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New perovskite oxides SrFe0.7TM0.2Ti0.1O3-δ (TM = Mn, Fe, Co, Ni, Cu) were synthesised by sol-gel processes.
Their redox stability and conductivity in both air and 5%H2/Ar were investigated in details. The cubic perovskite
structurewas also observed for all dopantswith variation in the lattice parameters associatedwith different dop-
ant environments and charge compensation mechanisms. Improvement of the electronic conductivity over
SrFe0.9Ti0.1O3-δ was observed for all dopants in air, attributed to increasing charge carrier concentrations. Reduc-
tion in 5% H2/Ar exhibited minimal a material properties for SrFe0.7Cu0.2Ti0.1O3-δ, with a significant reduction in
conductivity was observed for SrFe0.7Mn0.2Ti0.1O3-δ. All doped compounds exhibited a single phase cubic perov-
skite structure after reduction in 5%H2/Ar at 700 °C with the exception of SrFe0.7Ni0.2Ti0.1O3-δ and
SrFe0.7Co0.2Ti0.1O3-δ which displays secondary nickel and cobalt phases respectively upon reduction.
SrFe0.7Cu0.2Ti0.1O3-δ is redox stable at a temperature below 700 °C and highly conductive with conductivities
around 10 S cm−1 in both air and reducing atmosphere which are about five times higher than those of pure
SrFe0.9Ti0.1O3-δ. In terms of conductivity and redox stability, it is a potential redox stable electrodematerial for re-
versible and symmetrical solid oxide fuel cells as well.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Redox-stable and conductive oxide materials are very useful in ap-
plication in anode materials for solid oxide fuel cells (SOFCs). Develop-
ment of redox stable anode for intermediate temperature solid oxide
fuel cells (IT-SOFCs) is very important for use as electrode for reversible
or symmetric solid oxide fuel cells [1–8]. The electrode materials for re-
versible and symmetric solid oxide fuel cells must be redox stable or
redox reversible. They should exhibit high electrical conductivity in
both air and reducing atmosphere [9–12]. In the reported redox stable
oxides, SrFe0.75Mo0.25O3-δ is an excellent material with electrical con-
ductivity of 50 S cm-1 at 850 °C in dry 5 vol% H2/Ar [13]. This is slightly
lower than those reported in the original report for Sr2Fe1.5Mo0.5O6-δ

[14] although different conductivity values were also reported indicat-
ing the conductivity of thematerials is verymuch related to the synthet-
ic history [13]. SrFeO3-δ based materials are promising electrodes for
solid oxide fuel cells. It has been reported that Fe-dope doped SrTiO3

with composition SrTi0.3Fe0.7O3-δ and SrTi0.6Fe0.4O3-δ exhibit good
rsity ofWarwick, Coventry CV4

B.V. This is an open access article
anode performance for SOFCs when combined with Ce0.9Gd0.1O2 [15].
Research into B-site doped strontium ferrites has concentrated on
stabilisation of the cubic perovskite structure. Doping with cations
with a similar oxidation state has also been shown to result in the for-
mation of the cubic perovskite phase for SrFeO3-δ through suppression
of oxygen vacancy ordering [16–18]. This can be achieved through ran-
dom distribution of dopant cations which either preferentially associate
with oxygen vacancies [17] orwhich repulse oxygen vacancies [18]. Our
previous research into titanium doped strontium ferrites, SrFe1-xTixO3-δ

(x ≤ 0.3) indicating SrFe0.9Ti0.1O3-δ exhibits desired conductivity and
redox stability, reduced thermal expansion coefficient compared to
SrFeO3-δ, which is a promising redox stable anode for IT-SOFCs [19].
SrFe0.9Ti0.1O3-δ was also reported as a good cathode for SOFCs [20]. It
has been reported that good performance has been achieved when
Sr0.98Fe0.8Ti0.2O3-δ was used as electrode for SOFCs [21]. Cobalt-free pe-
rovskite oxide SrNbxFe1-xO3-δwas a good cathode for intermediate tem-
perature solid oxide fuel cells (IT-SOFCs) [22]. In our previous study, it
was posited that minimal doping of SrFe0.9Ti0.1O3-δ with cations with a
lower oxidation state could be utilised to improve the conductivity
whilst retaining the redox stability [19]. To this end a series of transition
metal (TM) doped strontium titanium ferrites, SrFe0.7TM0.2Ti0.1O3-δ

(TM = Mn, Fe, Co, Ni, Cu), were synthesised and their stability and
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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conductivity in oxidising and reducing atmospheres elucidated in this
paper in order to explore their potential as electrode materials for
SOFCs.
b

2. Experimental

2.1. Synthesis

SrFe0.7TM0.2Ti0.1O3-δ (TM = Fe, Co, Cu, Mn, Ni) were produced by
sol-gel processes. Stoichiometric amounts of Sr(NO3)2 (98%, Alfa
Aesar) and Fe(NO3)3·9 H2O (98%, Alfa Aesar) with either Co(NO3)2·6
H2O (98+%, Alfa Aesar), Cu(NO3)2·2.5 H2O (ACS grade 98–102%, Alfa
Aesar), MnC4H6O4·4 H2O (N99%, Sigma Aldrich) or Ni(NO3)2·6 H2O
(98%, Alfa Aesar) were dissolved in distilled water. A stoichiometric
amount of titanium isopropoxide (C12H28O4Ti) (97%, Alfa Aesar) was
dissolved in ethanol and the solutionswere combined, whilst maintain-
ing a 2:1 ratio of ethanol to distilledwater. Citric acid (99+%, Alfa Aesar)
was added in a 2:1 ratio to metal ions and the solution was heated until
gelation. The resultant gel was fired at 600 °C for 2 h. A second firing at
1300 °C for 3 h was then performed. Pellets of all the samples
(ø≈ 13mm× 2mm) were uniaxially pressed at 221 MPa and sintered
in air at 1300 °C for 2 h.
c

2.2. Analytical procedures

Phase purity and crystal parameters of the samples were examined
by X-ray diffraction (XRD) analysis using a Bruker D8 Advance diffrac-
tometer (Cu Kα1 radiation, λ = 1.5405 Å). GSAS [23] software was
used to perform a least squares refinement of the lattice parameters of
all the samples.

The densities of the pellets were determined from the measured
mass and volume. Theoretical densities were calculated using experi-
mental lattice parameters and the chemical formula SrFe0.9Ti0.1O3-δ

and SrFe0.7TM0.2Ti0.1O3-δ (TM = Co, Cu, Mn, Ni). The relative densities
were calculated from the actual and theoretical density values. The den-
sity of the pellets was 75–85% for all compounds.

Thermal analysis was conducted using a Stanton Redcroft STA 1500
Thermal Analyser between room temperature and 800 °C with a
heating/cooling rate of 10 °C min−1 in either air or 5% H2/Ar with gas
flow rates of 50 mL min−1.
20 40 60 80

x

In
te

n
s
it
y
 (

a
.u

.)

2θ (
o

)

SrFe
0.7

Cu
0.2

Ti
0.1

O
3-δ

SrFe
0.7

Ni
0.2

Ti
0.1

O
3-δ

SrFe
0.7

Co
0.2

Ti
0.1

O
3-δ

SrFe
0.9

Ti
0.1

O
3-δ

SrFe
0.7

Mn
0.2

Ti
0.1

O
3-δ

x

- SrO

Fig. 1. X-ray diffraction pattern for SrFe0.7TM0.2Ti0.1O3-δ (TM = Mn, Fe, Co, Ni, Cu).

Fig. 2. Representative GSAS plots for SrFe0.7TM0.2Ti0.1O3-δ (TM= Fe (a), Mn (b), Co (c).
2.3. Conductivity testing

The pellets (ø ≈ 13 mm × 2 mm) were coated on opposing sides
using silver paste and fired at 800 °C for 1 h to get rid of binders. The
conductivity of the samples was measured in the range 300 °C to
700 °C, with the exception of SrFe0.9Ti0.1O3-δ in 5% H2/Ar which mea-
sured in the range 300 °C to 600 °C with a heating/cooling rate of 1 °C
min−1. Measurements in air and 5%H2/Ar were conducted using an
D.C. method by a pseudo-four-probe method using a Solartron 1287
electrochemical interface controlled by CorrWare software with a con-
stant current of 0.01–0.1 A, as described in previous reports [24–26].
The temperature was digitally recorded in parallel with the impedance
through an Omega HH506RAmulti-logger thermometer connected to a
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computer [26]. The conductivity in 5%H2/Ar was measured after reduc-
tion the samples in the same atmosphere at 700 °C for 10 h.
3. Results and discussion

3.1. XRD and STA of SrFe0.7TM0.2Ti0.1O3-δ (TM = Mn, Fe, Co, Ni, Cu)

X-ray diffraction of SrFe0.7TM0.2Ti0.1O3-δ (TM = Mn, Fe, Co, Ni, Cu)
after synthesis in air exhibited perovskite structures, space group Pm-
3m (No. 221), for all compounds as shown in Fig. 1, albeit with a small
amount, 3.5% phase fraction, of an SrO impurity phase (PDF: 6-520) ob-
served for sample SrFe0.7Ni0.2Ti0.1O3-δ. The representative GSAS plots for
SrFe0.7TM0.2Ti0.1O3-δ with TM= Fe, Mn and Co are shown in Fig. 2. The
refined lattice parameters are listed in Table 1. As shown in Fig. 3, a var-
iation in the lattice parameters was exhibited which does not directly
correlate with the variation in the average size of the dopant cations,
with the lattice parameters reducing in the order
Cu N Mn N Fe N Co N Ni. This is consistent to the trends of ionic radii
for TM2+ ions at octahedral sites [27] although the real charge of TM
ions in the. SrFe0.7TM0.2Ti0.1O3-δ series could be between TM2+ and
TM4+.

In previous reports, all dopants exhibited an reduction of the average
oxidation state of iron in SrFeO3-δwith increasing dopant concentration,
with the larger cation size of Fe3+ over Fe4+ or the increase in the oxy-
gen content resulting in an increase in the lattice parameters [17,28,29].
Due to the lower oxidation state of the dopants, it would be expected
that a reduction in the lattice parameters, from Fe3+ to Fe4+ transitions
and the reduction in oxygen content, would be observed with B2+ dop-
ing. This is true for both cobalt and nickel, which, due to the dopant sizes
(0.745 Å for Co2+oct, 0.58 Å for Co2+tet and 0.69 Å for Ni2+oct, 0.55 Å for
Ni2+tet), is indicative of Fe4+ formation. An increase in the lattice pa-
rameterwith doping of copper (Cu2+oct, 0.73 Å)was observed, suggest-
ing that the expansion resulting from Cu doping is higher than the
lattice shrinkage from the Fe3+ to Fe4+ transition and the loss of oxygen
from the structure, leading to lattice expansion. Doping of manganese
elicits a minimal increase in the lattice parameter, 0.0019 Å, over
SrFe0.9Ti0.1O3-δ, which, due to the size of the Mn2+ cation (0.83 Å for
Mn2+oct or 0.66 Å for Mn2+tet), is either suggestive of Mn3+ formation
(0.645 Å forMn3+oct or 0.58 Å forMn3+tet) or of preferential tetrahedral
coordination, balancing the reduction from the Fe3+-Fe4+ transition
and the loss of oxygen from the structure. Further information on the
oxidation state and coordination of the dopant cations or iron can only
be obtained through additional analysis techniques, such as Mössbauer
Spectroscopy or X-ray Photoelectron Spectroscopy (XPS).
Table 1
‘Goodness of fit’ parameters, lattice parameters and atomic parameters from GSAS refinement

SrFe0.7Mn0.2Ti0.1O3-δ SrFe0.9Ti0.1O3-δ

χ2 3.795 1.193
Rp (%) 6.40 5.21
wRp (%) 4.56 4.11

Space group Pm-3m Pm-3m
a (Å) 3.8759(2) 3.8740(2)
V (Å3) 58.22(1) 58.14(1)

Sr x 0 0
y 0 0
z 0 0
Uiso 0.009(7) 0.004(3)

Fe/TM/Ti x 0.5 0.5
y 0.5 0.5
z 0.5 0.5
Uiso 0.013(1) 0.006(6)

O x 0 0
y 0.5 0.5
z 0.5 0.5
Uiso 0.032(1) 0.022(1)
Thermogravimetric analysis of SrFe0.7TM0.2Ti0.1O3-δ (TM = Mn, Fe,
Co, Ni, Cu) in air are shown in Fig. 4a. The weight loss at low tempera-
ture is related to the loss of adsorbed water and gases and that at high
temperature is related to loss of lattice oxygen. Samples
SrFe0.7TM0.2Ti0.1O3-δwith TM=Fe, Co starts to lose oxygen at a temper-
ature of ~450 °Cwhilst sampleswith TM=Mn, Cu starts to lose oxygen
at ~500 °C indicating the latter is more stable in a reducing atmosphere.
Sample SrFe0.7Ni0.2Ti0.1O3-δ kept losing weight during the whole pro-
cess, possibly related to the presence of SrO impurity (Fig. 1). When
stored at room temperature, the SrO may react with H2O to form
Sr(OH)2 which will decompose on heating. Another possibility is that,
sample SrFe0.7Ni0.2Ti0.1O3-δ tends to lose weight at lower temperature
indicating it is the least stable one in the investigated oxides. Differential
scanning calorimetry, Fig. 4b, reveals a reversible thermal effects for all
compounds, observed between 600 °C and 700 °C on heating and be-
tween 750 °C and 700 °C on cooling. This could be related to the loss
or lattice oxygen on heating and gain oxygen on cooling [8]. Phase tran-
sition is unlikely because the oxides already exhibit a highly symmetric
cubic structure whilst high temperature phase transition in perovskite
is normally from low to high symmetry at evaluated temperatures [30,
31]. Further investigation is required.

3.2. Conductivity of SrFe0.7TM0.2Ti0.1O3-δ (TM = Mn, Fe, Co, Ni, Cu) in air

The conductivities of SrFe0.7TM0.2Ti0.1O3-δ (TM=Mn, Fe, Co, Ni, Cu)
in air are shown in Fig. 5. Compared to SrFe0.9Ti0.1O3-δ, the conductivities
increase for all transition metal dopants, with all compounds. In the
SrFe0.7TM0.2Ti0.1O3-δ series, partially replacing iron by other transition
elements Mn, Co, Ni and Cu leading to increased conductivity in air. It
has been reported that the total electrical conductivity in SrFe1-
xCoxO3-δ increased when a large amount of cobalt was introduced in
the solid solution [32]. Therefore it is also expected that sample
SrFe0.7Co0.2Ti0.1O3-δ may exhibit high electrical conductivity than
SrFe0.9Ti0.1O3-δ. As for elements Mn, Ni and Cu, they tend to exhibit
lower state at high temperatures [33]. For charge balance, in samples
co-doped with these elements, they can lose lattice oxygen to form
more oxygen vacancies. This is likely to increase the oxygen ionic con-
ductivity thus the total electrical conductivity increases as well. On the
other hand, increase the charge of ion ions, say, more Fen+ ions will ex-
hibit the state of Fe4+will lead to increased electronic conductivity [34].
The conductivity of SrFe0.7Mn0.2Ti0.1O3-δ, SrFe0.7Co0.2Ti0.1O3-δ and
SrFe0.7Cu0.2Ti0.1O3-δ remained between 5 S cm−1 and 20 S cm−1 over
the measured temperature range, thus exhibiting potential for use as
SOFC cathode materials. Previous research into La0.8Sr0.2Co1-yFeyO3-δ

[35] suggests that the transition between semiconducting and metallic
of SrFe0.7TM0.2Ti0.1O3-δ (TM = Mn, Fe, Co, Ni, Cu) after synthesis in air.

SrFe0.7Co0.2Ti0.1O3-δ SrFe0.7Ni0.2Ti0.1O3-δ SrFe0.7Cu0.2Ti0.1O3-δ

6.098 4.086 3.038
7.15 9.75 5.64
4.41 6.89 4.11

Pm-3m Pm-3m Pm-3m
3.8673(1) 3.8551(10) 3.8833(1)
57.84(1) 57.29(4) 58.56(3)

0 0 0
0 0 0
0 0 0
0.007(1) 0.003(1) 0.012(1)
0.5 0.5 0.5
0.5 0.5 0.5
0.5 0.5 0.5
0.007(1) 0.001(1) 0.002(1)
0 0 0
0.5 0.5 0.5
0.5 0.5 0.5
0.027(5) 0.016(3) 0.025(1)
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Fig. 5. Conductivity of SrFe0.7TM0.2Ti0.1O3-δ (TM= Mn, Fe, Co, Ni, Cu) in air.
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behaviour would still be observed for cobalt doped ferrites; however,
the transition for La0.8Sr0.2Co1-yFeyO3-δ occurs as higher temperatures
than the measurement temperature range used in this study. In our
study, it is difficult to obtain pellets with higher relative density by con-
ventional sintering method because the pellets melt at higher sintering
temperature. The relatively low relative density may affect the
0 100 200 300 400 500 600 700 800 900

96

97

98

99

100

P
e

r
c
e

n
ta

g
e

 o
f 

In
it
ia

l 
W

e
ig

h
t 

(
%

)

Temperature (
o

C)

SrFe
0.7

Mn
0.2

Ti
0.1

O
3-δδδδ

SrFe
0.9

Ti
0.1

O
3-δδδδ

SrFe
0.7

Co
0.2

Ti
0.1

O
3-δδδδ

SrFe
0.7

Ni
0.2

Ti
0.1

O
3-δδδδ

SrFe
0.7

Cu
0.2

Ti
0.1

O
3-δδδδ

a

0 100 200 300 400 500 600 700 800 900

-20

-10

0

10

H
e
a
t 

F
lo

w
 (

m
W

)

Temperature (
o

C)

SrFe
0.7

Mn
0.2

Ti
0.1

O
3-δδδδ

SrFe
0.9

Ti
0.1

O
3-δδδδ

SrFe
0.7

Co
0.2

Ti
0.1

O
3-δδδδ

SrFe
0.7

Ni
0.2

Ti
0.1

O
3-δδδδ

SrFe
0.7

Cu
0.2

Ti
0.1

O
3-δδδδ

b

Fig. 4. Thermogravimetric analysis (a) and differential scanning calorimetry (b) of
SrFe0.7TM0.2Ti0.1O3-δ (TM= Mn, Fe, Co, Ni, Cu) in air.
measured conductivity because of the existence of void in the pellets.
In general, themeasured conductivity is lower than the specific conduc-
tivity (conductivity of a fully dense sample) [36–39]. In reported mate-
rials, difference between the measured apparent conductivity and
specific conductivity is generally not big when the relative density is
higher than 70% [37,39]. As the density of our samples is over 70%, the
measured conductivity is lower than specific conductivity but should
be fairly close.

3.3. STA and conductivity of SrFe0.7TM0.2Ti0.1O3-δ (TM=Mn, Fe, Co, Ni, Cu)
in 5%H2/Ar

Reduction of SrFe0.7TM0.2Ti0.1O3-δ (TM=Mn Ni, Cu) at 700 °C in 5%
H2/Ar exhibited a lower weight loss than was observed for
SrFe0.9Ti0.1O3-δ (Fig. 6). In contrast to the other doped compounds,
SrFe0.7Co0.2Ti0.1O3-δ exhibited an increase inweight loss, 6.4%, compared
to that for SrFe0.9Ti0.1O3-δ, 5.05%. The increased weight loss is likely in-
dicative of reduction of cobalt at these temperatures. In general, in the
presence of hydrogen, the oxides tend to lose weight at lower tempera-
tures compared to those in air (Fig. 4).

The conductivities of the transition metal doped samples reduced at
700 °C in 5% H2/Ar are shown in Fig. 7. The samples exhibited minor re-
ductions in the conductivity, with the exception of the manganese
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doped sample. Minimal reduction of the conductivity of
SrFe0.7Co0.2Ti0.1O3-δ, SrFe0.7Ni0.2Ti0.1O3-δ and SrFe0.7Cu0.2Ti0.1O3-δ is sug-
gestive of minor decreases in the charge carrier concentration at these
temperatures. This correlates with the minor decrease in the activation
energy, 0.02–0.07 eV, noted for the cobalt, nickel and copper doped
compounds upon reduction.

The conductivity of theMn doped sample demonstrated a reduction
of several orders of magnitude, 14.69 S cm−1 in air to 0.323 S cm−1 in
5%H2/Ar at 700 °C. This was also demonstrated in the increase in the ac-
tivation energy upon reduction, from 0.226(1) eV to 0.516(1) eV. The
semiconductor-metal transition observed in air is also exhibited, albeit
at higher temperature, from560 °C to 660 °Cupon reduction, suggesting
that the conduction mechanism does not change. The reduction in con-
ductivity is likely associated with a significant decrease in the charge
carrier concentration, as a result of cationic reduction. Thismay intimate
that manganese dopes asMn3+, directly contributing to the charge car-
rier concentration in air, and not altering the charge carrier concentra-
tion through charge compensation mechanisms. Reduction of Mn3+ to
Mn2+ upon exposure to 5% H2/Ar would reduce the charge carrier con-
centration, similar to the Fe4+-Fe3+ transition. Significant reductions in
the electronic conductivity is also observed for manganite perovskites,
as a result of Mn3+-Mn2+ transitions [40]. It should be noted that the
Fig. 9. Representative GSAS plots for SrFe0.7TM0.2Ti0.1O3-δ (TM = Mn (a), Co (b), Cu (c)
after reduction in 5%H2/Ar at 700 °C. x: Co3O4.
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Fig. 8. X-ray diffraction pattern of SrFe0.7TM0.2Ti0.1O3-δ (TM = Mn, Fe, Co, Ni, Cu) after
reduction in 5% H2/Ar at 700 °C.
specific conductivities of the samples in a reducing atmosphere are ex-
pected higher than the measured apparent conductivity, as described
above. Low relative density will not affect the application of thesemate-
rials as electrode for solid oxide fuel cells or solid oxide electrolytic cells
as the electrodes have to be porous to allow gas diffusion to the triple
phase boundary to realize the electrochemical reactions on the elec-
trodes [41–44].

3.4. XRD of reduced SrFe0.7TM0.2Ti0.1O3-δ (TM = Mn, Fe, Co, Ni, Cu)

X-ray diffraction of SrFe0.7TM0.2Ti0.1O3-δ (TM = Mn, Fe, Co, Ni, Cu)
after reduction at 700 °C in 5% H2/Ar are shown in Fig. 8. Little change
in the material structure, with the exception of SrFe0.7Ni0.2Ti0.1O3-δ



Table 2
‘Goodness of fit’ parameters, lattice parameters and atomic parameters from GSAS refinement of SrFe0.7TM0.2Ti0.1O3-δ (TM = Mn, Fe, Co, Ni, Cu) after reduction at 700 °C in 5% H2/Ar.

SrFe0.7Mn0.2Ti0.1O3-δ SrFe0.9Ti0.1O3-δ SrFe0.7Co0.2Ti0.1O3-δ SrFe0.7Ni0.2Ti0.1O3-δ SrFe0.7Cu0.2Ti0.1O3-δ

χ2 4.275 1.657 4.896 4.665 2.490
Rp (%) 6.79 6.44 6.06 6.43 5.15
wRp (%) 4.66 4.91 3.73 4.85 3.94

Space group Pm-3m Pm-3m Pm-3m Pm-3m Pm-3m
a (Å) 3.8767(2) 3.8769(2) 3.8847(1) 3.8759(7) 3.8724(7)
V (Å3) 58.26(1) 58.27(1) 58.62(1) 58.22(2) 58.07(3)

Sr x 0 0 0 0 0
y 0 0 0 0 0
z 0 0 0 0 0
Uiso 0.009(1) 0.005(1) 0.002(1) 0.020(1) 0.003(6)

Fe/TM/Ti x 0.5 0.5 0.5 0.5 0.5
y 0.5 0.5 0.5 0.5 0.5
z 0.5 0.5 0.5 0.5 0.5
Uiso 0.011(10) 0.007(9) 0.004(1) 0.004(2) 0.004(9)

O x 0 0 0 0 0
y 0.5 0.5 0.5 0.5 0.5
z 0.5 0.5 0.5 0.5 0.5
Uiso 0.031(1) 0.028(1) 0.026(2) 0.034(3) 0.036(1)
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which exhibits a 5.6% phase fraction of NiO (PDF: 4-835) and a 4.4%
phase fraction of Ni (PDF: 6-696) and SrFe0.9Ti0.1O3-δ which exhibits
an unidentified impurity phase. A small amount of Co3O4 (PDF: 80–
1545) second phase was also observed in the reduced
SrFe0.7Co0.2Ti0.1O3-δ [45,46]. The redox instability observed for the nickel
and cobalt doped phase is likely due to the reducibility of the nickel and
cobalt within the structure, further implied by exsolution of nickel
metal. This has also been observed for other nickel or cobalt doped pe-
rovskite materials [47–49].

GSAS [23] analysis of these compounds exhibits an increase in the
lattice parameters for SrFe0.9Ti0.1O3-δ, SrFe0.7Co0.2Ti0.1O3-δ and
SrFe0.7Ni0.2Ti0.1O3-δ upon reduction. Fig. 9 shows the representative
GSAS plots for SrFe0.7TM0.2Ti0.1O3-δ (TM=Mn, Co and Cu) after reduc-
tion in 5%H2/Ar at 700 °C. The refinced lattice parameters are listed in
Table 2 and plotted in Fig. 3, which is indicative of partial reduction of
the B-site cations. Compared to the lattice parameters for the oxides in
air (Fig. 3). The largest lattice parameter change was observed for sam-
ple SrFe0.7Co0.2Ti0.1O3-δ, increased from 3.8673(1) to 3.8847(1) Åwhich
is probably due to the reduction of cobalt and segregation of Co3O4 in a
reducing atmosphere. Sample SrFe0.7Co0.2Ti0.1O3-δ also exhibited the
largest weight loss on STA analysis in 5%H2/Ar (Fig. 6). Whilst reduction
would be expected to result in an increase in the lattice parameter, a
minor reduction in the lattice parameter of SrFe0.7Cu0.2Ti0.1O3-δ was ob-
served. This is likely a result of the lattice shrinkage from oxygen loss
and possible changes in the cationic coordination environment, over-
coming the lattice expansion from cationic reduction.

In contrast to other dopants, sample SrFe0.7Mn0.2Ti0.1O3-δ exhibits al-
most no change in the lattice parameters after reduction at 700 °C.
Whilst this would normally suggest minimal variation in the material
properties, a significant variation in the conductivity is observed upon
reduction. Cationic reduction is known to occur and therefore would
be expected to induce lattice expansion. In this case a balance between
lattice shrinkage and lattice expansion is posited to occur, resulting in
the stability of the lattice parameter upon reduction.

An improvement in the stability and conductivity in both air and 5%
H2/Ar of SrFe0.9Ti0.1O3-δ was achieved through doping of copper and
manganese, forming SrFe0.7Cu0.2Ti0.1O3-δ and SrFe0.7Mn0.2Ti0.1O3-δ.
However, the observed conductivity of SrFe0.7Mn0.2Ti0.1O3-δ in a reduc-
ing atmosphere is below 0.4 S cm−1 at a temperature below 700 °C (Fig.
7) which is insufficient to be a good anode for SOFCs. It has been report-
ed that doping of Mn at the B-site of SrFe0.75Mo0.25O3-δ led to reduced
conductivity in reducing atmospheres [13]. As SrFe0.7Cu0.2Ti0.1O3-δ ex-
hibits high electrical conductivity in both air and 5%H2/Ar, it is potential
electrode materials for reversible and symmetrical solid oxide fuel cells
[9,10,13,14]. Whilst manganese doping improved the redox stability
and conductivity in air, the reduction of the conductivity in 5% H2/Ar
renders this compound unsuitable for use as an anode material for
SOFCs. Nickel doping achieved only a minimal increase in conductivity
in both air and 5% H2/Ar. Although SrFe0.7Co0.2Ti0.1O3-δ exhibits high
conductivity in a reducing atmosphere but it did not exhibit redox sta-
bility thus is not suitable for use as an SOFC electrodematerial at a tem-
perature close to 700 °C. However, the stability of an oxide in a reducing
atmosphere is related to the temperature. It might be stable at lower
temperature thus still can be used as redox stable anode for fuel cells
operating at reduced temperature, say, around 500 °C. Further investi-
gation is required to confirm this.

4. Conclusions

The cubic perovskite structure was observed for all dopants for
SrFe0.7TM0.2Ti0.1O3-δ (TM=Mn, Fe, Co, Ni, Cu), with variation in the lat-
tice parameters associated with different dopant environments and
charge compensation mechanisms. Improvement of the electronic con-
ductivity over SrFe0.9Ti0.1O3-δ was observed for all dopants in air, attrib-
uted to increasing charge carrier concentration. Reduction in 5% H2/Ar
exhibited minimal variation in material properties SrFe0.7Cu0.2Ti0.1O3-δ,
with a significant reduction in conductivity was observed for
SrFe0.7Mn0.2Ti0.1O3-δ. A small amount of SrO was observed in sample
with nominal composition SrFe0.7Ni0.2Ti0.1O3-δ. All doped compounds
exhibited a single phase cubic perovskite structure after reduction
with the exception of SrFe0.7Ni0.2Ti0.1O3-δ and SrFe0.7Co0.2Ti0.1O3-δ

which display secondary nickel and cobalt phases respectively upon
reduction.

The significant improvement in the conductivity and stability upon
doping of SrFe0.9Ti0.1O3-δ suggests that a more suitable parent com-
pound may produce further improvements in material conductivity
and stability. SrFe0.7Cu0.2Ti0.1O3-δ are redox stable at a temperature
below 700 °C and highly conductive with conductivities around
10 S cm−1 in both air and reducing atmosphere which are about five
times higher than those of pure SrFe0.9Ti0.1O3-δ. In the investigated ox-
ides, in terms of conductivity and redox stability, SrFe0.7Cu0.2Ti0.1O3-δ

exhibits promising properties for use as a potential electrode material
for symmetrical/reversible SOFCs.
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