo/N¢ > X7, therefore oyni. >
opack- There is one temperature at which both conductivities are the
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Table 1
Glossary of the symbols used in the model developed in this work.
Mathematical Meaning
symbols
Q Volume of the unit cell
Nc Number of cations per unit cell
No Number of oxygen anions per unit cell
X, Fraction of zirconium cations in the unit cell
Xt Fraction of Tantalum cations per unit cell
X3 Fraction of Zr>* cations per unit cell in white samples
X3’ Fraction of Zr>" cations per unit cell in black samples
Xo Fraction of oxygen vacancies per unit cell in the oxygen
sublattice
q Charge of Zr** cations
Dy, Diffusion coefficient of Zr** cations
Qz:r Activation energy of the D,, diffusion coefficient
Qo Formation enthalpy of oxygen vacancies
i 1/KT. T the absolute temperature and k the Boltzmann
constant
Owhite Electrical conductivity in white specimens
Oblack Electrical conductivity in black specimens

same. We will call this the temperature of isoconductivity. Obviously,
the condition for isoconductivity is given by:
ZJZ\Z_ZX"(T*) =x7 4)

The behaviour derived from Eq. (3) is qualitatively in agreement
with the experimental tendency if we consider the temperature T* =
980 K as the frontier between both temperature ranges.

Assuming the usual exponential law for the temperature dependence
of oxygen vacancies, a simple calculation in Eq. (4) provides an acti-
vation energy which results to be Qp = 0.25 eV. This quantity seems to
be rather low if compared with the usual values for the activation energy
measured in yttria-zirconia, for instance, around 3-4 times higher. This
must be intrinsically related to the energy bonding and the singular
crystallography of this system, a crystallographic structure which is
unique in zirconia systems and have an intense intrinsic polarization [9].
The orthorhombic structure of this system displays a large ferroelectric
response.

The value of the activation energy can be confirmed experimentally:
the molar concentration of oxygen vacancies of the black samples at
1250 °C, the SPS sintering temperature, was measured by XPS and it is
reported to be equal to 0.19 [6]. Assuming the classical exponential
dependence for the temperature dependence of the concentration of
oxygen vacancies, the activation energy must be Qyp = 0.22 eV, in good
agreement with the previous independent calculation.

Regarding the activation energy, this model can explain the lower
activation energy measured in the black specimens. In effect, making use
of Eq. (1b) and assuming again an exponential dependence for the
temperature dependence of the oxygen vacancies, the activation energy
can be calculated in a straightforward way:

o dln O—whizeT _
Q.= — T =0z (5a)
/ dln Ublasz 2NOXU /ch- f
= _ =0, — : =0, —— b
Optack op Oz 1= 2N,x/ NchQO 0z T fQo (5b)

Where f is the ratio [Zr®T1/([Zr**]+[Zr*]). Since the molar concen-
tration of oxygen vacancies is 0.19, the ratio can be calculated easily,
and it must give f >~ 0.76. Accordingly, the value of Q' is Q’= 0.91 eV, in
good agreement with the experimental outputs.

The reader could imagine that other options might account for these
experimental outputs. In particular, the option of Zr>* to be responsible
for the electrical conductivity could be proposed at first sight. However,
a simple inspection reveals that this approach must be discarded: in
white specimens the concentration of Zr>* cations is imposed by the
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concentration of Ta®" ones. Thus, this value being constant, the acti-
vation energy for electrical conductivity would be that of the diffusion
coefficient for Zr>*. On the contrary, in black specimens, the concen-
tration of Zr>" cations are imposed by the oxygen vacancies concen-
tration. Since this one increases with temperature, the activation energy
should be much higher: the sum of that for Zr>" diffusion plus the
contribution of Qp. But this is against the experimental facts.

No other option can explain the experimental results to the best of
the authors’ knowledge.

Additional analysis of the EIS measurements was performed. As an
example, Nyquist plots recorded at OCV at 860 °C and 660 °C for both
samples are shown. A simple equivalent electrical circuit composed of a
resistance (R) in parallel with a constant phase element (CPE) was used
to fit the experimental data. A summary of the fitting parameters is also
given in Tables 2 and 3. In terms of total conductivity, these results are in
concordance with the electrical conductivity switch for both samples, as
it was discussed and observed in Fig. 2.

In a typical good ionic conductor such as YSZ (yttria stabilized zir-
conia), the impedance spectra exhibited two semi-circles attributed to
both bulk grains and grain boundaries. The semi-circle at high fre-
quencies corresponds to the bulk and the low frequency contribution
corresponds to the resistance through grain boundaries. In addition,
samples fabricated by SPS significantly reduce the contribution of grain
boundary resistivity in comparison with conventional sintering. This
finding was observed for the YSZ case, where the maximum ionic con-
ductivity of SPS sample could be enhanced by 50% in comparison with a
conventionally sintered sample [12].

According to the well-known impedance analysis for distinguishing
grain/bulk or grain boundaries in ceramics, the typical capacitance
values of the responses for the bulk and grain boundary response are in
the range of 10" F/cm? and 10~ F/cmz, respectively [15]. However,
in our case only one R-CPE element was observed. This can be related
with the crystal structure. For the Ta-doped ZrO, samples, although the
main structure is orthorhombic, it was previously reported that the
Ta-doped ZrO, sample also presents partial transformation from the
orthorhombic to the monoclinic polymorph [7]. Furthermore, the pre-
cipitation of the monoclinic polymorph could explain the absence of
vacancies, induced by the corresponding changes in structural disorder
and local strains. Then, it is reasonable to assume that the conductivity
behaviour could be comparable to that of monoclinic ZrO, [16].

As observed in Table 2, the obtained capacitance values are in the
range of 1071° F/cm? which are consistent with the bulk (gran interior)
[17]. This is also consistent with the results of Kwon et al. for monoclinic
zirconia [16], despite the considerable resistance expected due to the
large portion of grain boundaries in samples with ~250 nm grains. This

Table 2

Experimental results of the resistance, specific capacitance, frequency of the
sinusoidal signal applied in the sample, resistivity and conductivity for the SPS-
ed as prepared specimens (black ones).

Temperature R C v (Hz) Resistivity Conductivity

(°C) (kQ) (Fem™2) (Qcm) (Sem™%)

908 28.1 4.41 x 12,843 2.11 x 10° 4.74 x 107°
10—10

861 51.0 5.15 x 6068 3.83 x 10° 2.61 x 107°
10—10

820 72.1 5.01 x 4408 5.42 x 10° 1.84 x 107
10—10

762 125.4  4.82 x 2631 9.43 x 10° 1.06 x 107°©
10—10

714 189.6  4.88 x 1718 1.42 x 10° 7.01 x 1077
10—10

662 346.0  5.20 x 884 2.60 x 10° 3.84 x 1077
10—10

645 433.8  4.95 x 740 3.26 x 10° 3.07 x 1077
10—10

612 685.0  4.85 x 478 5.15 x 10° 1.94 x 1077
10—10
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Table 3

Experimental results of the resistance, specific capacitance, frequency of applied
the sinusoidal signal, resistivity and conductivity for the SPS-ed and ulterior air
annealing samples (white ones).

Temperature R C v (Hz) Resistivity Conductivity

Q) (kQ) (Fem™?) (Qcm) (Sem™)

905 552.8  8.33 x 34,551  3.77 x 10* 2.65 x 107°
1071

860 207.7  6.38 x 12,001  1.42 x 10° 7.05 x 107°
10—10

808 463.5  8.62 x 3981 3.16 x 10° 3.16 x 107°
10710

760 127.1  6.45 x 1940 8.68 x 10° 1.15 x 107
1071

708 326.4  7.32 x 666 2.23 x 10° 4.48 x 1077
10—10

659 516.5 6.76 x 455 3.52 x 10° 3.84 x 1077
10710

608 1620  7.16 x 137 1.10 x 10° 9.04 x 1078
10710

is also consistent with the oxygen vacancy model, explaining the effect
of the dopant content on the electrical conductivity. Fig. 3 displays the
Cole-Cole plots at two different temperatures values for both types of
specimens. The absence of a second semi-circle suggests that grain
boundaries present no diffusion paths through the grain interior, as
oxygen vacancy depletion regions are associated with grain boundaries.

4. Conclusions

A model based on microstructural analysis of the oxidation state of
metal cations in Ta-ZrO; is proposed. The model can explain the main
features of the temperature dependence of the conductivity in SPSed-
sintered samples as well as those annealed in air. According to this
model, conductivity is controlled by the diffusion of zirconium cations, a
fact which is observed for the first time in zirconia-based ceramics.
Despite this success, there is a challenging question which deserves
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Fig. 3. Cole-Cole plots for both sets of samples at two different temperatures:
(a) 860 °C and (b) 660 °C.
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much attention: the reason why activation energy for zirconium diffu-
sion reaches values as low as 0.25 eV.
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