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Sodium sulphate was doped with yttrium sulphate and sodium phosphate, and the ionic conductivity of these compounds was
measured using small signal ac response analysis in a wide frequency range (0.1-65000 Hz). From the composition dependence
of the bulk conductivity data of these solid solutions the mobilities of the charge carriers contributing to the conduction have been
determined. While both sodium ion vacancies and interstitial sodium ions contrihite to the conductivity, the sodium ion vacan-
cies constitute the more mobile species. Secondly, the impedance spectra are fitted with an equivalent circuit description. Diffu-

sion limited electrode processes appear to be important in the materials and ambients examined.

1. Introduction

Alkali metal sulphates and MO-MSQO, thermal de-
composition type of electrodes have been studied
widely for utilization in potentiometric solid state
sensors for sulphur oxides [ 1-10]. Of the alkali metal
sulphates Na,SO, has been studied in detail. This
solid electrolyte undergoes phase transformations at
450 K and 575 K. The high-temperature hexagona!l
form (1) has a modified a-CaSiO, structure [11],
and exhibits suitable solid electrolyte properties [3].

Aliovalent dopants which enhance the sodium va-
cancy concentration are known to stabilize the high-
temperature form {§,7,12,13). In addition isovalent
doping, and ion size cffacte on the sodium ion con-
ductivity have been reported recently {13], as well
as the role of dispersed inert binary oxides [9].

With regard to the defect structure conflicting re-
sults have been reported. Usually Frenkel disosder is
assumed to prevail with sodium ion vacancies being
the more mobile species. Conductivity isotherms for
the system Na,SO,~Y,(SO,); lead Saito et al. [7]
10 the conclusion that sodium interstitials constitute
the more mobile species. Leblanc et al. [13] suggest
for the system Na,S0,-Na,SiO, that sodium excess
is compensated by SOZ~ vacancies.

In many studies the defect structure has been stud-
ied from either mono-frequency measurements, or

impedance spectri: recorded in a very limited fre-
quency range [7,8,12,13]. Saito et al. [7] attribute
the observed frequency dependence to grain bound-
ary polarization phenomena. In addition, high do-
pant levels, causing defect-defect interactions also
hamper an unambiguous interpretation of the com-
position dependence of the ionic conductivity of these
solid solutions.

In the present study we have used impedance spec-
troscopy in a wide range of frequencies, and electri-
cal equivalent circuit descriptions for the
characterization of the bulk and interface properties
of solid solutions Na,SO,-Y,(SO,); and Na,SO,~
Na3P04.

2. Defect chemistry

Jacob and Rao [3] have shown that the transfer-
ence number for sodium ions in Na,SQ, is unity,

Eop iy

Hence, Na,SO, is assumed to exhibit Frenkel dis-
order, i.e. using Kriger-Vink notation,

Nag, + Vi =Naj +Vi,, K. (1)

Incorporation of Y, (SO, ); enhances the sodium ion
vacarcy concentration via
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Y2(804)3=2YNa +4Via +3(804 )30, (2)

while incorporation of Na,PO, leads to enhanced in-
terstitial concentrations via

Na; PO, =2Nag, + Na; + (PO, )so.. 3)

Assuming both intrinsic defects to be mobile the high
temperature ionic conductivity g is given by

0=gK}* (uv; +n))- 4)

Here u denotes mobility, K& (= [¥Vna] = [Na;]) the
intrinsic defect concentration, and g the elementary
charge.

3. Experimental aspects
3.1. Materials and preparation

Solid soiutions of Na,SO, and Y, (SO, ); were pre-
pared oy adding Y.O; to a solution of Na,SO, in
H,S50,. The powders, which resulted after distilling
off the acid, were heated for 6h at 800°C and
grinded. Pellers were made of these powders by ap-
plying a hydrostaxic pressure of 630 MPa. The pell-
ers were sintered at 800°C for 24 h. Solid solutions
of Na,SO, and Na;PO, were prepared by frecze-
drying. Sintering occurred at 750°C. Pellets were
made as mentioned above.

DTA and X-ray diffraction analyses were carried
out to examine the materials on structure, and mi-
croprobe analysis was carried out to examine th: ho-
mogeneity. Finally, Pt was sputtered on both sides of
the electrolytes with a sputter coater (Edwards
S150B).

3.2. Elect: ical measurements

ac small gignal response measurcmcnts were cai-
ried out as a function of temperature, using a com-
puter-controlled Solartron 1250 frequency response
analyser in the frequency range 0.1-65000 Hz. The
amplitude of the sine voltare was 200 mV. Intro-
ductory measurements indicated that linearity of the
sample was conserved at this value. The pellets were
held between two Pt-contacts by spring loading in a

metal conductivity cell provided with resistive heat-
ing. In all measurements an ambient of air was main-
tained. A complex non-linear least squares method
has been used to fit the measured frequency disper-
sion of the cell to an equivalent electrical circuit de-
scription. An integrated software package was
developed, involving coordinated data storage,
graphical presentation, and a Marquardt non-linear
least squares parameter estimation for complex data.

4. Results and discussion

The structural analyses indicate that solid solu-
tions are formed in all cases. In Na,SO,-Y,(SO,);
with Y,(SO,);>2 at%, the hexagonal high temper-
ature phase of Na,SO, is stabilized down to room
temperature. However, some endothermal effects are
still present below 350°C, according to the DTA
curves. These effects cannot be ascribed to a phase
transition between two different Na,SO, like struc-
tures. The 1 at% Y,(SO,)s shows the usual phase
transition in Na,SO, to be shifted to a lower
temperature.

All Na,SO,-Na;PO, samples cxhibit 2
Na,SO,(II1) like phase, and a phase transition near
235°C According to X-ray analysis, this phase does
not disintegrate slowly into the Na,SO,(V) phase,
which is an indication that solid soluticns are formed
[141.

From the temperature dependence of the bulk ionic
conductivity of all solid solutions we have con-
structed conductivity isotherms. The initial linear rise
of the isothermis for Na,S0,4-Y,(S0,); as depicted
in fig. 1a can be ascribed to an increase in sodium
ion vacancy concentration. Beyond 3 at% Y,(S0O,);
a decrease of the conductivity occurs. Usually this
dependence is explained by the formation of defect
clusters, e.g. (YnaVna) - The influence of clusters
appears to be bigger at lower temperatures. More re-
elsewhere. From the slope of the first part of the
curves the mobility of Vi, is calculated as a function
of temperature and presented as an Arrhenius plot
in fig. 1b.

The conductivity isotherms for Na,SO,~Na;PO,
{fig. 2a), however, do not show clearly an increase
or decrease in conductivity for low amounts of do-
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Fig. 1. (a) Bulk conductivity isotherms for Na,SO4x at%
Y,(S0,.); (x=0-5 at%). (b) Mobility of sodium ion vacancies
in Na,SO,-x at% Y,(S0,)3, calculated from the slopes of the iso-
therms between x=0and x=3 at% in (a).

pant { <2.5 at%). As the sodium ion vacancy con-
ceatration is lowered by aliovalent anion doping and
hence the interstitial sodium ion concentration is in-
creased, these curves can be explained by consider-
ing the contribution of both charge carriers giving an
area between 0 and 2.5 at% dopant, where both con-
ducting mechanisms compete. For more than 2,5 at%
dopant the interstitial ion concentration will be high

enough to dominate the conductivity, and an in-
crease in conduction is cbserved. Beyond 4 at% do-
pant, defect clustering is the probable cause of the
decrease in conductivity.

One can estimate the mobility of Na; from the
isotherms assuming that the conductivity is domi-
nated by Na; completely for 4 at% dopant, and that

defect c'isters do not form yet at that concentration.
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Fig. 2. (a) Bulk conZuctivity isotherms for Na,SO, x at% Na,PO,
(x=0-5 at%). (b) Mobility of interstitial sodium ions in
Na:SO,-4 at% Na;PO,, calculated from the bulk conductivity.

The result is given in fig. 2b. By comparing with fig.
1b, it can be seen that, due to the more pronounced
dependence on temperature of the interstitial ion
mobility, the contribution of Na; to the conductiv-
ity can no longer be neglected at the higher temper-
atures when the concentration is sufficiently high. It
is also apparent that aliovalent cation doping leads
to a negligible contribution of Na; to the conduc-
tivity at all temperatures, which confirms the straight
lines hetween 0 and 3 at% Y»(S0,); in fig. la.
Following Saito et al. [7], who attributed a fre-
quency dependent conductivity of polycrystalline
Na,SQ, to grain becundary effects, we have employed
the equivalent circuit description as given in fig. 3a
to fit the immittance spectra. The circuit is com-
prised of a bulk resistance R, and a double layer ca-
pacitance Cg;, connected in parallel with a constap*
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Fig. 3. (a) General equivalent circuit description for ionic con-

duction in polycrystalline Na,$O,. (b) Simplified equivalent
circuit description for ionic conduction in Na,SO,.

phase eclement (CPE) Q with impedance Z,=
Ag(iw)—*, representing diffusive or Faradaic elec-
trode effects, while the grain bounda.y ~ffects are re-
presented by a capacitance Cy, and a resistance Ry,
connected in parallel. Finally, the high frequency
geometrical capacitance C, completes the circuit.

Some preliminary fit calculations revealed a re-
duced circuit comprising a bulk resistance and a CPE
in scries to adequately describe the ac response of
the impedance of the cell. This reduced circuit is
shown ir fig. 3b. Above 500°C, the double layer ca-
pacitance was separated from the diffusion effect. The
CPE Q was replaced then by a Warburg impedance
W (with Zw=Aw(iw)~%%), so that the same num-
ber of parameters was conserved.

An advantage of this rather simple model descrip-
tion is the limited number of parameters, leading to
vapid and unambiguous convergence during the
complex nonlinear least squares calculation. More-
over, the parameters appear to be determined with
a reasonable accuracy (error <7% for the 4,, and
< 10% for the R, beiow 500°C).

Some results obtained with this model are ore-
sented in fig. 4{a~c). Especially in the low frequency
part of the dispersions an excellent fit was found. The
temperature dependence of the consiant in the CPE
is shown in fig. 5. At temperatures below 500°C, the
value 4, of the element Q is used, while above 500°C

the value of the constant 4y, of the Warburg imped-
ance is used.

Below about 400°C, a clear Arrhenius-like depen-
dence is found. The slope at low temperatures is
found in a region where the ap=0.55. The activa-
tion enthalpy is 0.30 eV. Above 250°C, the slope of
the temperature dependence is increasing, giving an
enthalpy of 0.55 eV. In this region an «,, is found of
about 0.75, indicating that double layer effects play
an important role in this region. From 500°C on-
wards, however, the temperature dependence is dis-
turbed, indicating the simple equivalent circuit
description to fail, although replacement of the CPE
by a Warburg element, and a double layer capaci-
tance yielded an improvement of the fit at those tem-
peratures as compared to the use of a CPE element.
Other effects like charge transfer phenomena, as a
result of oxygen starting to participate in an elec-
trode reaction may be the cause of this anomalous
behaviour. This is presently under study.

The geometrical capacitance could be neglected at
temperatures above 250°C, because its determina-
tion then required frequencies well above 65 kHz.
The value at low temperatures is about 40 pF and s
approximately independent of temperature.

Abov2 500°C, a double layer capacitance was con-
nected in parallel with the Warburg element, as was
mentioned before. The value decreased gradually
from 434 uF at 502°C down to about 25 pF at 693°C.

Due to the predominant electrode effects in the ex-
perimental dispersion, the determination of param-
eters for grain boundary effects, if present at all, lead
to ambiguous results and statistically insignificant
values were found. In the high frequency part, how-
ever, a qualitative improvement of the fit can be seen
especially at low temperatures (fig. 4d). By varying
the size parameters of the cell, bulk effects can be
made predominant above electrode effects, and an
unambiguous determination of the grain boundary
parameters can then be made. Our current research
is directed towards resolving this matter.

5. Concluding remarks
In Na,SO, both sodium ion vacancies, and -u-

dium interstitials are mobile. The sodium ion va-
cancy constitutes the more mobile species. The
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Fig. 4. (a) Experimental spectrum and NLLS-fit, T=150°C; (b) Experimental spectrum and NLLS-fit, T=379°C: (c) Experimental
spect.um and NLLS-{it, T=672°C; (d) NLLS-fit with inclusion of grain boundary effects, 7=150°C.

conductivity data and present analyses lead to a con-
sistent defect description in which SO}~ vacancies
need not be included. The intrinsic ionic conducti-
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Fig. 5. Temperature dependence of 4y, in the simplified circuit
description. Above 500°C, 4y, is presented.

vity in Na,SO, is determined by twa charge carriers,

Na and Na;'.

The frequency dispersions could be analysed by
fitting the curves with a NLLS-Marquardt method.
A simple circuit comprising a bulk resistance, a CPE
and a geomexirical capacitance, suftices for a reason-
able description in the temperature range from 100
to 500°C. Contrary to the attribution to grain
boundary polarisation effects by Saito et al. {[7] on
the basis of a limited number of measuring frequen-
cies, the present analysis of immittance spectra re-
veal electrode interface phenomena tc dominate the
frequency dispersion. Although their nature has yet
to be established, the analysis strengthens the neces-
sity to study the electrical properties of these solid
solutions in a wide range of frequencies.
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