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Abstract

The capacitance of the double-layer at the interface between irreversible (current-blocking) gold electrodes and yttria-
stabilised zirconia (YSZ) was measured by impedance spectroscopy as a function of the applied electrode potential and yttria
content (2—8 mol%). At moderate temperatures, 300—660 K, the dielectric constant of zirconia stabilised with 8 mol% yttria is
thermally activated with an activation energy of 12.6 £ 2.1 kJ/mol. Above 700 K, where the oxygen vacancies in YSZ are
rendered mobile, contributions arise from space-charge polarisation at the blocking electrolyte/electrode interface. Based upon
the Gouy—Chapman theory, a simple thermodynamic model, which takes into account the effect of site exclusion of the doubly
ionised oxygen vacancies, is presented for the formed double layer. Fair agreement is obtained with the experimental differential
capacitance characteristics, which show a maximum around — 125 mV at 822 K. The activation energy of the dielectric
constant of YSZ with 8 mol% yttria in the temperature range 700—900 K is found to be 116 + 34 kJ/mol. © 2002 Elsevier
Science B.V. All rights reserved.
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1. Introduction been paid to the nature of the double layer at the metal
electrode—solid oxide electrolyte interface and the

Stabilised zirconia is widely employed as the elec- magnitude of its capacitance. Determination of the
trolyte in oxygen sensors, water electrolysers and solid latter is usually based on studies of electrode kinetics
oxide fuel cells, because of its high oxygen ion at porous metal electrodes using ac impedance spec-
conductivity at elevated temperatures [1]. Despite its troscopy. Corresponding results are evaluated by mod-
great technological interest, only little attention has elling the electrode response to an equivalent circuit

consisting of linear circuit elements. Robertson and
Michaels [2] have listed various equivalent circuits
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lyte, it is recognised that time-dependent faradaic
processes may obscure the charging of the double-
layer. This last effect is liable to be very important in
the case of porous electrodes and makes quantitative
measurement of the interface capacitance very diffi-
cult.

In this work, the capacitance at the interface
between irreversible (current-blocking) gold electro-
des and yttria-stabilised zirconia (YSZ) was measured
by low-frequency impedance spectroscopy, as func-
tions of electrode potential and yttria content. The
experimental data are compared with theoretical pre-
dictions of the Gouy—Chapman theory [3]. In this
model, the double layer is produced by the distribution
of mobile oxygen vacancies in the electrolyte in the
vicinity of the interface. Details of this distribution
depend only on the interface potential and the defect
structure. The model takes into account the effect of
site exclusion, which is necessary in view of the high
concentration of oxygen vacancies in stabilised zirco-
nia. In addition, to enable quantitative comparison of
the model to the experimental data, the dielectric
properties of YSZ at low temperatures (<500 K) have
been measured.

2. Theory

A continuum theory of the double-layer capacitance
of yttria-stabilised zirconia against an inert blocking
electrode is presented in this section. Following Gouy
and Chapman [3], it is assumed here that under
conditions of ionic equilibrium at the interface, a re-
distribution of the diffuse layer formed by the mobile
charge carriers occurs in response to a change in the
electrochemically fixed interface potential. In the
model, neither size effects of ionic charge carriers
nor specific adsorption at the metal—solid oxide elec-
trolyte interface is considered.

2.1. Oxygen vacancy concentration in an electrical
field

The majority mobile charge carriers in YSZ are
doubly ionised oxygen vacancies. Charge neutrality
requires that [Y7]=2[ V5], where [Y,] is the concen-
tration of dopant yttrium ions and [Vg] the concen-
tration of oxygen vacancies.

The electrochemical potential of noninteracting ox-
ygen vacancies in stabilised zirconia #y_ can be ex-
pressed [4] as:

[Vol()

iy =ty Ty ey b, ()

where x is the distance from the electrode, [Vg] the
molar fraction of oxygen vacancies, ,uv(;o a concen-
tration-independent term, kg the Boltzmann constant, g
the charge on oxygen vacancies (g=2e, with e the
elementary charge) and ¢(x) the local electrical poten-
tial. Under conditions of ionic equilibrium #y; is
constant and independent of location. Provided that
the thickness of the diffuse double layer is small
compared with the sample dimensions, the electrical
potential in the bulk (x — co) can be assumed zero. Eq.
(1) can then be rearranged into:

) —2e¢(x)
[Volpuie 7

—2e¢(x) :
1+ [Vb]Blllk (e kT — 1>

[Vol(x) =

The assumption made here is that ,11\6-0 at the sur-
face is not different from the value in the bulk. In view
of the high defect concentration at the interface and the
limited number of available lattice sites, the use of the
simple Boltzmann form, which neglects site exclusion
effects and is often considered for liquid electrolytes, is
not appropriate for ionic solids [4].

2.2. Local electrical field in the double layer

The variation of the electrical potential in the
double layer near a flat electrode/electrolyte interface
satisfies Poisson’s equation, which in one dimension
takes the form:

2 X X
Ph) ) 8

Here p(x) is the local volume charge density and ¢ the
dielectric constant in the space-charge layer. The
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volume charge density at any point is formed by
contributions from the charge carriers, i.e., oxygen
vacancies and yttrium ions,

plx) =D qici(x) = c(2€[Vo)(x) — e[Yz))

= 2¢ce([V5](x) = Vol gun)» 4)

where c is the density of YSZ unit cells.
As an electrical field is absent in the bulk, the
boundary condition for Eq. (3) is:

— 0. (5)

X—00

49
dx

To integrate Eq. (3) use is made of the definition of
the electrical field strength E(x), defined by E(x)=
— d¢p(x)/dx, and,

d?¢(x) _ dE(x) _ dE(x) d¢(x)
e dr  dp(x) dx
— ) 550 ©

After substitution of Egs. (4) and (2) into Eq. (3),
integration of Eq. (3) yields,

de(x)
dx
\/16:60 |:[V.(.)]Bulk¢('x) + k;—:ln[l * [Volpux <e%¢rm B 1)” 7

(7)

where the plus or minus sign refers to (7)a negative or
positive value of ¢(0), respectively.

I+

2.3. The differential capacity of YSZ

Eq. (7) cannot be solved analytically, but the sur-
face charge density at the metal 6™ can be calculated
using the Gauss theorem,

The specific differential double-layer capacitance
Cgisr 18 defined as:

d UM

Caite(¢) = Er ©)

From Eqgs. (7)—(9) it then follows that:

Caitt (1)
Vansec([Volpa — [Vo(0))

= I 7
- ksT . _ 2y
\/[V()]B111k¢l) + jln {1 + [Volu <e kT — 1)

(10)

where ¢, is the potential at the electrode/electrolyte
interface. In Eq. (10), ¢ refers to the effective dielectric
constant in the space-charge region near the electrode.
It is emphasised here that its value may deviate
substantially from the corresponding bulk dielectric
constant.

The overall capacitance Coyera 0f @ symmetrical
cell with identical electrodes may be regarded as a
circuit consisting of two capacitances in series. Close
to zero potential difference, it follows that Coyeran=
1/2C4;(0). The differential capacitance at zero elec-
trode potential can be obtained by Taylor expansion of
Eq. (10). This leads to:

ee . .
Coverall = 26\//6 T [VO]Bulk(l - [VO]Bulk)' (l 1)
B

3. Experimental

Commercial yttria-stabilised zirconia powders
(Tosoh, Tokyo, Japan), denoted as TZ-2Y, TZ-3Y
and TZ-8Y for samples containing 2, 3 and 8 mol%
yttria, respectively, were pressed into pellets under 400
MPa. The TZ-2Y and TZ-3Y pellets were sintered over
98% dense in air at 1400 °C for 4 h, while the TZ-8Y
pellet was sintered over 99% dense at 1480 °C for 2 h.
Prior to use, the disks were polished using a 3 um
diamond emulsion.
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Fig. 1. Schematic picture of the experimental set-up for differential
capacitance measurements.

For differential capacitance measurements the YSZ
pellets were cut into discs (@ 16.0 mm; thickness 4.0
mm). A circular notch was carved into the cylindrical
side of the disc. Around the notch a platinum wire,
serving as the reference electrode, was attached using
platinum paste. One of the flat surfaces was painted
with platinum paste to serve as the counter electrode.
The platinum electrode was fired in air at 1200 °C and
then cooled down slowly. The Pt electrode was porous
after this pre-treatment. The opposite flat surface was
sputtered with a dense gold layer to serve as the
working electrode.

A schematic drawing of the cell is shown in Fig. 1.
Measurements were performed under a nitrogen
atmosphere at a temperature of 822 K. The potential
difference between the working and reference elec-
trode was varied between — 250 and +50 mV using a
potentiostat (Potentiostat LB 75L, Bank Elektronik,
Gottingen, Germany). Three-point impedance meas-
urements were performed using a frequency response
analyser (Solartron Instruments 1250 FRA, Schlum-
berger Technologies, Farnborough, Hampshire, Eng-
land) at 10 mV rms in the frequency range of 10 mHz

to 60 kHz. The experimental impedance dispersion
curves were fitted to an equivalent circuit consisting
of a constant phase element (CPE) and a resistance in
series using the Equivalent Circuit software program
[5]. The differential capacitance at zero frequency was
calculated from the CPE values.

For dielectric constant and overall capacitance
measurements, the compacts were cut into disks of
13.5 mm diameter and 2.0 mm thickness. A dense gold
layer was sputtered on both sides; two-point impedance
measurements were carried out in the temperature
range 298—873 K and the same frequency range as
used in the differential capacitance measurements.

4. Results and discussion

Results from two-point impedance measurements at
room temperature are shown in Table 1. The relative
dielectric constants &, were determined from the high
frequency behaviour (>1 kHz) using the standard
expression for the geometric capacitance C= gy, A/d,
where ¢y is the permittivity of vacuum, ¢, is the bulk
dielectric constant, and 4 and d are the geometric
surface area and thickness of the capacitor, respec-
tively. The tetragonal zirconia samples (2 and 3 mol%
yttria) show the highest relative dielectric constant,
while the cubic zirconia sample (8 mol% yttria) has a
slightly lower value. Thompson et al. [6] measured the
relative dielectric constants of monoclinic, tetragonal
and cubic zirconia, stabilised with different concen-
trations of various ions. Some of their results are listed
in Table 1 for comparison. The values found in both
studies for 3 mol% yttria-stabilised zirconia are in close
agreement. Thompson et al. [6] suggested that the
relative dielectric constant is determined primarily by
the crystallographic form, rather than by the nature or

Table 1
Dielectric constants of yttria-stabilised zirconia with varying yttria
content; 7=298 K; f= 1-60 kHz

Mol% Y,0; Structure

& experimental ¢&; Thompson et al. [6]

0 monoclinic — 23.0
2 tetragonal  40.5 -
3 tetragonal  39.5 39.5
6 tetragonal — 39.0
8 cubic 28.7 -
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amount of the dopant. The results obtained in the
present study support this suggestion.

The temperature dependence of the relative dielec-
tric constant of cubic zirconia (TZ-8Y), calculated
with the same expression as above from high fre-
quency measurements, is shown in Fig. 2. A loga-
rithmic dependence on temperature can be clearly
seen. The activation energy of ¢, is equal to 12.6 &
2.1 kJ/mol. The magnitude of the activation energy is
reasonably close to the value of approximately 19.2
kJ/mol reported by Jonscher and Reau [7] for the
relative dielectric constant of lead fluoride.

The results from overall capacitance measurements
performed at 822 K are listed in Table 2. In qualitative
agreement with the model predictions, the capacitance
increases with yttria dopant concentration. From Eq.
(11), a capacitance C,omym, normalised with respect to
the bulk concentration of oxygen vacancies, can be
defined:

C _ Coverall
\/[V'(')}Bulk(l - [Vb]Bulk)

The results listed in Table 2 show that these normal-
ised capacitances have comparable values within

Table 2
Overall capacitances in YSZ with varying yttria content; 77=822 K;
f<10 Hz

Mol% Y203 Cnveral] [F miz] Crmrm [F m*Z]
2 0.80 £0.13 81+13
3 1.29 £0.21 10.8 £ 1.7
8 1.63 £0.26 8.6+14

experimental error. This indicates that the dielectric
constants in the double-layers have roughly the same
value.

Overall capacitance measurements were performed
on TZ-8Y in the temperature interval 700—900 K. At
temperatures above approximately 700 K yttria-sta-
bilised zirconia becomes significantly oxygen ion-
conducting, and is therefore capable of forming a
double-layer capacitance. At temperatures higher than
900 K, the gold electrodes started to sinter, leading to
irreproducible results. Fig. 3 shows the increase of
the overall capacitance with temperature. Eq. (11)
was fitted to the experimental data using the relative
dielectric constant as a fit parameter. In contrast with
the high frequency data shown in Fig. 2, the low-
frequency (<1 Hz) measurements show a different
activation energy for the relative dielectric constant
(116 £ 34 kJ/mol). This is due to the fact that the
activation energy for the dielectric constant contains

7.0

— 40
o *
=3 - .
= 30
Ing;=-12.6-10%/RT+8.14

2.0

1.0

0.0 T r

1.5 2.0 25 3.0 35

1000/T [K™]

Fig. 2. Experimental dielectric constant of TZ-8Y as a function of temperature; f>1 kHz.
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Fig. 3. Experimental and theoretical overall capacitances in TZ-8Y as a function of temperature; /<100 Hz.

an additional thermally activated component that is
due to space-charge polarisation.

In Fig. 4, the experimental differential capacitances
of TZ-8Y at 822 K are shown as a function of
electrode bias potential. The trend predicted by Eq.
(10) is also shown. The experimental data at ¢, =0
were fitted to Eq. (10). This yielded a value ¢. ~ 1 for

the relative dielectric constant in the double-layer
region. As is observed here, the value of the dielectric
constant in the double-layer is significantly smaller
than the bulk dielectric constant [8]. The qualitative
agreement between the experimental and theoretically
predicted curves in Fig. 4 is reasonable. With de-
creasing bias potential the experimental differential

— Theoretical

¢ Experimental

NH

£
=
= 2

£ . *

T *
[&] * .

. . hd 4\
. 4 .
T T ©
-0.3 -0.2 -0.1 0 0.1
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Fig. 4. Experimental and theoretical differential capacitances in TZ-8Y as function of bias potential; 7=822 K; /<100 Hz.
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capacitance reaches a maximum value at approxi-
mately — 125 mV, which is reasonably close to the
maximum of — 143 mV predicted by the model. For
the experimental data and theoretical calculations,
similar slopes are obtained near the maximum. In
view of Eq. (9), a maximum in the differential
capacitance will occur at the bias potential ¢ at
which the surface charge o™ changes most rapidly
with changing potential. To a first order of approx-
imation, this potential coincides with the electrode
bias potential at which the oxygen vacancy concen-
tration [V¢] at the interface changes most rapidly
with bias potential, i.e., where (d*[Vg]/d¢?)=0.
From Eq. (2) it can be derived that:

kgT 1 — [Volpun
G ~ ——ln<,‘7u . (13)
¢ 2e [VO]Bulk

Using this approximation, ¢~ — 115 mV for TZ-
8Y at 822 K. It should be noted that Robertson and
Michaels [2], who measured the differential double-
layer capacitance at an interface between a porous
platinum electrode and YSZ at 828-968 K, did not
observe a bias potential dependency of the differential
capacitance.

The model proposed here assumes that every oxy-
gen site in the lattice will be occupied by an oxygen
vacancy when the bias potential is sufficiently low.
On the other hand, it can be seen in Fig. 4 that the
experimental Cyirr(¢p,) values are smaller than the
theoretical ones for all ¢, <0. As Eq. (9) can be re-
written into:

oy
GMZ/O Cait(¢)d o, (14)

it follows that less surface charge oy is present on the
surface in reality than predicted by the model for
¢, <0. And since oy, is counterbalanced by an equally
large ionic charge in the double-layer, the actual
oxygen vacancy concentration in the double-layer
must be lower than predicted. Hence, the model over-
estimates the concentration of oxygen vacancies in
the double-layer.

5. Conclusions

Atroom temperature, the relative dielectric constant
of yttria-stabilised zirconia compacts with varying

amounts of yttria depends on the crystal structure.
Tetragonal zirconia has the highest value ( ~ 40), while
the value for cubic zirconia is ~ 29. In the temperature
interval 300—660 K, the dielectric constant of cubic
zirconia appears to be thermally activated (12.6 &+ 2.1
kJ/mol).

At temperatures above 700 K, where the oxygen
vacancies are mobile, contributions arise from space-
charge polarisation at the blocking electrolyte/elec-
trode interface. The overall capacitance was found to
increase with increasing oxygen vacancy concentra-
tion. The results agree reasonably well with model
predictions based upon Gouy—Chapman theory. The
differential capacitance reached a maximum at — 125
mV, which is close to the value predicted by the mod-
el. The activation energy of the dielectric constant in
the temperature interval 700—900 K was 116 & 34 kJ/
mol. The discrepancy between model predictions and
experimental data at negative bias potentials indica-
tes that not all oxygen sites in the lattice can be oc-
cupied by vacancies, which was one of the underlying
assumptions in the derivation of the model.
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