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Electrical properties of calcia-stabilised zirconia ceramics: Voltage-induced

p-type conductivity and oxygen redox activity
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A B S T R A C T

The electrical properties of oxide ion-conducting Ca0.15Zr0.85O1.85, CSZ, ceramics were investigated using

impedance spectroscopy as a function of temperature and applied dc bias. The total resistance showed a time-

dependent decrease during application of a dc bias and was attributed to the reversible introduction of p-type

semiconductivity, initially at the sample surface followed by grain boundaries and the sample bulk. Electron holes

may be located on under-bonded oxygen ions which are associated either with Ca dopant ions or the ceramic

surfaces and interfaces, resulting in mixed oxide ion and p-type electronic conduction. This p-type behaviour with

a dc bias is different from the behaviour of most well-studied, stabilised zirconias which become n-type mixed

conducting due to oxygen loss at low pO2.

1. Introduction

Cubic stabilised zirconias such as yttria-stabilised YSZ and calcia-

stabilised CSZ are well-known oxide ion conductors [1]. The limits of

their electrolytic domain, Fig. 1, have been studied, especially with ev-

idence of n-type conduction at low pO2 associated with oxygen loss and

electron injection into samples. Although it is expected that these zir-

conias would also show the opposite behaviour at high pO2 associated

with the onset of p-type conductivity, there are few well-documented

reports of its occurrence, possibly because of the difficulty in accessing

a suitable, wide range of high pO2 values. The possibility of p-type con-

duction in CSZ was predicted at very high pO2 [2] but has not been

confirmed experimentally. In YSZ, p-type conductivity was shown by

impedance measurements in atmospheres of varying pO2, but only in

compositions with high yttria content [3] and not in compositions such as

YSZ8 which are the most widely studied and used for various

applications.

Impedance measurements made at the same time as a dc bias is

applied can provide information on Schottky barriers [4] and help to

distinguish between material-based impedances and those associated

with potential barriers. They can also give information on the current

carriers in a sample produced as a result of field-induced ionisation

processes [5–10]. For example, it was shown that p-type

semi-conductivity was induced in ceramics of YSZ8 under the action of a

dc bias as small as 1 V which increased to the extent that, at 556 �C and

with a field of 43 Vcm-1, a transport number of approximately 0.5 was

obtained for both the electronic and oxide ion conducting components

[10]. Many of the applications of fluorite-based oxides, such as solid

electrolytes in fuel cells and oxygen sensors, depend on an oxide ion

transport number of unity and therefore, the effects of a dc bias can have

practical consequences for the accuracy of measurements as well as

acting as a source of valuable scientific information.

The occurrence of p-type conductivity in ceramic oxides under certain

circumstances is widely recognised although there is little general dis-

cussion about the possible location of the holes. Given that the p-type

conductivity is usually thermally-activated, the holes must be located on

atomic species rather than delocalised in a band structure. In a material

such as YSZ or CSZ, it is not realistic to expect the holes to be located on

Zr, Y or Ca since these are already present in their maximum valence

states. Unless unavoidable redox-active impurity ions are present, and in

sufficient concentration to give rise to measurable p-type conductivity,

the unavoidable conclusion is that the holes are located on oxygen, giving

rise to O- ions [5–10].

As far as we are aware, the only examples of p-type conductivity in

zirconia-based oxides, that has been attributed to holes located on oxy-

gen, are for YSZ8 [9,10] in response to application of a dc bias and Y-rich

YSZ compositions such as YSZ50 in response to both a dc bias and

changing pO2 [3]. Given the general importance of this phenomenon, it is

important to establish how widespread it may be and the con-

ditions/materials in which it may occur. Here we report a first study on
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CSZ and choose one composition, CSZ15, which lies in the range of

stabilised cubic solid solutions. It does, indeed, show evidence of p-type

conductivity, attributable to holes on oxygen, in addition to the majority,

oxide ion conductivity.

2. Experimental

Samples with composition CaxZr1-xO2-x: x ¼ 0.15 (CSZ15) were pre-

pared by solid-state reaction using CaCO3 (99%, Fisher) and ZrO2 (99%,

Aldrich), which were dried overnight at 180 and 1000 �C respectively, as

described previously [11]. Stoichiometric amounts of reagents were

weighed on a Sartorius Entris balance with a tolerance of�0.0003 g. The

mixtures were ground manually with acetone using a pestle and mortar

and heated in alumina crucibles at 1150 �C overnight to decarbonate the

CaCO3 and start the reaction. Next, the powders were reground, pressed

uniaxially into pellets of 10 mm diameter at around 98 MPa and sintered

for 10 h at 1600 �C, by taking the CaO–ZrO2 phase diagram as reference

[12], with a heating and cooling rate of 5 �C/min. Pellet densities were

~93%. Pt paste electrodes were applied to opposite pellet faces and dried

at 900 �C for 2 h, for impedancemeasurements. X-ray diffraction patterns

of crushed pellets were obtained using a STOE STADI P diffractometer

(Darmstadt, Germany), Cu Kα1 radiation. The data were collected over

2θ ¼ 20–80� and compared to the diffraction pattern of cubic zirconia

(PDF card ¼ 01-070-7361) using the JCPDS database. The results, pre-

viously reported [11], confirmed completion of reaction and the forma-

tion of a cubic, stabilised zirconia solid solution.

For impedancemeasurements, electroded pellets were attached to the

Pt leads of an in-house conductivity jig with the facility to vary the at-

mosphere flowing over the pellet. Gases were dried by directing the flow

through a desiccator to avoid the possibility of water absorption and

proton conduction. Impedance measurements were taken between 350

and 850 �C using two impedance analysers: a Modulab XM MTS (mea-

surement accuracy �0.1%), frequency range 100 mHz–1 MHz and an

Agilent 4294A (measurement accuracy�0.08%), frequency range 40 Hz-

1 MHz, with a nominal ac voltage of 100 mV in both cases. In some

measurements, a dc bias in the range 0.5–25 V was applied across sam-

ples, using the dc bias mode, at the same time as impedance data were

recorded.

The dc bias and temperature cut-off profiles are shown in Fig. 2. The

aimwas to register any changes to, or recovery of, the sample both during

application of a voltage and after its removal. In this set of experiments,

impedance measurements were taken at a constant temperature. Two

sets of corrections were made to the collected data: (i) a geometric factor

concerning pellet thickness and sample-electrode contact area and (ii) jig

characteristics consisting of the blank, open circuit capacitance, typically

6 pF and the closed circuit resistance of, primarily, the leads, 1–2 Ω. No

correction to the grain boundary impedance values was made, partly

because of uncertainty over the grain boundary geometry. Resistance

data are therefore reported in resistivity units of ohm cm, even though

the grain boundary values are corrected only for overall sample geome-

try. Data analysis and equivalent circuit fitting was performed using

ZVIEW software (ZVIEW-Impedance Software version 3.5f Scribner

Associates).

For microstructural and elemental analysis, fracture surfaces of

CSZ15 pellets were analysed. The samples were mounted on aluminium

stubs with Ag paste and sputter coated with 10 nm of carbon. Scanning

electron microscopy (SEM) images were taken on a field-emission scan-

ning electron microscope (FEI Inspect F50) using an acceleration voltage

of 15 kV and energy-dispersion analysis of X-rays (EDX) from Oxford

Instruments using 20 kV.

3. Results

3.1. Low temperatures and voltages; 0.5–8 V at 391 �C

The impedance response of Ca0.15Zr0.85O1.85 without voltage appli-

cation at 391�C shows 3 elements, Fig. 3 (black line). The Z* plane (a)

presents, with decreasing frequency, 2 semicircles and a 45� inclined

spike. Replotting the same data as a spectroscopic plot of capacitance vs

frequency (b) shows three regions, two with almost constant capaci-

tances of ~2 pFcm-1 at high frequencies and~ 0.5 nFcm-1 at intermediate

frequencies, and at low frequency, a dispersion reaching ~ 0.3 μFcm-1.

These capacitance values are typical of bulk, grain boundary and sample-

electrode interface impedances, respectively. The presence of a high

capacitance, sample-electrode interface is usually taken as indication of

ionic conductivity and for the case of cubic zirconias, this is attributed to

oxide ions [13].

Seven sets of impedance measurements were then taken sequentially

at the same temperature, 391 �C with a dc bias applied at the same time.

The magnitude of the voltage was increased for each measurement cycle,

ranging from 0 to 8 V. A comparison of impedance data during voltage

application is shown Fig. 3. The three impedance components changed,

but not to the same degree. The major change under these conditions

occurred at the sample-electrode interface. The Z* plane (a) shows that

the low frequency 45� spike collapsed into an arc with resistance Rel

whose size decreased with increasing voltage until, at 8V, it was visible

only as a data point coincident with the low frequency intercept of the

grain boundary arc on the Z’ axis. The log C’ plot (b) shows, with

increasing voltage, a reduction in size of the low frequency dispersion,

Cel, for instance from ~10-7 to ~10-9 Fcm-1 at a frequency of ~0.1 Hz; at

Fig. 1. Conductivity (σ) as a function of oxygen partial pressure (pO2).

Fig. 2. Temperature and dc bias cut-off profile.
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the same time, the data became increasingly noisy.

The changes of the grain boundary response with voltage were not as

obvious as those of the electrode response. With increasing voltage, the

low frequency intercept of the grain boundary arc on the Z’ axis shifted to

the left, indicating a decrease of Rgb. This change is seen more clearly by

comparing the low frequency intercepts of the arc at 0 V (black line) and

8 V (yellow). The log C’ plot (b) shows that the capacitance at interme-

diate frequencies (Cgb) did not change by the voltage application.

For the bulk response, the Z* plane (a) shows that the bulk resistance

Rb, given by the low frequency intercept of the bulk arc with the Z’ axis,

remained the same during voltage application. The log C’ plot shows that

the high frequency response, related to the bulk capacitance, Cb, also

remained unchanged.

The current and voltage profiles registered during this sequence of

stepwise increase in applied voltage are shown in (c). Of particular note is

the current spikes observed on increasing the applied voltage to 1, 2, 3

and 7 V. We attribute the spikes to high fields that are generated initially

by each voltage increment at sample-electrode, grain boundary and grain

interfaces and surfaces and to the progressive ionisation of layers of O2-

ions which extend into the sample interior. The electrons that are liber-

ated in the ionisation processes are responsible for the current spikes and

the holes that remain are responsible for the decrease in resistance of the

different components.

In summary, with application of up to 8 V during impedance mea-

surements at a temperature near 400 �C, the electrode impedance

showed the largest change, followed by a small change to the grain

boundary impedance and little or no change to the bulk impedance. This

result indicates the introduction of a new current pathway that is initially

in parallel with the double layer capacitance Cel and allows the current to

flow easily across the sample-electrode interface whilst also gradually

reducing the resistance of initially, the grain boundaries.

To find out if the changes with dc bias were reversible, two impedance

measurements were taken after voltage cut off, one immediately after the

application of 8 V and the second after a 10 min delay. These measure-

ments are compared to those of the initial state, taken at 0 V before

voltage application, in Fig. 4. The grain boundary resistance had recov-

ered the initial state 10 min after voltage cut-off (a) and the capacitance

had recovered immediately after voltage cut-off (b). The resistance of the

sample-electrode interface, Rel, moved towards its initial state value upon

removing the voltage, but longer times were required to recover the

initial state completely. Accordingly, these results show that the effect of

applying up to 8 V during impedance measurements at ~400 �C is, given

sufficient time, reversible on removing the bias; although recovery of Cdl

is very rapid, recovery of Rgb takes longer.

3.2. Intermediate temperatures and voltages: 4.1–16.5 V at 518 �C

The effect of applying higher voltages for up to 30 min at a higher

temperature, ~500 �C was explored. In order to increase the applied

voltage, a different impedance analyser was needed and the measuring

frequency range changed from 10 Hz to 1 MHz due to instrument limi-

tations. Additional differences from the previous procedure were: (i)

voltage was applied for 30 min prior to impedance measurement fol-

lowed by 30 min of recovery at 0 V before repeat measurements; the

cycle was then repeated at higher voltages, (ii) the magnitude of the

applied voltage increased in steps from 4.1 to 16.5 V (corresponding to

25 to 100 Vcm-1) and (iii) the temperature was increased to 518 �C.

Results are shown in Fig. 5.

The initial response of CSZ at 0 V and 518 �C, given by the black line

on the Z* plane Fig. 5(a), shows a decrease in Rb, Rgbwith increasing field

strength and some indication of an accelerated rate of decrease in Rb and

Rgb at higher voltages. In addition, the electrode spike was much reduced

Fig. 3. Change in the impedance response under the application of 0.5–8 V. (a) Impedance complex plane, and (b) spectroscopic plots of capacitance. (c) Current and

voltage during impedance measurements. Sample thickness 1.03 mm.

Fig. 4. Impedance response at 391�C at 0 V, before and after application of 8 V, shown in Fig. 3.
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in size. Cel drops initially on increasing the voltage from 0 to 4.1V (b),

while no change was observed in Cb and Cgb. The total resistance Rt,

given by Rt ¼ Rb þ Rgb, is shown in Fig. 5(c) and confirms an enhanced

rate of decrease with increasing voltage. After a recovery time of 30 min

from each voltage cut off, Rt had almost recovered its initial state. These

results indicate that the voltage-induced changes are still reversible after

the application of up to 16.5 V for 30 min at ~500 �C.

The time dependence of the measured impedance, both during

voltage application and after its removal at 518 �C, was recorded; the

main changes occurred during the first min, as shown for the example of

9.1 V in Fig. 6. The time dependence during voltage application is rep-

resented by the “ON” state, (a)-(b); Rt decreased by ~2 kΩcm after 1 min

and by an additional ~0.3 kΩcm after 30 min (a). After voltage cut-off,

presented as the “OFF” state in (c)-(d), Rt increased from ~31.5 kΩcm

to ~32.8 kΩcm during the first min and after 30 min, had recovered the

initial value of ~33.2 kΩcm. The log C’ (d) plots remained the same after

the first minute in both ON and OFF states. These results indicate that

application of 4.1 to 16.5 V at ~500 �C had an almost instant effect on the

impedance response.

Fig. 5. (a–b) Impedance response at 518�C after 30 min of applied voltage. (c) Total resistance as function of electric field, after 30 min of applied voltage and 30 min

after voltage cut off. Sample thickness: 1.65 mm.

Fig. 6. Time dependence of the impedance response at 518 �C during application (a,b) and removal (c,d) of 9.1 V. Sample thickness: 1.65 mm.
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3.3. High temperature and voltages: 600 and 720 �C and 0–25 V;

combined effect of pO2 and voltage

Prior to voltage application at 600 �C, preliminary impedance mea-

surements were taken under different atmospheres with the furnace

temperature fixed (TF) near 600
�C. However, the temperature reading

from the thermocouple (TT) placed near the sample varied by a couple of

degrees depending on the purge gas. This might be related to the location

of the gas tanks and their exposure to weather conditions and/or to the

manual adjustment of the flow rate and gas pressure. To eliminate the

variation of TT prior to voltage application, the initial value of Rt at 0 V

for each atmosphere was subtracted from all of the results in that at-

mosphere to give a normalised difference in Rt, ΔRt, as function of

applied voltage. Fig. 7 shows the change in ΔRt under N2, dry air and O2

during the application of 0 to 25 V. The results are essentially indepen-

dent of pO2 and show that impedance changes induced by the applied

voltage are independent of any atmosphere-sample interactions.

A fresh pellet was used as a sacrificial sample to observe the micro-

structure near the positive and negative electrodes after applying 25 V for

30 min at 720 �C. Fig. 8 shows SEM micrographs of fracture surfaces and

their corresponding EDS maps. The EDS maps showed an even distri-

bution of Zr and minor traces of Ca segregation around some pores,

which has also been observed in samples without voltage application

[11]. Therefore, no microstructural changes or damage were caused as a

consequence of the applied voltage.

4. Discussion

Composition CSZ15 is an oxide ion conductor under standard con-

ditions, in air at high temperatures [11,15–19]. This paper considers the

effect on the electrical properties of an applied voltage in the range 0.5 to

25 V at temperatures in the range 391–600 �C. As previously reported

[11], the impedance results showed three main electrical components:

the bulk resistance Rb; a grain boundary resistance Rgb; a

sample-electrode capacitive response that may, or may not have an

associated parallel resistance.

The observed voltage effects can be explained in terms of the intro-

duction of p-type conduction with holes localised on under-bonded ox-

ygen ions. An under-bonded oxygen refers to an O2- ion that is located

either near the sample surface or close to an acceptor dopant. In both

such cases, the O2- ion is surrounded by an effective positive charge

smaller than 2þ. From electron affinity data, a free O2- ion, in the gas

phase, is spontaneously unstable relative to an O- ion and an electron. An

under-bonded O2- ion in a crystal lattice or at a surface or interface may,

therefore, either ionise spontaneously under certain circumstances or at

least, have a reduced ionisation potential which allows it to ionise in an

applied field.

Under mild conditions (0.5–8 V at 391 �C), the sample-electrode

response changes rapidly on addition and removal of the bias and is

attributed to the introduction of a parallel conduction pathway across the

sample-electrode interface. The possibility that the charge transfer

resistance associated with the O2-/O2 reaction becomes very small,

allowing resistance-free exchange of oxygen between the ceramic and the

gas phase, is considered to be unlikely. Instead, it appears that an elec-

tronic conduction pathway was introduced, either by electron injection

at the cathode or loss of electrons and hole creation at the anode. It seems

unlikely that cathodic reduction of the sample can occur at voltages as

small as 0.5 V and therefore, we attribute the creation of electrons to

anodic oxidation of oxygen species in an under-bonded environment at

the sample surface. The effect of this is to reduce or cancel the double

layer capacitance at the sample-anode interface.

Also under mild conditions, the grain boundary resistance decreased

with an applied voltage and was recoverable, but more slowly. We

attribute this to the oxidation of under-bonded oxygen species located

within the grain boundaries. The changes in resistance occur more slowly

because of the necessity for diffusion of electrons through the grain

boundaries to the ceramic surface.

Under intermediate conditions (up to 16.5 V for 30 min at 518 �C),

significant voltage-dependent reduction in Rb was also seen. In this case,

we believe that the oxidation of under-bonded oxygen extends into the

ceramic bulk. The timescale for this, and its subsequent recovery, is much

longer than for the changes seen in the grain boundaries and at the

sample-electrode interface.

Since all the changes observed were essentially recoverable on

removing the voltage and holding at the same temperature, we do not

believe that any irreversible changes, such as decomposition of the

sample occurred. Even under harsh conditions (25 V for 30 min at 720
�C), SEM/EDS results, Fig. 8, do not show any evidence of damage to the

sample.

It also appears that, since the voltage-induced changes were inde-

pendent of pO2, Fig. 7, oxygen exchange reactions between sample and

surrounding atmosphere were not the prime cause of the changes. This

supports the proposal that voltage-induced ionisation of under-bonded

O2- ions was responsible and was detected by enhanced p-type conduc-

tivity associated with the O- ions that acted as location of the holes. We

therefore suggest that, in the presence of a dc bias, the initial response

involves under-bonded oxygen ions that give up an electron at the pos-

itive electrode:

OO
x
↔ OO

�
þe’ (1)

4.1. Comparison with the literature

Voltage-dependent resistance of CSZ15 ceramics has been observed

previously, but without mention of the nature of the electronic charge

carriers [20]. The study was performed on symmetrical cells of CSZ15

with oxygen pressures ranging from 1 to 20 atm and application of

voltages from 0 to 6 V at 560 �C. The results showed two regimes,

attributed to different rate-limiting steps [20]. Below 2 V, the resistance

varied with pO2 and was associated with oxygen diffusion through the Pt

electrode. Above 2 V, no pO2 dependence was observed.

Fig. 7. Difference in the total resistance of CSZ15 with voltage application at ~

600 �C in N2, air and O2. Sample thickness 1.03 mm.
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The results presented here are similar in many respects to those re-

ported for YSZ [3,9,10]. Composition YSZ8 showed the onset of elec-

tronic conductivity with an applied bias [10], whereas compositions with

a higher yttria content showed sensitivity to both pO2 and dc bias [3]; at

low bias, the pO2-dependence confirmed the mechanism to be p-type [8].

The occurrence of p-type conductivity with electron holes on O- ions

as charge carriers has been suggested also for Mg-doped alumina

[21–24], SrTiO3 [25] and Mg-, Zn- and Ca-doped BaTiO3 ceramics [5–7].

For the doped BaTiO3 systems, time-dependent impedance measure-

ments showed the growth of a second M’’ peak, which was attributed to

the nucleation of a more conductive new phase, which initiated at the

anode surface and extended into the sample interior as the p-type layer

grew thicker.

5. Conclusions

Ca0.15Zr0.85O1.85 ceramic is an oxide ion conductor under standard

atmospheric conditions but becomes a mixed conductor due to the

introduction of p-type semi-conductivity on application of a small bias

voltage at high temperatures. Three stages were detected, depending on

temperature, time and magnitude of the applied voltage. The first stage

involved rapid electron transfer across the sample-electrode interface

which acted to short-circuit the double layer capacitance associated with

oxide ion accumulation/depletion at the sample surfaces. The source of

the electrons is attributed to ionisation of under-bonded oxide ions at the

anode surface. On removal of the bias, the double layer electrode

capacitance recovered rapidly.

In the second stage, the grain boundary resistance started to decrease

and was subsequently recovered, but more slowly, on removal of the bias.

The resistance decrease was attributed to hole creation by ionisation of

under-bonded oxide ions within the grain boundary regions. A similar

effect was seen in the third stage but now involving the ceramic grains; it

occurred only at higher temperatures and had a longer recovery time

after removal of the bias. The conductivity changes were time-

dependent, especially those involving sample grains, and were attrib-

uted to the long range diffusion of electrons between sample interior and

the surface. There was no evidence of sample degradation, even at the

highest voltage and temperature.

The voltage-induced changes were not influenced by pO2 in the sur-

rounding atmosphere and therefore, were not controlled by oxygen ex-

change reactions at the gas-solid interfaces. They occurred with a bias

voltage as low as 0.5 V; consequently, the resistance decrease is not

attributed to electron injection at the cathode interface but to hole

creation at the anode interface.

These results show that composition CSZ15 is close to the upper pO2

limit of its electrolytic domain and to the cross-over between oxide ion

conduction and p-type semi-conduction.
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