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a b s t r a c t

In this paper we report the successful incorporation of silicon into Sr1�yCayFeO3�δ perovskite materials
for potential applications as electrode materials for Solid Oxide Fuel Cells. It is observed that Si doping
leads to a change from a tetragonal or orthorhombic structure (with partial ordering of oxygen vacancies)
to a cubic one (with the oxygen vacancies disordered). The structures of the phases, SrFe0.85Si0.15O3�δ,
Sr0.75Ca0.25Fe0.85Si0.15O3�δ and Sr0.5Ca0.5Fe0.85Si0.15O3�δ, were analysed using neutron powder diffraction.
The data confirmed the cubic unit cell, with no long range oxygen vacancy ordering. Conductivity
measurements showed an improvement in the conductivity on Si doping, especially for samples with
high Ca content. Composite electrodes comprising 50% Ce0.9Gd0.1O1.95 and 50% Sr1�yCay(Fe/Si)O3�δ on
dense Ce0.9Gd0.1O1.95 pellets were therefore examined in air. An improvement in the area specific
resistances (ASR) values is observed for the Si-doped samples with respect to the undoped samples. Thus
the results show that silicon can be incorporated into Sr1�yCayFeO3�δ-based materials and can have a
beneficial effect on the performance, making them potentially suitable for use as cathode material in
Solid Oxide Fuel Cells (SOFC).

& 2014 Elsevier Inc. All rights reserved.

1. Introduction

Perovskite transition metal containing oxides have attracted
considerable interest due to potential applications as cathode
materials in the field of Solid Oxide Fuel Cells (SOFCs). Tradition-
ally doping strategies for such materials has focused on substitu-
tion with cations of similar size, e.g. Sr for La [1–5]. Recently we
have investigated an alternative doping strategy consisting of the
partial replacement of the octahedral B site cation in perovskite
with oxyanion groups. Our doping strategy stems from prior
observations on the successful incorporation of oxyanions into
perovskite-type cuprate superconductors and related phases
[6–14]. This work demonstrated that the perovskite structure can
incorporate significant levels of oxyanions (carbonate, borate,
nitrate, sulfate, phosphate). In such samples, the C, B, N, P, S of
the oxyanion group was shown to reside on the perovskite B
cation site, with the oxide ions of this group filling 3 (C, B, N)–4
(P, S) of the available 6 oxide ion positions around this site.
Recently we have illustrated the potential of this oxyanion doping
strategy in perovskite-type materials with potential for use as
electrode materials in solid oxide fuel cells [15–17]. For instance,

borate, phosphate and sulphate were successfully incorporated
into different cathode materials such as SrCoO3�δ, La1�xSrxCo0.8
Fe0.2O3�δ, Ba1�xSrxCo0.8Fe0.2O3�δ, CaMnO3 and La1�xSrxMnO3-
type materials, leading to stabilization of high symmetry structures,
as well as enhancements of both the electronic conductivity and the
electrode performance with respect to the parent compounds.

The introduction of silicate groups is of particular interest,
because silica is widely considered a detrimental contaminant of
SOFC materials, particularly electrolyte materials, as it has been
reported to segregate at the grain boundaries where it forms
insulating siliceous phases, lowering the conductivity, such that
overall performance is degraded [18–27].

Our preliminary studies on Si incorporation were performed in
cobalt-based perovskite electrode materials, showing the success-
ful incorporation of Si into La0.6Sr0.4Co0.8Fe0.2O3�δ and Sr1�xYx

CoO3�δ–based materials, with significant results in term of
improvements in the conductivity and an enhancement in the
stability towards CO2 [28]. More recently, SryCa1�yMn1�xSixO3�δ
cathode materials have been prepared, and direct evidence for the
incorporation of Si into the structure provided for the first time by
29Si NMR [29,30]. In each case, Si doping is shown to enhance the
conductivity, which can be attributed to electron doping (driven
by the introduction of oxide ion vacancies due to the preference
for Si to adopt tetrahedral coordination), as well as a change from
a hexagonal (containing face sharing of octahedra) to a cubic
perovskite (containing corner sharing of octahedra).
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In a recent work we have extended such studies to SrFeO3�δ,
which is an interesting material that exhibits both high mixed
oxide ionic and high electronic conductivity and therefore can be
potentially used in electrochemical devices such as oxygen per-
meation membranes, and SOFCs [31–33]. Iron cations in this
system have a mixed valence state with an average oxidation state
between þ4 to þ3, corresponding to a wide range of oxygen
nonstoichiometry. The structure changes from tetragonal to
orthorhombic brownmillerite type, as the iron oxidation state
reduces to 3þ and hence the composition changes to SrFeO2.5,
with associated long range ordering of oxide ion vacancies
[34–36]. The formation of ordered oxygen vacancies is not favour-
able for practical applications because it drastically reduces oxide
ion conduction, while the oxygen deficiency also results in a
decrease in both the mobility and concentration of hole carriers
[37,38]. Through Si doping SrFeO3�δ, we were able to stabilize the
high symmetry cubic form, even in low oxygen partial pressures,
with Mössbauer studies indicating a disproportionation of Fe4þ

into Fe3þ and Fe5þ , attributed to the influence of the Si [39]. In the
present work we extend our earlier study to the Sr1�yCayFeO3�δ
system, where the Ca substitution increases the distortion of the
unit cell over that found in SrFeO3�δ. For Sr1�yCayFeO3�δ, Takeda
et al., showed a transition from an orthorhombic cell, at low
strontium contents, even under higher p(O2), to a cubic symmetry
at higher strontium contents [40]. In our work, we examine the
effect of Si doping on the cell symmetry, conductivity, and cathode
performance of such systems. This work is also of relevance to
Earth Science, where (Mg, Fe)SiO3, (Ca, Fe)SiO3 and Ca(Si, Fe)O3�x

phases have attracted substantial interest due to their accepted
presence in the Earth's interior [41–44]. Such phases have been
traditionally thought to require very high pressure synthesis
conditions, and so the work here, showing the synthesis of a
range of Fe and Si containing perovskite at ambient pressure, is of
significant relevance to the perovskite chemistry field in general,
indicating that the ability of the perovskite structure to accom-
modate Si is far more widespread than initially believed.

2. Experimental

SrCO3 (Aldrich, 99.9%), CaCO3 (Aldrich, 99%), Fe2O3 (Fluka, 99%)
and SiO2 (Aldrich, 99.6%), were used to prepare Sr1�yCayFe1�xSix
O3�δ (y¼0, 0.25, 0.5, 0.75 and 1; xr0.20). The powders were
intimately ground and heated initially to 1100 1C for 12 h. They
were then ball-milled (350 rpm for 1 h, Fritsch Pulverisette 7 Pla-
netary Mill) and reheated to 1150 1C for a further 12 h. Finally, they
were then ball-milled (350 rpm for 1 h) and reheated to 1200 1C
for a further 12 h.

Initial phase identification and unit cell parameter determina-
tion was carried out by Rietveld profile refinement using powder
X-ray diffraction data (XRD) collected on a Bruker D8 diffract-
ometer (Cu Kα1 radiation).

For the determination of any possible oxide vacancy ordering,
time-of-flight powder neutron diffraction data were collected on
the POLARIS diffractometer at the ISIS pulsed neutron source
(Rutherford Appleton Laboratory, UK).

Analysis of both the X-ray and neutron diffraction data by the
Rietveld method was done using the General Structure Analysis
System GSAS [45].

Oxygen contents were estimated from thermogravimetric ana-
lysis (Netzsch STA 449 F1 Jupiter Thermal Analyser). Samples were
heated at 10 1C min�1 to 1200 1C in N2 and held for 30 min to
reduce the Fe oxidation state to 3þ , with the original oxygen
content and average Fe oxidation state then being determined
from the mass loss observed.

Pellets for conductivity measurements were prepared as fol-
lows: the powders were first ball-milled (350 rpm for 1 h), before
pressing (200 MPa) as pellets and sintering at 1200 1C for 12 h.
Four Pt electrodes were attached with Pt paste, and the sample
was fired to 800 1C in air for 1 h to ensure bonding to the sample.
The samples were then furnace cooled to 350 1C in air and held at
this temperature for 12 h to ensure full oxygenation. Finally, their
conductivities were measured using the four probe dc method
in air.

To elucidate the potential of these materials for use as SOFC
cathodes, symmetrical electrodes were coated on both sides of
dense Ce0.9Gd0.1O1.95 (CGO10, Aldrich) pellets (sintered at 1500 1C
for 12 h) using a suspension prepared with a mixture of electrolyte
and electrodes (1:1 wt%) and DecofluxTM (WB41, Zschimmer and
Schwarz) as binder material. The symmetrical cells were fired at
900 1C for 1 h in air. Afterwards, a Pt-based ink was applied onto
the electrodes to produce a current collector layer and finally the
pellets were fired at 800 1C for 1 h. Area-specific resistance (ASR)
values were then obtained under symmetrical air atmosphere in a
two electrode configuration. AC impedance spectra of the electro-
chemical cells were collected using a HP4912A frequency analyser,
at open circuit voltage (OCV), in the 5 Hz–13 MHz frequency range
with ac signal amplitude of 100 mV. The spectra were fitted to
equivalent circuits using the ZView software [46] which allows an
estimation of the resistance and capacitance associated with the
different cell contributions.

3. Results and discussion

3.1. Solid solution range

For the Sr1�yCayFe1�xSixO3�δ series (y¼0, 0.25, 0.5 and 0.75),
single phase samples could be achieved up to 15% silicon sub-
stitution, i.e. x¼r0.15 (Fig. 1). Exceeding this Si content led to the
segregation of secondary phases, such as Sr2SiO4 (PDF 038-0271).
For the Ca-end member, CaFeO3�δ, the samples were only single
phase up to x¼0.05, with attempts to produce more silicon-rich
compositions leading to the segregation of secondary phases, such
as Ca2SiO4 (PDF 009-0351), and there was no change in the cell
symmetry for this series. All the undoped samples showed some
degree of oxygen ordering, for instance, the Sr end member (y¼0)
has a tetragonal symmetry, and as we increase the calcium content
the symmetry changes to orthorhombic, as the level of oxygen
vacancy ordering increases. Through Si doping there was conse-
quently a decrease in the oxygen vacancy ordering and we
observed an evolution to a cubic cell, where fully cubic symmetry
is obtained at x¼0.15 for y¼0, 0.25 and 0.5. For higher Ca contents
(yZ0.75), it does not, however, appear to be possible to stabilise
the cubic cell symmetry at any silicon content under these
ambient pressure synthesis conditions (see Fig. S1). The addition
of higher levels of silicon in this series led to the segregation of
secondary phases. In addition, it is worth mentioning that for
samples with the same silicon content, those with higher stron-
tium contents are closer to a cubic symmetry, see Fig. 2.

Unit cell parameters for these materials were determined from
the X-ray diffraction data using the Rietveld method (see Table 1),
and show an increase in the cell volume as the Si content
increases. Similar results were reported in a previous work where
(Ca,Sr)MnO3-based compounds were successfully doped with
silicon [39]. For this Mn system the change in cell parameters
was explained by a balance between the effect of the smaller size
of Si4þ (0.26 Å), which would be expected to lead to a reduction in
cell volume, and the associated reduction of Mn4þ to give a
greater concentration of Mn3þ , which would be expected to lead
to an increase in cell volume. The formation of 3þ species through
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Si doping was predicted by the following defect equation, with the
key driving force for the reduction of Mn4þ to Mn3þ being the
introduction of oxide ion vacancies due to the lower coordination

(tetrahedral rather than octahedral) preference of the Si dopant:

SiO2þ3MnX
MnþOX

O-SiXMnþ2Mn0
MnþV ��

Oþ1=2O2þ“MnO2” ð1Þ

A similar explanation can be applied to the Sr1�yCayFe1�x

SixO3�δ samples in the present study, with the introduction of oxide
ion vacancies on Si incorporation favouring a reduction in the
average Fe oxidation state. This is supported by the calculated
average Fe oxidation states, reported in Table 2 (determined from
the TGA studies), which showed a decrease in the average iron
oxidation state and increase in the oxygen vacancies as the Si content
increases. However, rather than mixed Fe4þ/Fe3þ , previous Möss-
bauer spectroscopy studies on SrFe0.9Si0.1O3�δ, showed that substitu-
tion of Fe4þ in SrFeO3�δ by Si4þ induces disproportionation of the
remaining Fe4þ into Fe3þ and Fe5þ [39], which was attributed to the
smaller Si4þ causing significant local strain resulting in the Si4þ

being surrounded by the large Fe3þ to relieve the strain with the
adjacent cells incorporating the smaller Fe5þ ions. Whether a similar
disproportionation is observed for the Ca doped samples requires
further Mössbauer spectroscopy study of such systems.

As can be seen from the above equation, a key driving force for
the reduction of Fe4þ to Fe3þ is the introduction of oxide ion
vacancies due to the lower coordination (tetrahedral rather than
octahedral) preference of the Si dopant (i.e. for x¼0, the B cation
site is completely occupied by Fe, while for x40 some Si is on this
site, which will be tetrahedrally coordinated, and will thus lead to
a reduction in the total oxygen content). Consequently, while we
are nominally performing an isovalent (Si4þ in place of Fe4þ)
substitution, the generation of oxide ion vacancies results in
partial reduction, i.e. electron doping. This is confirmed, in good
agreement with the defect equation given above.

3.2. Neutron diffraction structural study

The crystal structures of the Sr1�yCayFe0.85Si0.15O3�δ series
were refined for y¼0, 0.25 and 0.5 samples, using neutron
diffraction data. The data indicated a cubic cell (Pm-3m), with no

Sr0.25Ca0.75Fe0.95Si0.05O3-δ

 

Sr0.5Ca0.5Fe0.95Si0.05O3-δ

 

Sr0.75Ca0.25Fe0.95Si0.05O3-δ

20 30 40 50 60

2θ (o)

Fig. 2. X-ray diffraction patterns for (a) Sr0.75Ca0.25Fe0.95Si0.05O3�δ, (b) Sr0.5Ca0.5
Fe0.95Si0.05O3�δ and (c) Sr0.25Ca0.75Fe0.95Si0.05O3�δ, showing the effect of a low (5%)
level of silicon doping at different strontium/calcium contents. At low Ca levels, this
low level of Si is sufficient to stabilise the cubic cell, while as the Ca content
increases, the appearance of extra peaks indicative of an orthorhombic cell is
observed.

Sr0.75Ca0.25Fe0.85Si0.15O3-δ Sr0.25Ca0.75Fe0.85Si0.15O3-δ

Sr0.75Ca0.25Fe0.90Si0.10O3-δ Sr0.25Ca0.75Fe0.90Si0.10O3 δ-

Sr0.75Ca0.25Fe0.95Si0.05O3-δ Sr0.25Ca0.75Fe0.95Si0.05O3-δ

Sr0.75Ca0.25FeO3-δ Sr0.25Ca0.75FeO3-δ

20 30 40 50 60

2θ (o)
20 30 40 50 60

Fig. 1. X-ray diffraction patterns for: (left) Sr0.75Ca0.25Fe1�xSixO3�δ (x¼0, 0.05, 0.10 and 0.15) and (right) Sr0.25Ca0.75Fe1�xSixO3�δ (x¼0, 0.05, 0.10 and 0.15), showing the
stabilization of the cubic form of these series through silicon doping. For the latter Sr0.25Ca0.75Fe1�xSixO3�δ phase, the stabilisation is not quite complete at 15% Si doping.
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evidence for the presence of extra peaks indicative of oxide
vacancy ordering (see Figs. 3 and 4). The y¼0.25 sample did show
the presence of a few very weak extra peaks, but these were not
consistent with oxygen ordering models, and are most likely due
to a small Si based impurity ((Sr/Ca)2SiO4), since a Si content of
15% is at the limit of the solubility range. The refined structural
data are shown in Table 3. For the refinement, the atomic
displacement parameters for Sr and Ca and Fe and Si were
constrained to be equal. The Sr and Ca and Fe and Si occupancies
were refined, with the constraint that their sum equalled 1.0. The
final values for the two pairs were in general agreement with
those expected from the starting composition, as can be seen from
Table 3. The oxygen atomic displacement parameters are higher
than those of the other atoms which can be related to the local
distortions caused by the presence of the silicate groups. If we
compare the oxygen content obtained from TGA, 2.70, 2.82 and
2.86, and from neutron data, 2.69, 2.73 and 2.79, for SrFe0.90
Si0.10O3, Sr0.75Ca0.25Fe0.85Si0.15O3 and Sr0.5Ca0.5Fe0.85Si0.15O3,

respectively for both techniques, we can see a mismatch in the
oxygen content for the calcium doped samples despite both set of
data are following the same trend. The lower oxygen content for
these samples from the neutron diffraction results may be due to
local structural distortions, and accompanying oxygen displace-
ments. In support of this, we can see that there is a significant
worsening in the RF values as the Ca content increases, despite
the good fitting to the data overall. As stated earlier, for lower
Si contents, the samples with more Ca are closer to an orthor-
hombic cell (Fig. 2). Therefore, at higher Ca contents the local
environment may be more distorted despite the average cubic
symmetry. In this respect, total scattering experiments to study
the local structure of these samples would be of interest.

Overall, however, these results confirm the important role
silicon doping plays in stabilising the cubic form in these ferrites,
with no evidence found for long range oxide vacancy ordering.

3.3. Conductivity measurements

In this work, pellets for conductivity measurements were
prepared at 1200 1C for 12 h, with densities for all the samples
(doped and undoped) of �85%. Conductivities were initially
measured for the undoped Sr1�yCayFeO3�δ samples, which
showed a small but significant decrease in conductivity, which
can be attributed to an increasing distortion of the local environ-
ment on the introduction of Ca. For the Si doped series,
Sr1�yCayFe1�xSixO3�δ, samples containing the lowest level of Si
to produce cubic symmetry were selected for conductivity mea-
surements, i.e. y¼0 x¼0.1, and y¼0.25 and 0.5 x¼0.15. These data
showed an increase in conductivity on Si doping (see Fig. 5). The %
increase is most significant for the sample with the highest
Ca content, where the undoped material shows a lower symmetry
cell, indicating the strong beneficial effect from the higher

Table 1
Unit cell parameters and normalised cell volumes from XRD data for Sr1�yCayFe1�xSixO3�δ. All the doped samples were refined in a cubic cell (Pm-3m), the undoped samples
were refined in a tetragonal (I4/mmm) or orthorhombic (Pcmn) cell.

Ca (y) 0 0.25 0.5
Si (x) 0 0.10 0 0.15 0 0.15
a (Å) 10.9235(1) 3.8723(1) 10.8895(1) 3.8619(1) 5.5828(1) 3.8415(1)
b (Å) – – – – 15.0433(1) –

c (Å) 7.6965(1) – 7.7083(1) – 5.3991(1) –

V/Z (Å3) 57.40(1) 58.06(1) 57.12(1) 57.60(1) 56.68(1) 57.21(1)

Table 2
Oxygen deficiencies (δ), Fe oxidation states (from TGA), conductivity data at 700 1C
and ASR values at 800 1C in air for Sr1�yCayFe1�xSixO3�δ series. The error estimated
for the oxygen deficiencies and iron oxidation states from the noise of the TGA line
are 70.01 and 70.02, respectively.

Sr1�yCayFe1�xSixO3�δ

Ca (y) 0 0.25 0.5
Si (x) 0 0.10 0 0.15 0 0.15
Oxygen deficiency (δ) 0.10 0.23 0.12 0.18 0.14 0.17
Oxidation state 3.80 3.48 3.77 3.57 3.71 3.59
Conductivity at 700 1C (S cm�1) 26.3 35.3 8.25 11.28 0.90 8.43
Conductivity at 800 1C (S cm�1) 17.2 24.1 6.69 7.92 0.94 6.30
ASR at 700 1C (Ω cm�2) 1.65 0.90 0.91 0.51 2.30 0.93
ASR at 800 1C (Ω cm�2) 0.25 0.08 0.15 0.10 0.90 0.17

d (Å)

Fig. 3. Observed, calculated and difference neutron diffraction profiles for
Sr0.75Ca0.25Fe0.85Si0.15O3�δ.

d (Å) 

Fig. 4. Observed, calculated and difference neutron diffraction profiles for
Sr0.5Ca0.5Fe0.85Si0.15O3�δ.
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symmetry cubic cell. Another factor that will influence the con-
ductivities is the observed changes in the Fe oxidation state. All
samples showed a change in the conductivity plot above �400 1C,
due to oxygen loss at these higher temperatures reducing the Fe4þ

content.

3.4. Area-specific resistance study

Following the conductivity results, cathode testing was per-
formed for these samples. These experiments used a composite of
the perovskite and CGO10 (1:1 wt%) on dense CGO10 pellets. The
composite was deposited at 900 1C, and at this temperature there
was no evidence of any segregation of secondary phases in
perovskite-CGO10 mixtures.

In Fig. S3, we show the impedance spectra for the symmetrical
cells with SrFeO3/CGO10 and SrFe0.90Si0.10O3�δ⧸CGΟ10 cathodes.
As can be seen, the arc is smaller for the Si-doped sample, which
can be explained by the increase in electronic conductivity and
likely also oxide ion conductivity (due to the generation of oxide
ion vacancies caused by the oxyanion doping).

The dependencies of the ASR values in air with temperature are
shown in Fig. 6 and Table 2. For instance, for SrFe0.90Si0.10O3�δ,

Sr0.75Ca0.25Fe0.85Si0.15O3�δ and Sr0.5Ca0.5Fe0.85Si0.15O3�δ, the values
obtained at 700 1C, were 0.90, 0.51 and 0.93Ω cm�2, respectively.
The results for the undoped samples, SrFeO3�δ, Sr0.75Ca0.25FeO3�δ
and Sr0.5Ca0.5FeO3�δ, were 1.65, 0.91 and 2.30Ω cm�2, respec-
tively, indicating a significant improvement on Si doping. The ASR
data show a non-linear behaviour with temperature, with a bigger
decrease in the values at the higher temperatures. This behaviour
is likely due to the fact that these systems show loss of oxygen at
high temperature, causing an increase in oxide vacancies and
hence a better oxide ion mobility and lower ASR values at the
higher temperatures.

4. Conclusions

In Sr1�yCayFe1�xSixO3�δ perovskite materials with Ca contents
yr0.5, prepared by solid state reaction, powder neutron diffrac-
tion and X-ray diffraction data have shown that doping with
silicon results in a change from tetragonal or orthorhombic
symmetry, where the crystal structures contain ordered oxygen
vacancies, to a cubic structure with disordered oxygen vacancies.
With calcium contents higher than y¼0.5 it was not possible the

Table 3
Structural parameters (Pm-3m cubic cell) refined from neutron powder diffraction data for Sr1�yCayFe1�xSixO3�δ (y¼0, 0.25 and 0.5, x¼0.10, 0.15).

Sr1�yCayFe1�xSixO3�δ

Ca (y) 0 0.25 0.5
Si (x) 0.10 0.15 0.15
a (Å) 3.8782(1) 3.8621(1) 3.8442(1)
V (Å3) 58.33(1) 57.61(1) 56.81(1)
Atom (x,y,z) Uiso�100 (Å2) Occupancy Uiso�100 (Å2) Occupancy Uiso�100 (Å2) Occupancy
Sr (0.5, 0.5, 0.5) 1.07(1) 1(�) 1.14(1) 0.79(1) 1.63(1) 0.56(1)
Ca (0.5, 0.5, 0.5) – – 1.14(1) 0.21(1) 1.63(1) 0.44(1)
Fe (0, 0, 0) 0.76(1) 0.92(1) 0.60(1) 0.89(1) 0.92(1) 0.89(1)
Si (0, 0, 0) 0.76(1) 0.08(1) 0.60(1) 0.11(1) 0.90(1) 0.11(1)
O (0.5, 0, 0) 1.64(1) 0.90(1) 2.62(1) 0.91(1) 0.90(1) 0.93(1)
Rwp (%) 3.73 3.19 4.63
RF (%) 1.16 4.30 4.57
χ2 5.08 15.08 26.00
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stabilization of the cubic symmetry. An improvement in the
conductivity is observed on Si doping due to the resultant
modification of the Fe oxidation state and change to cubic
symmetry. Composites with 50% Ce0.9Gd0.1O1.95 were examined
on dense Ce0.9Gd0.1O1.95 pellets in air. An improvement in the area
specific resistances (ASR) values is observed for the Si-doped
samples. Thus these results reinforce the fact that silicon can be
incorporated into perovskite materials and can have a beneficial
effect on the performance, suggesting that its use as a dopant may
be extended to other areas where perovskite systems are attract-
ing interest.
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