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Abstract
8 mol% yttria-stabilised zirconia, 8YSZ, ceramic is an oxide ion conductor at atmospheric pressure
but shows the onset of p-type semi-conduction, in addition to the pre-existing oxide ion conduction,
on application of a dc bias in the range 4 – 66 Vcm-1 and at temperatures in the range 150 – 750 °C.

The p-type behaviour is attributed to the location and hopping of holes on oxygen. This contrasts with
the commonly-observed introduction of n-type conduction under reducing conditions and high fields.

The hole conductivity increases with both dc bias and pO2. Its occurrence may contribute to the early
stages of flash phenomena in 8YSZ ceramics.
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Yttria-stabilised zirconia (YSZ) shows high oxide ion conduction at elevated temperatures and is one
of the most important ceramic electrolytes in solid oxide cells (SOCs)1,2. YSZ shows high chemical
and thermal stability at high temperatures, without degradation, in contact with the anode or cathode
in SOCs3,4. The electrolytic domain of YSZ is very wide and extends in reducing atmospheres down
to a pO2 value of ~10-20 atm5. At lower pO2, the onset of n-type electronic conduction occurs5 and is
associated with loss of oxygen from the ceramic, which can be described using Kröger-Vink notation
as, ideally:

(1)

At higher pO2, YSZ is certainly stable to ~1 atm of O2; the possible onset of p-type conduction at
higher pO2 is not well-established, mainly due to the difficulty of performing conductivity
measurements at high oxygen partial pressure. Nevertheless, in the p-type region it is assumed that the
reverse of mechanism (1) would occur by the idealised reaction:
(2)

It was shown recently that electronic conduction can be introduced into Y-doped ZrO2 under the
action of a small dc bias at high temperature6,7. Similar conductivity increases had been observed in
other acceptor-doped systems such as Mg- or Zn-doped BaTiO3 perovskite8–11 but in those cases, the
conductivity was also sensitive to pO2 in the surrounding atmosphere, from which it was possible to
determine that the carriers were p-type. As far as we are aware, there are no reports on the possible
sensitivity of the conductivity of 8YSZ to higher values of pO2.
It was assumed, but not proven, that the electronic conductivity introduced into 8YSZ under a small
dc bias was p-type6. In a typical test using two terminal impedance measurements to study the effect
of dc bias on electrical properties, the impedance response is expected to be different at the two
electrodes. At the positive electrode (anode) where the oxygen reduction reaction (ORR) occurs,
electrons from the sample are attracted to the electrode, leading to either trapping of any mobile
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electrons and reduction in associated n-type conductivity or to ionisation of redox-active elements in

Accepted Article

the sample and a possible increase in associated p-type conductivity. In the ceramics literature,
although it is widely assumed, but rarely proven, that the redox-active elements responsible for p-type
conductivity are unavoidable impurities such as Fe, recent results on doped titanate perovskites point
to under-bonded oxide ions as the source and location of holes8–10.
At the negative electrode, where the oxygen evolution reaction (OER) occurs, electrons may be
injected into the sample as a consequence, for instance, of oxygen loss, leading to n-type conductivity.
In practice, one or other of these two possible electrode processes may dominate in response to a dc
bias, or both may occur simultaneously. As yet, there are no well-established guidelines on the
response of samples, at the two electrodes, to a small dc bias, although at higher fields, irreversible
changes are likely to commence once the effective decomposition potential of a sample is exceeded.
In considering the effects of varying pO2 in the atmosphere surrounding a sample, the explanation of
any change in electrical properties should be clear since a single, uniform response across a sample
surface is expected to occur. For ceramic oxides that exhibit a modest amount of electronic
conductivity, this may allow an unambiguous identification of n- or p-type behaviour in the case of
extrinsic conductivity or indeed, of possible intrinsic behaviour if no conductivity changes are
detected.
In the studies on acceptor-doped BaTiO3

8–10

, atmosphere tests indicated p-type behaviour and

therefore, it was concluded that the dc bias-induced changes responsible for enhanced p-type
conductivity were dominated by reactions at the anode. For 8YSZ, the question remains open since,
although Y3+ (with lower formal charge than Zr4+) may be regarded as an acceptor dopant, giving rise
to under-bonded oxygen ions and possible p-type behaviour, it is also clear that YSZ can lose oxygen
under highly reducing conditions leading to n-type behaviour. Studies on the grain size distribution in
YSZ ceramics subjected to high constant voltage or current at 1300 °C in an atmosphere of 5% H2
were interpreted in terms of a non-linear distribution in oxygen potential through the sample, allowing
observation of the cathodic and anodic regions from a discontinuity in grain sizes 12. The contributions
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of various current carrying species, including O- ions, as well as electrons, holes and O2- ions were
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considered13.
In recent years, the flash sintering (FS) technique has been developed as a consequence of
simultaneously exposing solid materials to high voltage and heat14–16. FS has attracted much attention
due to the dramatic decrease of furnace sintering temperature and the short times needed to obtain
high density materials. Following its discovery using powders, ceramics and single crystals of
YSZ17,18, it has been used to sinter a wide range of materials19–22. The mechanisms that occur during
flash are still under debate, although certainly, samples show a dramatic increase of both temperature
and conductivity during the flash event and less dramatically, in a premonitory period before the onset
of flash. The increase in conductivity is electronic in nature and the associated increase in sample
temperature is attributed to Joule heating

19,23–27

. What is unclear is whether additional changes in

intrinsic properties of the material occur in response to the bias, leading to an enhanced Joule heating
effect, rapid sintering and associated luminescence; there continues to be debate as to whether
electroluminescence occurs28 or whether the observed luminescence is caused by black body
radiation29.
The aim of the present work has been to investigate further the effect of both atmosphere and a small
dc bias, simultaneously, on the electrical properties of 8YSZ.
Experimental
8YSZ powders [submicron powder, 99.9 % trace metals (purity excludes ~2% HfO2), Sigma-Aldrich],
without added binder, were pressed uniaxially at 200 MPa and fired at 1550 °C for 5 h in air, with
heating and cooling rates of 5 ºC/min. Pellet dimensions were ~6 mm diameter, ~2 mm thickness and
densities were  97 %.
For electrical property measurements, electrodes were fabricated by the application of Pt paste to
opposite pellet faces, which was dried and hardened at 900 °C for 2 h. Samples, with their electrodes
stuck to strips of Pt foil, were attached to the Pt leads of an in-house conductivity jig and their
impedance measured using an Agilent 4294A impedance analyser over the frequency range 40 Hz to
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3 MHz with an ac voltage of 0.1 V. Isothermal impedance measurements were made in flowing N2,
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air or O2, with pO2 values of approx. 10-2, 0.2 and 1 atm., respectively, over the temperature range 150
to 750 °C. For selected temperatures, a small dc bias, in the range 1-16 V, was applied across the
sample at the same time as impedance measurements were made. The small applied voltages
corresponded to voltage gradients of ~ 4-66 Vcm-1.
Impedance data were corrected for the blank cell capacitance, the series jig resistance, the pellet
thickness and electrode contact area. Therefore, resistance and capacitance data are reported using
resistivity and permittivity units of Ω cm and F cm-1, respectively. Corrected data were analysed and
modelled using Zview (Scriber Associates Inc.) software.
Results and Discussion
Since it is well-known that YSZ may suffer from blackening when exposed to high electric fields 30,
preliminary tests were made to see the effect of an applied dc bias at 658 °C on the appearance of
ceramic samples. Results are shown in Figure 1. With an applied bias of 16 V (~70 V/cm), sample A
shows no sign of coloration of pellet surfaces after cooling the pellets to room temperature. With 19 V
bias (~80 V/cm), however, sample B shows a mild-yellow coloration which is not uniformly present
across the pellet surfaces. With 24 V bias (~100 V/cm), sample C shows obvious blackening, some of
which extends through the ceramic interior of fractured sections (not shown).
Blackening of YSZ has been reported on several occasions previously, although it is also widely
recognised that it is not easy to reduce 8YSZ30–32. A number of investigations have been performed to
clarify the nature of the blackened material, most of them at room temperature, but the chemical
nature of blackened zirconia is unclear and is still under discussion33–36, although specific blackening
at the cathode has been identified37. Since evidence of coloration and blackening was seen with
applied voltages of 18-24 V, impedance measurements were made with lower voltages, in the range 1
to 16 V, to reduce possible influence of sample reduction. However, the possibility of sample
reduction during impedance measurements at a combination of high temperatures, >750 °C and low
voltages, < 16V cannot be discarded. An explanation for blackening is given37 in which blackening
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commences at the cathode, extends to cover the whole sample and then largely disappears on removal
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of the bias after flash. The results shown in Figure 1c are consistent with the occurrence of the
blackening seen in 8YSZ single crystals, but showed some residual black spots at the end of the
experiment.
Impedance data for 8YSZ ceramic, measured in air, are shown in Figure 2 as

complex plane plots

at two temperatures, 430 and 558 °C (inset). An ac signal of nominally 100 mV was used for initial,
zero-bias impedance measurements. Subsequently, a dc bias of up to 16 V was applied and the
impedance measurements repeated after a lapse of 10 minutes to allow samples to equilibrate and
impedance values to reach an approximate steady state. Finally, the dc bias was removed and the
impedance measurements repeated.
With no dc bias, the impedance complex plane plot at 430 °C shows three features, Figure 2: a partial
arc at high frequency attributed to the bulk response, a second arc at intermediate frequency attributed
to the grain boundary and an inclined spike at low frequency attributed to the sample-electrode-air
interface. Resistance values of the bulk,
intercepts on the real,
and

, and grain boundary,

, were obtained from the

impedance axis. The total sample resistance, obtained from either the sum of

or the intercept of the spike on the

axis, had a value of ~10 kΩ cm. At 558 °C (inset),

the impedance data were similar to those at 430 °C, but, due to the increase of temperature and with
the limitations of the available frequency range used, a separate value for the bulk response was not
observed. The total resistance had a value of ~900 Ω cm.
Impedance data were strongly sensitive to a small dc bias, in the range 1-16 V, Figure 2; similar
behaviour has already been observed for Y-rich compositions in the ZrO2-Y2O3 system7. Application
of a dc bias had two effects on the impedance data: (i) the total impedance shifted to lower
resistances, whilst maintaining the overall features of the complex plane plots and (ii) the low
frequency spike collapsed drastically to give a small depressed arc. Both effects were fully reversible
on removal of the dc bias, as shown in Figure 2. The decrease in total resistance was voltagedependent at both temperatures, but was more pronounced at higher temperature.
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The effect of 12 V dc bias on total sample resistance at 558 °C in the three atmospheres of N2, air and
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O2 is shown in Figure 3. The system was allowed to stabilise for 1 hour in each atmosphere before
impedance data were collected on application of a dc bias. In each atmosphere, the total sample
resistance decreased rapidly before levelling off but required several minutes to reach a steady state
resistance; in O2, in particular, approximately 25 minutes were required to reach a steady state. The
resistance decrease was greater with increasing pO2 and is therefore attributed to an increase in hole
concentration. On removal of the bias, in each atmosphere the sample fully recovered its original
resistance value within a few minutes.
These impedance data indicate that a dc bias induces electronic conduction in 8YSZ, which therefore
becomes a mixed conductor. Transport number data for holes and oxide ions in the mixed conducting
region were obtained from fits of impedance data to the equivalent circuits shown in Figure 4. In the
absence of dc bias, impedance data fitted well the circuit shown in (a) which contains seriesconnected bulk, grain boundary and electrode-sample contact impedances. Fits are shown for one
example in (a); residuals between experimental and fitted data are shown in (c).
In order to model the effect of a dc bias and the introduction of an electronic conduction pathway in
parallel with the ionic conduction, additional resistances were placed in parallel with sample and
electrode resistances in the equivalent circuit, (b). It was clear from both the collapse of the electrode
spike and the reduction in overall resistance that these modifications to the equivalent circuit were
necessary. A resistance Re was placed in parallel with both bulk and grain boundary impedances to
represent electronic conduction in YSZ; a second resistor, Rw,e, was connected in parallel with the
sample-electrode constant phase element (CPE) to model the finite dc resistance at the electrode
interface, as shown in (b). The value for Re was obtained from the reduction in sample resistance that
occurred on application of the dc bias.
The electronic transport number,
and

, is given by the relation,

, where

. Transport number data are summarised in Figure 5 for measurements in

three atmospheres at 558 °C as a function of applied bias. It can be seen that, for instance, the
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electronic transport number increased from

, at 0 V/cm bias to values in the range 0.5 to 0.7
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depending on pO2 with a bias of 16 V (66 V/cm).
These results demonstrate clearly that 8YSZ becomes a p-type mixed conductor on application of a
small dc bias. Because it is p-type, the main changes under these conditions that have influenced the
conductivity are focused on the anode region. The only realistic location of holes in 8YSZ is on
oxygen; in practice, a hole on oxygen in a crystal lattice may be regarded as an O- ion. In order to
create holes on lattice oxide ions, a requirement is that those particular oxide ions should ionise
readily.
An essential feature of the O2- ion that helps to explain easy hole creation is that, whereas the O2- ion is
thermodynamically unstable in the gas phase, it is stabilised in crystal lattices by the increased lattice
energy associated with divalent O2- ions compared with that for (hypothetical) structures containing
monovalent O- ions. Consequently, O2- ions in a crystal lattice that are at sample surfaces, grain
boundaries, or in local defect environments in which they are surrounded by an effective positive
charge of less than 2+, may be regarded as under-bonded. Depending on the degree of under-bonding,
they may either ionise readily in response to increasing pO2 or a dc bias or ionise spontaneously
without the need for an external stimulus. It appears that, for 8YSZ, a simple change in pO2 alone is
insufficient to ionise under-bonded oxide ions whereas this can be achieved by application of a dc
bias. However, previous studies on Y-rich YSZ compositions7 showed that with increasing Y content,
such as in 50YSZ, p-type conduction could be introduced by increasing pO2 as well as with a dc bias.
The effect of pO2 and dc bias on the electronic conductivity of 8YSZ may be interpreted using Figure
6. 8YSZ is, of course, an oxide ion conductor whose properties, when it is used as the electrolyte in
SOCs, are in the electrolytic domain. But, with increasing pO2 and at the same time as a dc bias is
applied, YSZ gradually enters the p-type domain, giving rise to the observed mixed oxide ion / p-type
conduction.
The effect of increasing pO2 alone (max. 1 atm.) is insufficient to introduce significant levels of p-type
semiconductivity in 8YSZ, but with an applied bias, the electronic conductivity increases, Figure 2
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and the increase is greater with increasing pO2, Figure 3. Equation (2) indicates one simple case of
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how gas phase O2 molecules may adsorb on sample surfaces, dissociate and ionise to form O2- ions;
other possibilities include formation of peroxide ions O22- and superoxide ions, O2- by a similar
mechanism, but without dissociation of the O2 molecules. Since holes on lattice oxide ions are created
by this process, as evidenced by the increased p-type conductivity, equation (2) may be extended to
included singly-ionised lattice oxide ions as the hole location sites, with for instance either surface Oions or superoxide ions as the product derived from the gas phase, as follows:

(3)

or

(4)

Note that, although we use Kröger-Vink notation to indicate the site location and formal charge on
species that occupy regular lattice sites, it is unclear how the formal charge on surface species,
labelled by (s) should be represented; we therefore specify the expected free ion charges for the
surface species shown in equations (3) and (4). Since it is proposed that only partial oxidation of
under-bonded lattice oxide ions occurs, it is also probably more realistic that the gas phase oxygen
molecules are only partly reduced in the process, equations (3,4), rather than fully reduced as in
equation (2).
The changes in conductivity on applying or removing a dc bias, Figure 3, are not instantaneous. The
processes indicated by equations (3,4) are initiated by, but are not limited to, reactions at the samplegas interface; they also involve changes in the oxygen stoichiometry of the sample interior, especially
at longer times. These changes are clearly distinct from those associated with the oxygen loss that
may occur under severely reducing conditions, equation (1), which would lead to reduction in sample
oxygen content and n-type behaviour. The conditions under which the two possible types of oxygen
non-stoichiometry occur in practice remain to be resolved.
Since the onset of p-type conduction is the response first seen on application of a small dc bias that
does not exceed the practical decomposition potential of YSZ, it is tempting to conclude that this also
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represents the first step in the increased conductivity associated with flash sintering. This may be true
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for YSZ, but a wide range of other materials can also be flash-sintered, many of which may be n-type
prior to application of a bias. However, additional components of the flash sintering process remain to
be identified, in particular, at the temperatures and voltages used in typical flash experiments (750 °C,
150 V/cm)17 which are higher than those used here (558 °C, 50 V/cm). Thus, it was shown that the
temperature of onset of flash sintering 3YSZ and an associated rapid increase in its conductivity, both
increased with increasing pO224. The implication was that oxygen loss and the creation of negative
electronic charge carriers were responsible24, in contrast to the present report of enhanced p-type
conductivity that was associated with increasing pO2.
The increases in conductivity associated with application of a dc bias during flash sintering are
usually attributed to Joule heating26,38. We note an additional contributing factor which may affect
quantitative analysis of the Joule heating effect: in the present case, the samples exhibited a change in
conduction mechanism from purely oxide ion conduction to mixed ionic–electronic conduction which
depended on both atmosphere and the magnitude of the dc bias. These changes will lead to a nonArrhenius dependence of sample total conductivity on temperature and in particular, to an accelerated
increase in sample conductivity associated with the effective increase in carrier concentration.
Conclusions
8YSZ is an oxide ion conductor under normal conditions of use at atmospheric pressure, but on
application of a small dc bias during impedance measurements, it becomes a mixed conductor due to
the introduction of p-type semiconductivity. The p-type behaviour appears to be associated with
uptake and possible dissociation of oxygen molecules at the sample-positive electrode interface where
the oxygen atoms or molecules pick up electrons from underbonded O2- ions to form O- species, which
are equivalent to holes trapped on oxygen. The resulting hole conductivity increases with both dc bias
and pO2 and leads to an increase in Joule heating of the sample which may contribute to the early
stage in flash sintering 8YSZ.
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Figure captions
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Figure 1. Effect of the application of (A) 16 V (~70 V/cm), (B) 19 V (~80 V/cm) and (C) 24 V (~100
V/cm) to 8YSZ samples at 658 °C.
Figure 2. Impedance complex plane plots at 430 and 558 ºC (inset) before and after different voltages
are applied for 10 minutes.
Figure 3. Resistance at 558 ºC as a function of time and atmosphere, on application and removal of
12 V (~50 V/cm) dc bias.
Figure 4. Experimental and fitted data for impedance complex plane plots and residuals at 430 ºC
before (a,c) and (b,d) after application of 12 V dc bias (~50 V/cm).
Figure 5. Transport number as a function of voltage applied at 558 ºC.
Figure 6. Schematic ionic and electronic conductivity domains as a function of pO2.

This article is protected by copyright. All rights reserved.

Accepted Article
This article is protected by copyright. All rights reserved.

Accepted Article
This article is protected by copyright. All rights reserved.

Accepted Article
This article is protected by copyright. All rights reserved.

Accepted Article
This article is protected by copyright. All rights reserved.

