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Abstract

A series of doped Ruddlesden±Popper phases, of
general formula Sr3Ti2-xMxO7-� (M � Al;Ga;Co),
were synthesized and their electrical conductivity
characterized as a function of temperature and oxy-
gen partial pressure. For ®xed-valent dopants, p-type
conductivity predominates at p(O2)> 10ÿ5 atm,
followed by a p(O2)-independent electrolytic regime,
and n-type electronic conductivity at very low p(O2).
The electrolytic regime exhibits activation energies
in the range 1.7±1.8 eV. Doping with transition
metals such as Co results in a very signi®cant
increase in total conductivity with a p-type con-
ductivity at high p(O2). Furthermore, an apparent
ionic regime at intermediate p(O2) is observed,
characterized by high conductivity (> 10ÿ2 S/cm at
700�C) and low activation energy (0.6 eV). This
interpretation is consistent with iodometric mea-
surements as interpreted by a defect chemical model.
Other measurements are in progress to con®rm this
conclusion. # 1999 Elsevier Science Limited. All
rights reserved
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1 Introduction

Fuel cell technology has received growing attention
in the past decade due to its promise of providing
cleaner and more e�cient energy conversion. Solid
oxide fuel cells (SOFCs), in particular, are being
targeted for stationary applications given their fuel
¯exibility and high conversion e�ciencies.1 Rela-
tively high operating temperatures, however,
require more costly designs. Materials are therefore

being sought to replace the key components of the
cell (electrolyte, electrodes and interconnects) with
more conductive and/or interfacially active alter-
natives and thereby enable lower temperature
operation.2

Layered compounds provide an important
degree of ¯exibility in manipulating the electrical
and transport properties of ionic solids. As an
example, we have been able to synthesize a new
family of ionic conductors based on doped
Aurivillius phases with Bi as a key component
element.3,4 In an e�ort to extend the ionic domain
of such materials to a wider range of partial pres-
sures of oxygen, we have initiated studies on a
family of layered perovskites, the so-called Rud-
dlesden±Popper phases5 with general formula
An�1BnO3n�1.6,7 The structure is made up of n ABO3

perovskite-like layers sandwiched between AO rock
salt-type layers which, unlike the Aurivillis phases
studied in our group, are lacking the {Bi2O2}

2+

layer in order to avoid the reduction problem.
Furthermore, these oxides o�er excellent composi-
tional ¯exibility by enabling substitution of a vari-
ety of cations onto the B-site of the perovskite
region. Speci®cally, Sr3M2O7ÿ� (M=Ti, Co, Fe,
Mn) have all been reported in the literature,7±10

thereby o�ering the possibility of mixed conduction
in Sr3Ti2ÿxMxO7ÿ� solid solutions, of interest as
electrode materials.2 In addition, ®xed-valent
cations such as A13+ and Ga3+ may substitute for
Ti, a�ording the possibility of high ionic conduc-
tion by creation of oxygen vacancies. This paper
deals with the synthesis and characterization of the
electrical properties of a new series of materials, of
general formula Sr3Ti2ÿxMxO7ÿ� (M=Al, Ga, Co).

2 Theory

For the purposes of this study, we review the key
features of the defect chemistry of an oxide with
either ®xed or variable valence dopants.11 Frenkel
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disorder on the oxygen sublattice can be repre-
sented in the following form, using Kroger±Vink
notation

Ox
o $ O

00
i � Vo

� � �1�

where Ox
o; O

00
i and Vo

� � represent a lattice oxide ion,
a doubly charged interstitial oxide ion and oxygen
vacancy, respectively. We also consider electron-
hole pair generation, described by

O$ e
0 � h � �2�

as well as the equilibrium with the gas phase

Ox
o $ Vo

� � � 1

2
O2 � 2e

0 �3�

For variable-valence dopants, NM, one describes
the ionization reaction by

Nx
M � e

0 $ N
0
M �4�

with the further constraint that the total con-
centration of the dopant remains constant

Nx
M

� �� N
0
M

h i
� NM� �tot� Nt �5�

The mass-action relations for eqns (1)±(4) are,
respectively,

O
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i

h i
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00
o

h i
� KF � Ko

F exp ÿEF=kT� � �6�

np � Ki � NcNv exp ÿEg=kT
ÿ �7�
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h i
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O2
� KR � Ko
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N
0
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h i
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M

� �
n � KD � K0

D exp ÿEd=kT�� �9�

and ®nally, we consider the electroneutrality bal-
ance equation

n� 2 O
00
i

h i
� N

0
M

h i
� p� 2 Vo

� �� � �10�

The above equations are commonly solved using
the Brouwer approach, whereby one assumes that
for a given set of T and p(O2), only one defect pre-
dominates on each side of eqn (10). For example, at
high p(O2), O

0 0
i and h � predominate and Nx

M � Nt,
so that eqn (10) reduces to 2 O

00
i

� � � p; on the

other hand, at su�ciently low p O2� �; Vo
� � and e 0

predominate and N
0
M � Nt, so that eqn (10) is

reduced to n � 2 Vo
� �� �. With a ®xed-valent

dopant, four main regions with their corresponding
electroneutrality equations and mass-balance rela-
tions are expected. We note that in one of these
regions, Vo

� � shows no p(O2) dependence and
simultaneously n and p follow p(O2)

ÿ1/4 and
p(O2)

+1/4 dependencies, respectively. This enables
one to identify the electrolytic regime.2 In contrast,
in the case of a variable-valence dopant, ®ve such
regions can theoretically be observed (Fig. 1). We
note that now Vo

� � . predominates not only in region
IV where it shows no p(O2) dependence but also in
parts of region III were it follows a p(O2)

ÿ1/6

dependence. Likewise, it should be noted that holes
exhibit a p(O2) independent regime in region II.
One may distinguish the ionic regime IV from the
electronic regime II by noting that the transition to
an ionic regime is accompanied by a reduction of
the variable-valence dopant (regions III and IV).
This will be tested in our studies experimentally by
iodometric titration.

3 Experimental

All materials were synthesized by the standard
solid state reaction of the respective oxides or car-
bonates at temperatures ranging between 1250 and
1450�C. Phase purity and cell parameters were
investigated using X-ray di�raction (XRD) on a
Siemens D5000 di�ractometer with a mono-
chromator. Their electrical conductivities were
evaluated as a function of temperature and oxygen
partial pressure from the impedance spectra
obtained with a Solartron 1260 impedance analy-
zer. The nonstoichiometry of samples quenched
from 700�C under various partial pressures of
oxygen was measured by titration.

Fig. 1. Dependence of defects on p(O2) for a variable-valent
dopant.
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4 Results and Discussion

All samples were initially found to be single phase
by XRD, and were indexed according to the tetra-
gonal cell corresponding to the parent phase.12 Cell
parameters show a decrease in both the a and c
parameters with increasing concentration of
dopants as expected, due to the smaller size of all
dopant cations with respect to Ti4+.
Measurements of conductivity as a function of

temperature in air for some ®xed-valent doped
samples reveal an increase in the total magnitude
of the conductivity with respect to the parent,
stoichiometric phase. However, this amounts to
only about 1 order of magnitude, up to a value of
about 10ÿ3 S cmÿ1 at about 900�C for some Al and
Ga-doped materials. Activation energies are simi-
lar for all samples studied and are in the range of
0.8±0.9 eV.
To determine the charge carriers responsible for

conduction, we carried out measurements of con-
ductivity as a function of oxygen partial pressure at
600, 700 and 800�C (Fig. 2).5 These measurements
for the Ga-doped material reveal three clearly
delimited regions. The ®rst extends between
10ÿ5 atm<p(O2)<1atm; log conductivity decrea-
ses linearly with decreasing log p(O2), with slope of
approximately +1/4, corresponding to p-type
conductivity. Between 10ÿ18 atm<p(O2)<10ÿ5

atm, the conductivity is independent of p(O2),
which we interpret to be ionic conductivity. For
p(O2)<10ÿ18 atm, an increase in conductivity with
decreasing p(O2) is initiated due to n-type conduc-
tion. As expected, the magnitude of the con-
ductivity increases with temperature while the
electrolytic regime shrinks with increasing tem-
perature. The magnitude of the ionic conductivity
at 800�C is about 4�10ÿ5 S cmÿ1, while the acti-
vation energy is about 1.8 eV for these Al and
Ga-doped phases.
Doping with a transition metal cation (e.g. Co)

has a much more drastic e�ect on the conductivity.

Figure 3 shows the conductivity as a function of
p(O2) at 700

�C for a series of Co-doped materials.
The magnitude of the conductivity increases quite
dramatically with increasing dopant concentration.
Here, log conductivity increases with log p(O2)
between 10ÿ5 atm<p(O2)<1atm with a slope of
approximately + 1/6. Below this p(O2), the con-
ductivity is independent of p(O2), then shows a
sharp drop at low p(O2), due to partial decom-
position of the sample, as con®rmed by XRD.
At intermediate p(O2), the magnitude of the con-
ductivity increases to a value of about 5�10ÿ2S
cmÿ1 at 700�C for x=0.8 Furthermore, pre-
liminary measurements indicate that the activation
energy in this regime for x=0.2 is about 0.65 eV, in
contrast to about 1.8 eV for the same dopant con-
centration of Ga or Al. Hence, it would seem that
in the Co-doped samples, electronic conduction is
present at intermediate p(O2)s. If this is the case,
the transition metal cation remains in its more
highly oxidized form (see Section 2). If instead it
corresponds to ionic conduction (region IV), then
the p-type regime that precedes this region at
higher p(O2) should be related to the reduction of
the transition metal cation from its more highly
oxidized form to its reduced form. To elucidate this
problem, we carried out iodometric titration mea-
surements on samples quenched from 700�C under
various partial pressures of oxygen. The resulting
nonstoichiometry data, plotted as a function of
p(O2), are shown in Fig. 4.
Several features about this graph stand out.

First, the transition metal cation (Co) is indeed
being progressively reduced as the partial pressure
of oxygen is lowered. The slope of the line is also
1/6, which coincides with predictions (Fig. 1, region
III) and with the slope of the conductivity in the
p-type region. This feature seems to indicate,
according to our defect model, that the p(O2)-
independent region is indeed ionic in nature and
that the low activation energy observed in this
region corresponds to ionic migration. Although

Fig. 2. Conductivity as a function of oxygen partial pressure
at di�erent temperatures for Sr3Ti1�8Ga0�2O6�9.

Fig. 3. Conductivity as a function of oxygen partial pressure
for Sr3Ti2-xCoxO7-y at 700

�C.
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di�erent matrix cations are known to have, at
times, marked e�ects on ionic conductivity, the
large di�erences observed here are surprising.
Consequently, we intend to look further into this
e�ect through future experiments including con-
centration cell measurements in the intermediate
p(O2) regime.
The data of Fig. 4 suggests that the average oxi-

dation state of Co is decreasing from +4 to +3
with decreasing p(O2). This is very surprising
because Co(IV) compounds are rare,13±18 and are
typically synthesized using high oxygen partial
pressures or electrochemical synthesis techniques.
Thus, although related perovskite materials such as
La1-xSrxCoO3-� may exhibit average oxidation
states for Co of up to 3.4,19 and SrCoO3 is
known,16 we did not expect our material to exhibit
such a high oxidation state. In fact, Sr3Co2O7-� can
only be made to contain a very small concentration
of Co(IV) under highly oxidizing synthetic pres-
sures.8 In the Sr3Ti2-xCoxO7-� system, the increase
in x has to be accompanied by charge compensa-
tion through an increase in oxygen vacancies or
introduction of Co4+. Since the x=2 end member
has been shown to exhibit only Co3+, we expected
the former compensation mechanism to take over.
However, we have found otherwise after our
synthesis in air. It remains unclear why Co(IV) is
stabilized in this particular structure.

5 Summary

We have investigated a family of oxygen-de®cient,
doped Ruddlesden±Popper phases. Doping with
®xed valent cations such as Al and Ga results in an
increase in the total conductivity. An ionic regime
is observed at intermediate p(O2), characterized by

low conductivity and high activation energy. Dop-
ing with transition metals such as Co results in a
very signi®cant increase in total conductivity. Fur-
thermore, an apparent ionic regime at intermediate
p(O2) is observed, characterized by high con-
ductivity (>10ÿ2 S cmÿ1 at 700�C) and low acti-
vation energy (0.6 eV). This interpretation is
consistent with iodometric measurements as inter-
preted by a defect chemical model. Other mea-
surements are in progress to con®rm this
conclusion.
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