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I nduced p-type semi-conductivity in yttria-stabilised zir conia
Xavier Vendrell and Anthony R. West

Department of Materials Science and Engineering, University of Sheffield, iM&ieet,

Sheffield, S13JD, United Kingdom.
Abstract

8 mol% yttria-stabilised zirconia, 8YSZ, ceramic is an oxide ion condatt@tmospheric
pressurébut 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 rangé@ Vcm®andattemperatures 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 geducin
conditions and high fields. The hole conductivity increases with both dc bias andtpO

occurrencamay contribute to the early stages of flaslenomena iIBYSZ ceramics.
I ntroduction

Yttria-stabilised zirconia (YSZ) shows high oxide ion conduction at elevated teomasrand is

one of the most important ceramic electrolytes in solid oxide cells ($®GQSZ shows high
chemical and thermal stability at high temperatures, without degradati@montact with the
anode or cathode in SO¥sThe electrolytic domain of YSZ is very wide and extends in reducing
atmospheres down @pQ; value of ~1G° atn?. At lower pQ, the onset of n-type electrani
conduction occufsand is associated with loss of oxygen from the ceramic, which can be

described using Kréger-Vink notatiag ideally:
05 — 0, + V5 +2¢' (1)

At higher pO;, YSZ is certainly stable tol atm of Q; the possible onset of p-type conduction at
higher pO, is not well-established, mainly due to the difficulty of performing condiyt
measurements at high oxygen partial pressure. Nevertheless, in the p-type regisalitrisd

that thereverse of mechanism (1) would occur by the idealised reaction:



10, > 0" +2h @)

It was shown recently that electronic conduction can be introdot®d-doped ZrQ under the
action of a small dc bias at high temperat@r&imilar conductivity increases had been observed
in other acceptor-doped systems such as Mg- or Zn-doped Ba&iOvskité€!? but in those
cases, the conductivity was also sensitive teip@he surrounding atmosphere, from which it
was possible to determine that the carriers were p-type. As far as we arelsavarad no reports

on the possible sensitivity of the conductivity of 8YSZ to higher values of pO

It was assumed, but not proven, that the electronic conductivity introduced into 8YSZaunder
small dc bias was p-typeln a typical testising two terminal impedance measureméntstudy

the effect of dc bias on electrical properties, the impedance respenge=cted to be different at

the two electrodedt the positive electrode (anod&here the oxygen reduction reaction (ORR)
mobile electrons and reduction in associated n-type conductivity or to ionieatietox-active
elements in the sample and a possible increase in associated p-type conductivity. In the ceramics
literature, it is widely assumed, but rarely proven, that the redox-ateivesiets responsible for

p-type conductivity are unavoidable impurities such asbEerecent results on doped titanate

perovskites point to under-bonded oxide ions as the source and location ¥tholes

At the negative electrodejhere the oxygen evolution reaction (OER) occalactrons may be
injected into the sample as a consequence, for instance, of oxygen loss, leadibgdo

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 welligistalduidelines on the
response of samples, the two electrodety a small dc bias, although at higher fields, irreversible
changes ardikely to commence once the effective decomposition potential of the sample is

exceeded.

In considering the effects of varying pi@ the atmosphere surrounding a sample, the explanation

of any change in electrical properties should be clear since a single, urekpaonse across a



sample surface is expectemloccur. This allows an unambiguous identification of n- or p-type
behaviour in the case of extrinsic conductivity or indeed, of intrinsic behaviowcdmductivity

changes are detected.

In the studies on acceptor-doped Bag%®, atmosphere tests indicated p-type behaviour and
therefore, it was concluded that the dc bias-induced changes responsible for eiphypeed
conductivity were dominated by reactions at the anode. For 8YSZ, the question remains open
since, although ¥ (with lower formal charge than Z} may be regarded as an acceptor dopant,
giving rise to under-bonded oxygen ions and possible p-type behaviour, it deglsthat YSZ

can lose oxygen under highly reducing conditions leading to n-type behaviour. Studies on
grain size distribution in YSZ ceramics subjected to high constant voltage entcat1300 C

in an atmosphere of 5%.kere interpreted in terms of a non-linear distribution in oxygen
potential through the sample, allowing observation of the cathodic and anodic regions f

discontinuity in grain sizé$

In recent years, the flash sintering (FS) technique has been developed as a comsafquenc
simultaneously exposing solid materials to high voltage and*HéafFS has attracted much
attention due to the dramatic decrease of furnace sintering temperature gtratttienes needed
to obtain high density materials. Following its discovery using powders, @srand single
crystals of YSZ"18 it has been used to sinter a wide range of mat¥rfdl§ he mechanisms that
occur during flash are still under debate, although certainly, samples show adhacnedse of
both temperature and conductivity during the flash event and less dramaticalpreimonitory
period before the onset of flash. The increase in conductivity is electron@ture and the
associated increase in sample temperature is attributed to Joule K&dfihgvhat is unclear is
whether additional changes in intrinsic properties of the material occur in sesfothe bias,
leading to an enhanced Joule heating effect, rapid sintering and associated lumingsaenice
debate as to whether electroluminescence otcarswhether the observed luminescence is

caused by black body radiatfSn



The aim of the present wokkork has been to investigate further the effect of both atmosphere

and a small dc bias, simultaneously, on the electrical properties of 8YSZ.
Experimental

8YSZ (99.9 %, Sigma-Aldrich) powders, without added binder, were pressed ugiaxidd0
MPa and fired at 1550 °C for 5 h in air, with heating and cooling rates of 5 °(Pwliet

dimensions were ~6 mm diameter, ~2 mm thickness and densitiez @iei%.

For electrical property measurements, electrodes were fabricated by ticatapphf Pt paste to
opposite pellet faces, which was dried and hardened at 900 °C for 2 h. Sampletheivit
electrodes stuck to strips of Pt foil, were attached to the Pt leads of an in-bndsetiwvity jig

and their impedance measured using an Agilent 4294A impedance analyser okegubedy

range 40 Hz to 3 MHz with an ac voltage of 0.1 V. Isothermal impedance measurements w
madein flowing Ny, air or Q, with pQ:values of approx. 1f) 0.2 and 1 atm., respectively, over

the temperature range 150 to 750 °C. For selected temperatures, a small dc bias, in the range
16 V, was applied across the sample at the sameasiimepedance measurements were made.

The small applied voltages corresponded to voltage gradients of ~ 4-66 Vcm

Impedance data were corrected for the blank cell capacitance, the gersisfiance, the pellet
thickness and electrode contact area. Therefore, resistance and capacitaneeejaiead using
resistivity and permittivity units of Q cm and F cm, 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 exposdiigto electric
fields®, preliminary tests were made to see the effect of an applied dc 6&8 4Con the
appearance of ceramic samples. Results are shown in Figure 1. With an apptéd®Mg~70
V/cm), sample A shows no sign of coloration of pellet surfafes cooling the pellets to room
temperatureWith 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 @8 #/cm), sample C



showsobvious blackening, some of which extends through the ceramic interior of fractured

sections (not shown).

Blackening of YSZ has been reported on several occasions previously, althowbadtvisdely
recognised that it is not easy to reduce 8¥S8Z A number of investigations have been
performed to clarify the nature of the blackened material, most of thesorattemperature, but

the chemical nature of blackened zirconia is unclear and is still ursbersdiof? ¢, although
specific blackening at the cathode has been iderifi®ince evidence of coloration and
blackening was seen with applied voltages of 18-24 V, impedance measurements werghmade wi
lower voltages, in the range 1 to 16 V, to reduce possible influence of samlgoreddowever,

the possibility of sample reduction during impedance measurements at a combinddigin of
temperatures, >750 °C and low voltages, < 16V cannot be discakdedxplanation for
blackening is givef! in which blackening commences at the cathode, extends to cover the whole
sample and then largely disappears on removal of the bias after flash. Ttsestesuh in Fjure

1c are consistent with the occurrence of the blackening seen in 8YSZ single crystals, bdt showe

some residual black spots at the end of the experiment.

Impedance data for 8YSZ ceramic, measured in air, are shown in Figst&'@mplex plane

plots at two temperatures, 430 and 558 °C (inset). An ac signal of noniifall;mV was used

for initial, zero-bias impedance measurements. Subsequently, a dc bias ob\ypuwad applied

and the impedance measurements repeated after a lapse of 10 minutes to allow teamples
equilibrate and impedance values to reachapproximatesteady 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 secatdwecmediate frequency
attributed to the grain boundary and an inclined spike at low frequency attributerlgample-
electrode-air interface. Resistance values of the Bylkand grain boundarR,, were obtained

from the intercepts on the real, impedance axis. The total sample resistance, obtained from

either the sum oR, andRg, or the intercept of the spike on theaxis, hac value of ~10 kQ



cm. At 558 °C (inset), the impedance data were similar to those at 430 °C, bid tdeéncrease
of temperature and with the limitations of the available frequency range ssgairate value for

the bulk response was not observed. The total resistancevhh@ of ~900 Q cm.

Impedance data were strongly sensitive to a sdedlias, in the range 1-16 V, Figure 2; similar
behaviour has already been observed for Y-rich compositions in theYZ@R systerf.
Application ofadc bias had two effects on the impedadata: (i) the total impedance shiftto
lower resistances, whilst maintaining the overall features of the complexpgitasend (ii) the
low frequency spike collapsed drastically to givemall depressed arc. Both effects wiedéy
reversible on removal of the dc bias, as shown in Figure 2. The decreais¢ indistance was

voltage-dependent at both temperatures, but was more pronounced at higher temperature.

The effect of 12 V dc b&on total sample resistance at 558 °C in the three atmosiddgsair

and Qis shown in Figure 3. The system was allowed to stabilise for 1 hour iraeaobphere
before impedance data were collected on application of a dc bias. In each atmosphetal t
sample resistance decreased rapidly before levelling off but requiredlsairautes to reach a
steady state resistance; in, @ particular, approximately 25 minutes were required to reach a
steady state. The resistance decrease was greater with increasamgdp©therefore attributed

to an increase in hole concentration. On removal of the bias, in each atmosphere thdéutlgmpl

recovered its original resistance value within a few minutes.

These impedance data indicate that a dc bias induces electronic conduction in 8NISH, w
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 equbiedeits

shown in Figure 4. In the absence of dc bias, impedance data fitted well thestiowuit in (&

which contains series-connected bulk, grain boundary and electrode-sample contact impedances
Fits areshown for one example in (a); residuals between experimental and fitted datevare

in (c).



In order to model the effect ofde bias and the introduction of an electronic conduction pathway
in parallel with the ionic conduction, additional resistances were placed itepaitth sample

and electrode resistances in the equivalent circuit, (b). It was aeatbith the collapse of the
electrode spike and the reduction in overall resistance that these modificatibastuivalent
circuit were necessary. A resistancens placed in parallel with both bulk and grain boundary
impedances to represent electronic conduction in YSZ; a second resigfavaR connected in
parallel with the sample-electrode constant phase element (CPE) to modetatdefresistance

at the electrode interface, as shown in (b). The valuedaraR obtained from the reduction in

sample resistance that occurred on application addhas.

The electronic transport numbesg, is given by the relationt, = ¢,./(o, + 0;), Wwherea, =
1/R, and g; = 1/(Rp + Ryp). Transport number data are summarised in Figure 5 for

measurements in three atmospheres at 558 °C as a function of applied biabelsean that,
for instance, the electronic transport number increaseddyom0, at O V/cm bias to values in

the range 0.5 to 0.7 depending on.pfith a bias of 16 V (66 V/cm).

These results demonstrate clearly that 8YSZ becomes a p-type mixed conductor oncapplicat
a small dc bias. Because it is p-type, the main changes under these conditiong tinfitiezrcel
the conductivity are focused on the anode region. The only realistic location of h@¥S4ris

on oxygen; in practice, a hole on oxygen in a crystal lattice may be regarded amatn®rder

to create holes on lattice oxide ions, a requirement is that those padiddiions should ionise

readily.

An essential feature of the’?@n that helps to explain easy hole creation is that, whereagthe O

ion is thermodynamically unstable in the gas phase, it is stabilised in catsizdd by the
increased lattice energy associated with divalenidds compared with that for (hypothetical)
structures containing monovalent iOns. Consequently, Jons in a crystal lattice that are at
sample surfaces, grain boundaries, or in local defect environments in tvycare 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 increasn@po©



biasor ionise spontaneously without the need for an external stimitlappears that, for 8YSZ,

a simple change in p@lone is insufficient to ionise under-bonded oxide ions whereas this can
be achieved by application ofda bias. However, previous studies on Y-rich YSZ compositions
showed that with increasing Y content, such as in 50YSZ, p-type conduction coulehtedat!

by increasing p&as well as with a dc bias.

The effect of p@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 th
electrolyte in SOCs, are in the electrolytic domain. But, with inanggs® and at the same time

as a dc bias is applied, YSZ gradually enters the p-type domain, giving risetistrved mixed

oxide ion / p-type conduction.

The effect of increasing p@lone (max. 1 atm.) is insufficient to introduce significant levels of
p-type semiconductivity in 8YSZ, but with an applied bias, the electronic condyatistieases,
Figure 2 and the increase is greater with increasing piQure 3. Equation (2) indicates one
simple case of how gas phasgn@lecules may adsorb on sample surfaces, dissociate and ionise
to form G ions; other possibilities include formation of peroxide ion% &nd superoxide ions,

O7 by a similar mechanism, but without dissociation of thenGlecules. Since holes on lattice
oxide ions are created by this process, as evidenced by the increased p-type coneqciitim

(2) may be extended to included singly-ionised lattice oxide ions as the hole |stzsonvith

for instance either surface iOns or superoxide ions as the product derived from the gas phase,

as follows:
=0, + 0§ - 0y + O (3) or
0, + 05 = 0g + 03 (4 4)

Note that, although we use Krdger-Vink notation to indicate the site location anal fdrarge
on species that occupy regular lattice sites, it is unclear how the formgé crasurface species
should be represented; we therefore specify the expected free ion charges for taespadias

shown in equations (3) and (4ince it is proposed that only partial oxidation of under-bonded



lattice oxide ions occurs, it is also probably more realistic that the gas phasshaxydecules

are only partly reduced in the process, equations (3,4), rather than fully reducedquation

).

The changes in conductivity on applying or removing &ids, Figure 3, are not instantaneous
The processes indicated by equations (3,4) are initiated by, but are not toniteaktions at the
sample-gas interface; they also involve changes in the oxygen stoichiomedtry sample
interior, especially at longer times. These changes are clearly distimctifose associated with

the oxygen loss that may occur under severely reducing conditions, which would kxdutteon

in sample oxygen content and n-type behaviour. The conditions under which the twoepossibl

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 dfdc drize

that does not exceed the practical decomposition potential of YSZ, it is tengptiogclude that
this also represents the first step in the increased conductivity asdaeith flash sintering. This
may be true for YSZ, but a wide range of other materials can also be flash-sinteredyf many
which may be n-type prior to application of a bias. However, additional componentdlatthe
sintering process remain to be identified, in partigidathe temperatures and voltages used in
typical flash experiments (750 °C, 150 V/émhich are higher than those used here (558 °C,
50 V/cm). Thus, it was shown that the temperature of onset of flash sintering aM&zn
associated rapid increase in its conductivity both increased with incre&figrhe implication

was that oxygen loss and the creation of negative electronic charge carriers pansilpés, in

contrast to the present report of enhanced p-type conductivity with increasfig pO
Conclusions

8YSZ isanoxide 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 appéarassociated

with uptake and possible dissociation of oxygen molecules at the sample-positivedelec



interface where the oxygen atoms or molecules pick up electrons from undert3ridad to
form O species, which are equivalent to holes trapped on oxygen. The resulting hole conductivity
increases with both dc bias and,@Dd 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

Figure 1. Effect of the application of (A) 16 V (~70 V/cm), (B) 19 V (~80 V/cm) a@y 24 V

(~100 V/cm) to 8YSZ samples at 658 °C.



Figure 2. Impedance complex plane plots at 430 and 558 °C (inset) before and aéwendliff

voltages are applied for 10 minutes.

Figure 3. Resistance at 558 °C 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 resicals at

°C before (a,c) and (b,d) after application of 12 V dc bias (~50 V/cm).

Figure5. Transport number as a function of voltage applied at 558 °C.

Figure 6. Schematic ionic and electronic conductivity domains as a function-of pO



