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The small-signal ac response of symmetrical cells with/~-PbF2 and Pbl xBixF2.x (x ~ 0.05) as solid electrolyte and Pt
or Au electrodes has been studied in the frequency range l0 -4 Hz to 50 kHz between 25 and 450°C in ambients
containing oxygen. Usually a complex-frequency-dependent interface impedance of the form Z = K(iw)-" has been used
to model the ac response for frequencies higher than 10 -2 Hz. This study shows that the system response can be
accurately modeled by a theoretical circuit, which takes finite-length Warburg effects, adsorption and electrode reaction
effects into account in an explicit manner. For moderate temperatures K(iw) -'~ leads to better fits than the finite-length
Warburg element. T h e effect of oxygen is emphasized. Theoretical work based on electrode reactions involving oxygen
has led to variations of the basic ladder network while retaining the finite-length Warburg element. Preliminary fit results
indicate the possibility to distinguish between diffusion processes in the electrode and in the electrolyte.

(1) [7,9]. With this relation one finds that eq.
(1) becomes the constant-phase-angle (CPA)
impedance,

1. Introduction

Cubic lead fluoride, fl-PbF2, and solid solutions based on fl-PbF2 are among the best
anion-conducting solid electrolytes known to
date [1,2]. Their ionic and electronic conductivity parameters have been characterized in
great detail [3-5].
Electrode processes of fl-PbF2 have been
studied by cyclic voltammetry [6], and smallsignal ac response m e a s u r e m e n t s [7,8]. Raistrick et al. [7] have found the frequencydependent impedance
Z

= Aw

-~' -

iBw

-'~

Z = K(iw) -~ ,

(1)

to describe the small-signal ac response of the
interface between polished/3-PbF2 crystals and
sputtered Pt or Au electrodes in inert ambients.
The K r a m e r s - K r o n i g relation leads to the relation B = A tan(a~/2) for the coefficients in eq.

(2)

so that A = K cos(zra/2), and B = K sin(~ra/2).
The numerical data for Au electrodes [7] lead
to the relation log A =
(1.46-+ 0.21) log B - (4.19 _ 1.46), which is not
consistent with this important constraint. The
n o n - D e b y e bulk and interface capacitances as
observed for pressed pellets o f / 3 - P b F : in contact with Au [8] are concordant with the constant-phase-angle impedance.
Raistrick et al. [7] ascribe the frequencydependent impedance given by eq. (1) to energy
storage and dissipation effects (D = A / B ) at the
interface. Jonscher and R6au [8] apply to their
data for polycrystalline/3-PbF2 Jonscher's
screened hopping conduction model, i.e. mutual
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interactions between hopping charge carriers
which lead to a frequency-dependent mobility.
However, at 200°C, the maximal t e m p e r a t u r e in
the Jonscher-R6au study, the fluoride ion
vacancy concentration [3, 4] is a factor of 102
smaller than the concentration for which defect
interactions are to be expected [10].
This paper presents a study of the smallsignal ac response of single crystals of/3-PbF2,
and anion-excess solid solutions Pb~-xBixF2+x
with Pt and Au as inert electrodes, and in ambients which contain oxygen. It is shown that a
unified treatment of diffusion processes at the
electrode/electrolyte interface [1 l], which is
afforded by the formalism of complex
frequency-dependent rate constants [12-14]
often allows an adequate interpretation of the
system response.

steel conductivity ceil, equipped with resistance
heating and a temperature controller. Oxygen
partial pressures ranged from 4.98 x 10 -4 Pa, in
the inert ambient used in this study, to 1.245 x
103 Pa.
The frequency dispersion of the ac electrical
response of the cells was studied from 25 to
450°C over the frequency range 10 4 Hz-50 kHz,
using a W a y n e - K e r r autobalance bridge B641 in
combination with a R h o d e and Schwartz oscillator/detector SUB (50 Hz-50 kHz), and a
frequency response analyser (Solartron 1172,
input impedance 1 MII) (10 -4 Hz-10 kHz). The
ac signal amplitude was kept below 20 m V rms.
R C simulation networks were measured in the
frequency range involved, in order to check the
reliability of the bridges, and the data fitting
procedures [15].

2. Experimental aspects

3. Analysis of admittance data

2.1. Materials

In the present study the reaction of oxygen
with the fluorites is taken into account. Oxygen
may participate in the interracial charge transfer
by a n u m b e r of mechanisms. The reaction

The growth of single crystals of u n d o p e d / 3 PbF2 has been reported [3]. Single crystals of
Pbj ~BixF2 x (x <~ 0.05) were grown from mixtures of a-PbF2 (Merck, ultra pure), and BiF3
(Baker, analytical grade) in a graphite container
placed in a quartz tube in a conventional zonerefining apparatus. A mixed ambient of H F and
dried oxygen-free N2 w a s maintained in the
quartz tube during zone-leveling, and crystal
growth. The HF ambient was generated in the
quartz tube by heating a teflon filled graphite
boat placed next to the fluoride mixture. Single
crystalline ingots, 6 x 10-2 m long, and 8 x 10-3 m
in diameter, were obtained. Small disks were
cut from the ingots, and polished to optical
finish. The polished surfaces were covered with
Pt-paint electrodes (Leitplatin, Degussa). In
addition sputtered Pt and Au electrodes were
employed (Edwards S150 sputter coater).
2.2. Small-signal ac measurements

The symmetric cells were springloaded between platinum disks in an evacuable stainless-

Vv + Oad~+ 2e' ~ O~:

(3)

is likely for pure PbF2, but the reaction
V{ + Oads + 2e' ~ O"

(4)

and/or
F Fx + Oads +

e , ~~ Ov, + 12F2

(5)

are more probable for the extrinsic region in
Pbj xBi~F2+x, in which the free mobile fluoride
ion vacancy concentration is negligibly small. In
pure PbF2 transport of oxygen may occur via a
vacancy mechanism or through the diffusion of
an (OFVF) × pair, while at high temperatures
[3, 4] an intersticialcy process O F' + F .~. . . Oi + F~
may occur. The latter process seems reasonable
for the anion-excess solid solutions at all temperatures. A complete treatment of the system
ac response must take into account the kinetics
of oxygen transport both in the electrolyte and
through the electrode as well as the kinetics of
the electrode reaction itself.
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Recently, the exact treatment of the smallsignal ac response of unsupported systems has
been generalized to allow for the rate-limiting
diffusion of the product species of an electrode
adsorption/reaction sequence into the electrolyte or through a planar electrode [11]. For
the case of a single mobile charge carrier species the equivalent circuit of fig. la should
suffice. The following relations hold for the circuit elements which represent the electrode
reaction and adsorption processes [i1]:
R R = 2 k T/z~pe2poklf ,

(6)

C A = ( R R k l b ) -I ,

(7)

RA = RRklb/k3f,

(8)

Z D =

ZDo(iwH2) -1/2 t a n h ( i t o H 2 )

(9)

w2 ,

where the k denote effective rate constants,
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H = 6 / D w~, and
Z D O = RRklbk3b tS/k3iD,

(10)

with ~ a diffusion length, and D a diffusion
constant. A circuit of this form is also appropriate when finite-length Warburg effects
arise from processes in the electrolyte [14, 16].
Both the circuit of fig. la, and a modified
circuit in which ZD is taken to have the constant-phase-angle form K(ito) -~ have been incorporated into existing computer programs for
the non-linear weighted least-squares analysis of
complex data [17]. In the present study the data
were weighted with their experimentally
determined standard errors. Both the computer
program of Macdonald and Garber, and a
minimization method reported by Fletcher and
Powell [18] were used to fit simultaneously the
real and imaginary parts of the measured impedance or admittance to the equivalent circuit.
It should be noted that, in principle, the
equivalent circuit of fig. la represents an oversimplification of the electrical response to be
expected from the electrode reactions (3)-(5), in
that it does not allow for the simultaneous
diffusion of oxygen in the electrolyte and the
electrode. One of the authors has recently
derived a more general circuit, shown in fig. lb
for a system with electrode reaction (3), which
will be discussed briefly below and more
thoroughly in forthcoming work [19].

4. Experimental results and discussion

RA

[ _ ~

i

V~- * Oads÷ 2e' ,z ~"OF
Fig. 1. (a) Equivalent circuit used for data analysis. Cg =
geometric capacitance, R~ = bulk resistance, Ca =
(diffuse double layer capacitance - C g ) , RR = electrode
reaction resistance, RA, CA = adsorption process, ZD =
diffusional impedance. See text. (b) Theoretical
equivalent circuit derived on the basis of reaction (3).
ZD,e ~ diffusion in electrode, ZD,c ~- diffusion in crystal.

O

In fig. 2 complex-impedance data are shown
for pure/3-PbF2 with Pt-paint electrodes in an
ambient containing oxygen. For both painted
and sputtered electrodes the impedance plots
appear to curve to intersect the real axis as the
frequency goes to zero. This was observed
irrespective of whether fl-PbF2 or Pb~-/BixF2+x
(x ~< 0.05) was used as solid electrolyte in ambients containing partial oxygen pressures ranging from -~5 x 10 -4 Pa to ~1.3 × 103 Pa.
At low and moderate temperatures system
impedances were too high to allow measurements at the extreme low frequencies. Fig. 3
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presents complex-impedance data for
Pb0.987Bi0.013F2.013 with sputtered Pt electrodes at
19°C, while in fig. 4 complex-admittance data
are presented for this solid electrolyte with
sputtered Au electrodes at 212.3°C. Data for
pure fl-PbFz with Pt-paint electrodes have been
fitted to the ladder network given in fig. la with
for ZD the finite-length Warburg element. Although the data in figs. 3 and 4 can be fitted to
this ladder network with reasonable success,
much better fits were obtained when for ZD the
CPA-impedance was employed. Results of the
fit-procedures have been included in figs. 3 and
4. From the temperature dependence of fitted
parameters activation enthalpies were obtained.
For the finite-length Warburg impedance the
temperature dependence of the effective Warburg constant ZEW (= ZDo/H) was considered.
The enthalpies are gathered in table 1. The
enthalpy values for R~ are equal to reported
values [3, 4].
The temperature dependences of the circuit
parameters can be used to test the reasonable-
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Fig. 2. Impedance plot for the cell PtI/3-PbF21Pt at 417°C.
Oxygen partial pressure 10 Pa. Frequency range 5 x
10 4 Hz-10 kHz. Cell constant (//O) 62.4 m
Detailed highfrequency portion is shown separately•
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Fig. 3. Impedance plot for the cell Pt[Pbogs7Bioo13F2oB[Pt at 19°C.
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Fig. 4. Admittance plot for the cell AulPb0.9~7Bi0013F2m3IAu at 212.3°C. Po2 = 10 Pa. Frequency range 1 Hz-10 kHz. Cell constant
56.237 m-L + experimental data; O equivalent-circuit fitting.

ness of the theoretical model underlying eqs.
(6)-(9). From these equations we have that
log RR = log RA -- log(km/k3f) and log CA =
-- log RR-- log klb. If the activation enthalpies
Table 1
Activation enthalpies (in eV) for the circuit elements as
obtained from the non-linear complex least-squares
analysis
Element

R®
CR
RR
CA
RA
K
ZEW

Undoped
/~-PbF2
Pt-paint

Pb0.987Bi0.0BF2.0B
sputtered Pt

sputtered Au

0.67
0.85
0.95
0.78
0.88

0.556
0.257
0.425
0.265
0.315
0.223
-

0.542
0.262
0.493
0.216
0.378
0.296
-

associated with the effective rate constants km
and k3f a r e sufficiently small, plots of log RR
against log RA and of log CA against log RR
should yield straight lines. Our data yield
In RR = In RA-- 1.02 for Au electrodes and
In RR = In RA-- 1.57 for Pt electrodes, and
In CA = -- 0.66 log RR-- 1.01 for Au electrodes
and In CA = -- In RR-- 6.90 for Pt electrodes.
Only the CA--RA relation for Au electrodes
contradicts the theoretical model, and the
coefficient 0.66 ~ 2/3 appearing in the observed
relation strongly suggests that the origin of the
discrepancy lies in a higher-order rate law for
the electrode reaction than is assumed in the
model. This point will be investigated in future
theoretical work.
The numerical values for CA and CR reveal
differences for the different electrode materials.
For Pt-paint electrodes CA is larger than CR by
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a factor of ~ 10, while for the sputtered Au and
Pt electrodes CA and CR are about equal. This
may be related to the more open structure of
paint electrodes. The value of the constantphase-angle exponent ct varies between 0.55 and
0.82 for the different electrodes, These values
are not reproducible on thermal cycling, except
above ~ 160°C for Au and 280°C for Pt. A
sharp discontinuity in a occurs at ~330°C, at
which point rapid oxygen incorporation into the
lattice is observed, as is manifested by a lowering of the bulk ionic conductivity of
Pb~ ~BixF2+~, and a coloration of even the bulk
of the crystals.
The activation enthalpies in table 1 reveal for
K values which are smaller than 0.35 eV as
found for A and B in eq. (1) [7]. However, a
direct comparison is not possible, viz. eqs. (1)
and (2). For the pure crystal ZEW reveals an
enthalpy value of 0.88 eV. The t e m p e r a t u r e
dependence of ZEw is governed by the concentration Po [eq. (6)] and the diffusion coefficient
D [eq. (10)] of the diffusing species, i.e.
ZEw:(poDI/2) -I. This enthalpy value cannot be
related to any of the mobile ionic or electronic
species in/3-PbF2. If we assume reaction (3) to
take place and [Vv] to be governed by the intrinsic anti-Frenkel defect formation constant
[3,4] we obtain for the diffusion enthalpy of
presumably oxygen the value 0.80 eV.
As a detailed physical model for the constant-phase-angle impedance is still lacking, the
enthalpy values for K cannot be interpreted.
The present study indicates, however, that the
impedance must be related to oxygen diffusion.
It should be noted, that the high-temperature
conductivity of the solid solutions indicates the
consumption of mobile F interstitials by reaction
with oxygen. Besides the electrodes reactions
(3)-(5), the direct reactions
½02+ 2F~-+ O';+ F2+ V~

(11)

and
~202 + F~ + F~-~ O ~ + V? + F2

(12)

must be considered.
At ~200°C and Po~ = 10 Pa the value of H is
1.28 for both/3-PbF2 with Pt-paint electrodes

and the solid solution with sputtered Au electrodes. Taking into account the thickness of the
electrode (6 -~ 100 nm) or the crystal (8 ~ 2 ×
10 3 m) we obtain for the diffusion coefficient of
oxygen through the electrode ~ 6 × 10-15 mZ/s
and in the crystal ~2.5 × 10 -6 m2/s. While the
former value is quite reasonable and possibly
somewhat small, the latter is unreasonably
large, and points to the need for the more
complete treatment mentioned earlier, in which
both transport processes are simultaneously
taken into account. The experimental conditions
lead to oxide ions in the interfaciai region, even
at the lowest applied oxygen partial pressures.
To consider more completely the possibility of
rate-limiting oxygen diffusion in both the crystal
and the electrode, the circuit of fig. lb has been
derived based on electrode reaction (3). It includes separate finite-Warburg impedances for
the two diffusion processes. The circuit
parameters have the same general form as those
given for fig. la in eqs. (6)-(10), with, however,
the two Warburgs involving two different
lengths and two different diffusion coefficients.
Preliminary fits for pure/3-PbF2 with Pt electrodes at 314°C yield RR = 10 ~, RA negligible,
CA = 68.13/zF, ZDo.c/Hc = 963 l-l, Hc very large,
ZDO.e/He = 1.70 × 1041~, He = 30 for Poe = 40 Pa,
and RR = 46.3 l-l, RA negligible, CA =
1.67 × 103 ~F, ZDox/Hc = 1.15 × 1031), He very
large, ZDo.JHe = 2.53 × 103 l-l, He = 47 for Po2 =
1.245 kPa. The small variation of ZDo,JHc with
Po2 and the very large value (effectively infinite)
for He are to be expected for diffusion in the
crystal while the decrease in ZDD,e/He with Po2,
and the small value of He are quite reasonable
for diffusion through a very thin electrode. Further details of this model and additional data
analysis will be reported at a later date [19].
In comparison with the studies reported by
Raistrick et al. [7], and Jonscher and R6au [8],
the present study emphasizes the role of oxygen
in the interfacial p h e n o m e n a of some fluorites.
The effect could have gone unnoticed in the
earlier studies, due to relatively low temperatures, and probably very small oxygen contents in the ambients employed. Moreover, the
present study shows that the finite-length War-
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burg effects only show up for frequencies lower
than ~ 10-2 Hz.
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